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Preface


What’s this book about?

I’m concerned about cutting UK emissions of twaddle – twaddle about sustainable energy. Everyone says getting off fossil fuels is important, and we’re all encouraged to “make a difference,” but many of the things that allegedly make a difference don’t add up.

Twaddle emissions are high at the moment because people get emotional (for example about wind farms or nuclear power) and no-one talks about numbers. Or if they do mention numbers, they select them to sound big, to make an impression, and to score points in arguments, rather than to aid thoughtful discussion.

This is a straight-talking book about the numbers. The aim is to guide the reader around the claptrap to actions that really make a difference and to policies that add up.



This is a free book

I didn’t write this book to make money. I wrote it because sustainable energy is important. If you would like to have the book for free for your own use, please help yourself: it’s on the internet at www.withouthotair.com.

This is a free book in a second sense: you are free to use all the material in this book, except for the cartoons and the photos with a named photographer, under the Creative Commons Attribution-Non-Commercial-ShareAlike 2.0 UK: England & Wales Licence. (The cartoons and photos are excepted because the authors have generally given me permission only to include their work, not to share it under a Creative Commons license.) You are especially welcome to use my materials for educational purposes. My website includes separate high-quality files for each of the figures in the book.

[image: ]



How to operate this book

Some chapters begin with a quotation. Please don’t assume that my quoting someone means that I agree with them; think of these quotes as provocations, as hypotheses to be critically assessed.

Many of the early chapters (numbered 1, 2, 3, …) have longer technical chapters (A, B, C, …) associated with them. These technical chapters comprise Part III.

At the end of each chapter are further notes and pointers to sources and references. I find footnote marks distracting if they litter the main text of a book, so the printed book had no footnote marks. Discrete end-note marks have been added to this ebook to allow easy referencing.

The text also contains pointers to web resources. When a web-pointer is monstrously long, I’ve used the TinyURL ervice, and put the tiny code in the text like this – [yh8xse] – which is shorthand for a tiny URL, in this case: http://tinyurl.com/yh8xse. A complete list of all the URLs in this book is provided at http://tinyurl.com/yh8xse.

I welcome feedback and corrections. I am aware that I sometimes make booboos, and in earlier drafts of this book some of my numbers were off by a factor of two. While I hope that the errors that remain are smaller than that, I expect to further update some of the numbers in this book as I continue to learn about sustainable energy.

How to cite this book:

David J.C. MacKay. Sustainable Energy – without the hot air.

UIT Cambridge, 2008. ISBN 978-0-9544529-3-3. Available free online from www.withouthotair.com.





Preface to the 2026 revision

Everything above is David MacKay’s, written for the 2008 edition and left as he wrote it. What follows is this edition’s.

MacKay’s method was to put numbers on both sides of a balance sheet and see whether they met. Eighteen years later the arithmetic still works; many of the numbers do not. British energy consumption has fallen by about two fifths, solar modules cost roughly a twentieth of what they did, nuclear construction costs have gone the other way, and an entire category of demand — the data centre — has grown from a footnote into a chapter. This edition redoes the sums against current data and says so wherever it does.

Two rules govern the revision. MacKay’s own text and figures are reproduced unchanged, and everything added here is marked as added. Where this edition disagrees with him, it says which number changed and why, rather than quietly overwriting him.


What has been added

Six new chapters have been added. They follow MacKay’s own conventions: a number for the chapters in the main argument, a letter for the technical ones.


	11a · The machines behind the screen — data centres and machine learning, the demand chapter 11 could only glimpse in 2005.

	28a · The value of renewable energy as it scales — what happens to the economic value of renewable electricity as it grows to the scale MacKay’s balance sheet calls for. His book asks whether the physics permits it; this asks what happens to the price when it does.

	L · The world in 2025 — MacKay’s global stock-take, redone for the most recent complete year.

	M · Energy return on investment — the energy cost of getting energy, which chapter 3 raises and then sets aside.

	N · Peak oil, peak gas, peak uranium — chapter 23’s Jevons calculation applied to the three fuels it left out.

	O · The hydrogen ladder — which uses of hydrogen survive contact with their alternatives, derived from the conversion arithmetic rather than asserted.



Every chapter of the original has been gone through. Where a figure has moved, the current one is given alongside MacKay’s with the source for both; where his conclusion still holds, that is said too. The largest revisions are to the chapters on transport, heating, solar, nuclear and the cost of a plan.

Forty-three of this edition’s figures are drawn from live data: they are generated rather than redrawn, from a data-refresh pipeline of twenty-six steps that pulls from the Energy Institute’s Statistical Review of World Energy, Our World in Data, Ember, Elexon and the ENTSO-E transparency platform. Each such figure carries a footnote naming the step that produced it, so any number in it can be traced back to its source and regenerated.

Prices taken from foreign sources are given in the source’s own currency with a sterling equivalent alongside. The rates are stated and dated once, in the Money section of chapter I, rather than repeated in every chapter.



Copyright and licence

The original work is © 2008 David J. C. MacKay, licensed by him under the Creative Commons Attribution-Non-Commercial-ShareAlike 2.0 UK: England & Wales Licence, as his preface above sets out.

New and revised material in this edition is © 2026 Örjan Lundberg and is released under the same licence. This is not merely permitted but required: the ShareAlike term obliges any adaptation to carry a licence with the same elements. You are therefore free to copy, adapt and redistribute this edition, for non-commercial purposes, provided you attribute David MacKay for the original work and this edition’s contributors for the revisions, and license what you make onward on the same terms.

Three things in the original are not covered by that licence, because MacKay’s own permission did not extend to them: the Private Eye cartoons, photographs credited to a named photographer, and third-party figures carrying their own rights, including the Ordnance Survey maps marked “© Crown copyright”. These are omitted here and marked where they stood.

How to cite this edition:

David J. C. MacKay, revised by Örjan Lundberg. Sustainable Energy — Without the Hot Air, 2026 revised edition. Available free online from oluies.github.io/climate.









1 Motivations


We live at a time when emotions and feelings count more than truth, and there is a vast ignorance of science.

James Lovelock



[image: OutOfGas]

David Goodstein’s Out of Gas (2004).

[image: SkepticalEnvironmentalist]

Bjørn Lomborg’s The Skeptical Environmentalist (2001).

[image: RevengeOfGaia]

The Revenge of Gaia: Why the earth is fighting back – and how we can still save humanity. James Lovelock (2006). © Allen Lane.

I recently read two books, one by a physicist, and one by an economist. In Out of Gas, Caltech physicist David Goodstein describes an impending energy crisis brought on by The End of the Age of Oil. This crisis is coming soon, he predicts: the crisis will bite, not when the last drop of oil is extracted, but when oil extraction can’t meet demand – perhaps as soon as 2015 or 2025. Moreover, even if we magically switched all our energy guzzling to nuclear power right away, Goodstein says, the oil crisis would simply be replaced by a nuclear crisis in just twenty years or so, as uranium reserves also became depleted.

In The Skeptical Environmentalist, Bjørn Lomborg paints a completely different picture. “Everything is fine.” Indeed, “everything is getting better.” Furthermore, “we are not headed for a major energy crisis,” and “there is plenty of energy.”

How could two smart people come to such different conclusions? I had to get to the bottom of this.

Energy made it into the British news in 2006. Kindled by tidings of great climate change and a tripling in the price of natural gas in just six years, the flames of debate are raging. How should Britain handle its energy needs? And how should the world?

“Wind or nuclear?”, for example. Greater polarization of views among smart people is hard to imagine. During a discussion of the proposed expansion of nuclear power, Michael Meacher, former environment minister, said “if we’re going to cut greenhouse gases by 60% … by 2050 there is no other possible way of doing that except through renewables;” Sir Bernard Ingham, former civil servant, speaking in favour of nuclear expansion, said “anybody who is relying upon renewables to fill the [energy] gap is living in an utter dream world and is, in my view, an enemy of the people.” 1 *

* Every chapter has endnotes giving references, sources, and details of arguments. Their presence will be indicated in this way. The [1] here links to the relevant end-note. The [1] in the end-notes will return here.

Similar disagreement can be heard within the ecological movement. All agree that something must be done urgently, but what? Jonathon Porritt 2, chair of the Sustainable Development Commission, writes: “there is no justification for bringing forward plans for a new nuclear power programme at this time, and … any such proposal would be incompatible with [the Government’s] sustainable development strategy;” and “a nonnuclear strategy could and should be sufficient to deliver all the carbon savings we shall need up to 2050 and beyond, and to ensure secure access to reliable sources of energy.” In contrast, environmentalist James Lovelock writes in his book, The Revenge of Gaia: “Now is much too late to establish sustainable development.” In his view, power from nuclear fission, while not recommended as the long-term panacea for our ailing planet, is “the only effective medicine we have now.” Onshore wind turbines are “merely … a gesture to prove [our leaders’] environmental credentials.”

This heated debate is fundamentally about numbers. How much energy could each source deliver, at what economic and social cost, and with what risks? But actual numbers are rarely mentioned. In public debates, people just say “Nuclear is a money pit” or “We have a huge amount of wave and wind.” 3 The trouble with this sort of language is that it’s not sufficient to know that something is huge: we need to know how the one “huge” compares with another “huge,” namely our huge energy consumption. To make this comparison, we need numbers, not adjectives.

Where numbers are used, their meaning is often obfuscated by enormousness. Numbers are chosen to impress, to score points in arguments, rather than to inform. “Los Angeles residents drive 142 million miles – the distance from Earth to Mars – every single day. 4” “Each year, 27 million acres of tropical rainforest are destroyed.” “14 billion pounds of trash are dumped into the sea every year.” “British people throw away 2.6 billion slices of bread per year.” “The waste paper buried each year in the UK could fill 103448 double-decker buses.”

If all the ineffective ideas for solving the energy crisis were laid end to end, they would reach to the moon and back…. I digress.

The result of this lack of meaningful numbers and facts? We are inundated with a flood of crazy innumerate codswallop. The BBC doles out advice on how we can do our bit to save the planet – for example “switch off your mobile phone charger when it’s not in use;” if anyone objects that mobile phone chargers are not actually our number one form of energy consumption, the mantra “every little helps” is wheeled out. Every little helps? A more realistic mantra is:


if everyone does a little, we’ll achieve only a little.



For the benefit of readers who speak American, rather than English, the translation of “every little helps” into American is “every little bit helps.”

Companies also contribute to the daily codswallop as they tell us how wonderful they are, or how they can help us “do our bit.” BP’s website, for example, celebrates the reductions in carbon dioxide (CO2) pollution they hope to achieve by changing the paint used for painting BP’s ships. Does anyone fall for this? Surely everyone will guess that it’s not the exterior paint job, it’s the stuff inside the tanker that deserves attention, if society’s CO2 emissions are to be significantly cut? BP also created a web-based carbon absolution service, “targetneutral.com,” 5 which claims that they can “neutralize” all your carbon emissions, and that it “doesn’t cost the earth” – indeed, that your CO2 pollution can be cleaned up for just £40 per year. How can this add up? – if the true cost of fixing climate change were £40 per person then the government could fix it with the loose change in the Chancellor’s pocket!

Even more reprehensible are companies that exploit the current concern for the environment by offering “water-powered batteries,” “biodegradable mobile phones,” “portable arm-mounted wind-turbines,” and other pointless tat.

Campaigners also mislead. People who want to promote renewables over nuclear, for example, say “offshore wind power could power all UK homes;” 6 then they say “new nuclear power stations will do little to tackle climate change” because 10 new nuclear stations would “reduce emissions only by about 4%.” This argument is misleading because the playing field is switched half-way through, from the “number of homes powered” to “reduction of emissions.” The truth is that the amount of electrical power generated by the wonderful windmills that “could power all UK homes” is exactly the same as the amount that would be generated by the 10 nuclear power stations! “Powering all UK homes” accounts for just 4% of UK emissions.

Perhaps the worst offenders in the kingdom of codswallop are the people who really should know better – the media publishers who promote the codswallop – for example, New Scientist with their article about the “water-powered car.” 7

In a climate where people don’t understand the numbers, newspapers, campaigners, companies, and politicians can get away with murder.

We need simple numbers, and we need the numbers to be comprehensible, comparable, and memorable.

[image: Greenpeace leaflet]

Figure 1.1. This Greenpeace leaflet arrived with my junk mail in May 2006. Do beloved windmills have the capacity to displace hated cooling towers?

With numbers in place, we will be better placed to answer questions such as these:


	Can a country like Britain conceivably live on its own renewable energy sources?

	If everyone turns their thermostats one degree closer to the outside temperature, drives a smaller car, and switches off phone chargers when not in use, will an energy crisis be averted?

	Should the tax on transportation fuels be significantly increased? Should speed-limits on roads be halved?

	Is someone who advocates windmills over nuclear power stations “an enemy of the people”?

	If climate change is “a greater threat than terrorism,” 8 should governments criminalize “the glorification of travel” 9 and pass laws against “advocating acts of consumption”?

	Will a switch to “advanced technologies” allow us to eliminate carbon dioxide pollution without changing our lifestyle?

	Should people be encouraged to eat more vegetarian food?

	Is the population of the earth six times too big?



[image: North Sea oil production from the United Kingdom, Norway and Denmark, 1965 to 2025, in million barrels a day, with the crude oil price in constant 2025 dollars on the right axis. Production peaks at 6.4 Mb/d in 2000 and falls to 2.8 by 2025, while the price rises above anything on MacKay's original chart.]

Figure 1.2. Added in the 2026 revision, replacing MacKay’s own version. His ended in 2007, just as the decline began and the price was climbing. Twenty-five years of the same two series answer his question. North Sea production peaked in 2000 at 6.4 million barrels a day and was 2.8 in 2025, a fall of 57%; Britain’s own share fell from 2.95 million barrels a day in 1999 to 0.67, down 77%. Meanwhile the real price went to $160 a barrel in 2025 money, far above anything on his chart, and the decline did not pause. The oil did not come back when it became valuable, which is chapter N’s argument arriving in the first chapter: the peak was a geological fact that a price could not reverse.10

Production is what MacKay’s figure plotted, but production is not what a country has to sell. What it has to sell is production minus what it burns itself, and on that measure the three countries stop being one story at three scales.

[image: Net oil exports for Norway, Britain and Denmark, 1965 to 2025, in kWh per day per person, on two panels with very different scales. Norway rises to 1074 kWh/d per person in 2000 and is 494 in 2025, never crossing zero. Britain's surplus runs from 1981 to 2004, peaking at 29 kWh/d in 1999, then falls to minus 15; Denmark's runs from 1998 to 2014, peaking at 58 in 2004, then falls to minus 16.]

Figure 1.2a. Added in the 2026 revision. The same three countries as exporters rather than producers: what was left after each had supplied itself, per person per day. Note that the two panels are drawn to scales twenty times apart.11

Britain’s North Sea surplus lasted twenty-four years. It began in 1981, peaked in 1999 at 29 kWh per day per person, and ended in 2004; every year since has been a deficit, and in 2025 Britain imported a net 15 kWh/d per person — more energy in oil than it produced. Denmark’s surplus lasted seventeen years, 1998 to 2014, and it now imports 16. Norway’s is in its fifty-first year and has never been interrupted: it peaked at 1074 kWh per day per person in 2000 — about eight and a half times the 125 kWh/d MacKay gives in chapter 18 as Britain’s average primary-energy consumption — and was still 494 in 2025.

Three countries, one sea, the same three decades, opposite outcomes. The oil did not treat them differently. What differed was how much of it they burned at home: Norway consumes about a tenth of what it produces, so nine-tenths is still there to sell, while Britain’s consumption never fell far enough for its declining production to stay ahead of it. That is this book’s subject arriving on its second page — the supply side gets the attention, and the demand side decides the answer.

[image: UK electricity generation by source, 1985 to 2025, in terawatt-hours a year. Coal and nuclear fall from 176 TWh in 2008 to 36 in 2025, wind and solar rise from 7 to 105, and total generation falls by a quarter.]

Figure 1.3. Added in the 2026 revision, replacing MacKay’s own version. His was EdF’s projection, and its period is now entirely in the past. The closures happened: coal and nuclear supplied 176 TWh in 2008 and 36 in 2025, and Britain’s last coal station closed in September 2024. The gap did not appear. Wind and solar went from 7 TWh to 105 — but the larger part of the answer is on the other side of the equation, because total generation fell by a quarter, from 374 TWh to 279. More of the gap was closed by using less than by building more, which is this book’s own thesis arriving as an outcome rather than a recommendation.12

What figure 1.3 does not show is what the surviving fleet burns. That is gas, and gas has its own version of figure 1.2a — a shorter one.

[image: Net gas exports for Norway, the Netherlands, Denmark and Britain, 1965 to 2025, in kWh per day per person, on two panels seven times apart in scale. Norway rises to 612 kWh/d per person in 2017 and is 571 in 2025. The Netherlands peaks at 94 in 1976 and falls through zero in 2018 to minus 27. Britain is in surplus only from 1995 to 2003, peaking at 6, and is minus 12 in 2025. Denmark peaks at 29 in 2005, dips below zero for four years while the Tyra hub was rebuilt, and returns to 7 in 2025.]

Figure 1.3a. Added in the 2026 revision. The same arithmetic as figure 1.2a, applied to gas. The Netherlands is added because the North Sea’s gas cannot be told without Groningen.13

Britain’s gas surplus lasted nine years. It began in 1995, peaked in 2000 at 5.6 kWh per day per person, and ended in 2004; the country went from importer to exporter and back inside a decade, and even at its best it was exporting about a fifth of what its oil managed in oil’s own best year. In 2025 it imported a net 12 kWh/d per person of gas on top of 15 of oil.

That is worth putting beside figure 1.3. The gap in British generation did not appear, and the largest reason was that demand fell — but the plant still running is largely gas-fired, and the gas is now mostly somebody else’s. Self-sufficiency in the fuel that keeps the lights on was not an era. It was an episode, and a brief one.

The other three lines each end differently, which is the argument for drawing all four. Norway’s is the familiar one, and it never crosses zero: it peaked at 612 kWh per day per person in 2017, has wandered up and down since without trend, and was 571 in 2025. It is now the largest single supplier of the gas the rest of this list imports. Denmark’s dips below zero for four years and comes back — not depletion but the rebuilding of the Tyra hub, and the only interruption in either of these figures that is engineering rather than geology.

And the Netherlands has the longest run of all: a surplus unbroken for the whole fifty-three years the series covers, 1965 to 2017, peaking at 94 kWh per day per person in 1976. It ends in 2017, and it does not end because the gas ran out. Groningen was the largest gas field in Europe and still held a great deal when extraction was wound down, because the earthquakes it caused had been shaking houses in the province apart for years. A country chose to stop. That is the one case in these two figures where the line comes down for a reason the geology had no say in, and it is a useful corrective to reading either chart as a story about resources alone.


Why are we discussing energy policy?

Three different motivations drive today’s energy discussions.

First, fossil fuels are a finite resource. It seems possible that cheap oil (on which our cars and lorries run) and cheap gas (with which we heat many of our buildings) will run out in our lifetime. So we seek alternative energy sources. Indeed given that fossil fuels are a valuable resource, useful for manufacture of plastics and all sorts of other creative stuff, perhaps we should save them for better uses than simply setting fire to them.

Second, we’re interested in security of energy supply. Even if fossil fuels are still available somewhere in the world, perhaps we don’t want to depend on them if that would make our economy vulnerable to the whims of untrustworthy foreigners. (I hope you can hear my tongue in my cheek.) Going by figure 1.2, it certainly looks as if “our” fossil fuels have peaked. The UK has a particular security-of-supply problem looming, known as the “energy gap.” A substantial number of old coal power stations and nuclear power stations will be closing down during the next decade (figure 1.3), so there is a risk that electricity demand will sometimes exceed electricity supply, if adequate plans are not implemented. [2026 revision: figure 1.3 now runs from 1985 to 2025, so it shows what that decade did rather than the projection MacKay had.]

Third, it’s very probable that using fossil fuels changes the climate. Climate change is blamed on several human activities, but the biggest contributor to climate change is the increase in greenhouse effect produced by carbon dioxide (CO2). Most of the carbon dioxide emissions come from fossil-fuel burning. And the main reason we burn fossil fuels is for energy. So to fix climate change, we need to sort out a new way of getting energy. The climate problem is mostly an energy problem.

Whichever of these three concerns motivates you, we need energy numbers, and policies that add up.

The first two concerns are straightforward selfish motivations for drastically reducing fossil fuel use. The third concern, climate change, is a more altruistic motivation – the brunt of climate change will be borne not by us but by future generations over many hundreds of years. Some people feel that climate change is not their responsibility. They say things like “What’s the point in my doing anything? China’s out of control!” So I’m going to discuss climate change a bit more now, because while writing this book I learned some interesting facts that shed light on these ethical questions. If you have no interest in climate change, feel free to fast-forward to the next section.



Who actually has the oil

A section added in the 2026 revision. MacKay raises security of supply as the second motivation, jokes about “the whims of untrustworthy foreigners”, and then leaves the thread there and turns to climate for the rest of the chapter. It is worth picking up, because the numbers are sharper than the joke and they do not point where the joke does.

Most of the world’s oil is produced by countries that do not hold competitive elections. Set the Energy Institute’s 2025 production figures against V-Dem’s regime classification and the world’s 100.6 million barrels a day divides like this:




	
	Share of world oil production
	Largest producers





	Closed autocracy
	28%
	Saudi Arabia, China, UAE, Kuwait, Qatar



	Electoral autocracy
	32%
	Russia, Iran, Iraq, Kazakhstan



	Electoral democracy
	38%
	United States, Canada, Brazil, Nigeria



	Liberal democracy
	2.6%
	Norway, Australia, Denmark





Three-fifths of it comes from autocracies, and one fortieth from liberal democracies — of which Norway alone is most.14

Now the part that makes the joke misfire. Take Sweden, a country that buys nearly all its oil and produces none. Of the 18.2 million tonnes of crude it imported in 2024, 57% came from Norway, 13% from the United States, 11% from Britain and 11% from Guyana. Libya at 3.6% and Côte d’Ivoire at 0.4% are the only autocratic suppliers on the list. Four per cent of what Sweden buys comes from autocracies, against sixty per cent of what the world pumps.

A reader could conclude that Sweden has solved the problem. It has not, and the reason is the most important fact in this section: oil is fungible. One barrel substitutes for another, so the price is set on a world market where autocracies hold three-fifths of the volume and almost all of the spare capacity that can move the price deliberately. Sweden pays that price whoever fills its tankers. Buying Norwegian protects against a cargo not arriving; it does not protect against what the cargo costs. Norway itself is the demonstration — a large net exporter whose own consumers paid European prices through 2022 like everybody else.

And there is a second-order lesson in the same figures, for European readers particularly. The share of Sweden’s crude that comes from the European Union is 0.25%, which is Denmark and nothing else. The share that comes from the European Economic Area is 57%. The entire difference is Norway, which is inside the internal market and outside the Union. Whatever European energy security means, in this instance it does not mean the Union.

So MacKay’s second motivation survives, but not in the form he states it. The exposure is not to whose flag is on the ship. It is to a price set by a market whose largest participants are not accountable to anyone who buys from it — and no amount of choosing your supplier changes that, which is why this book keeps returning to using less rather than to sourcing better.



The climate-change motivation

The climate-change motivation is argued in three steps: one: human fossilfuel burning causes carbon dioxide concentrations to rise; two: carbon dioxide is a greenhouse gas; three: increasing the greenhouse effect increases average global temperatures (and has many other effects).

[image: Atmospheric carbon dioxide concentration from the year 900 to 2025, in parts per million. The line is flat near 280 until about 1800, reaches 383 where MacKay's chart ends in 2007, and is 426 in 2025.]

Figure 1.4. Added in the 2026 revision. The same series as MacKay’s figures 1.4 and 1.15, carried to the present. His line ends at 383 ppm in 2007. It reached 426 ppm in 2025 — a rise of 43 in eighteen years, which is more than the 30 ppm it rose in the entire hundred and sixty years between 1800 and 1960. The shape he uses to make the point has not changed; it has only got steeper at the end.15

I think something new may have happened between 1800 AD and 2000 AD. I’ve marked the year 1769, in which James Watt patented his steam engine. (The first practical steam engine was invented 70 years earlier in 1698 16, but Watt’s was much more efficient.) [2026 revision: the replacement figure 1.4 carries no 1769 marker; the upper panel of figure 1.15 still does.] 17

[image: UK and world coal production from 1700 to 1910, in terawatt-hours a year, with the years 1800, 1830, 1850 and 1870 marked on the British curve.]

Figure 1.5. Added in the 2026 revision, replacing MacKay’s own version. The same early history, redrawn at a size where the doubling can actually be read. The dates MacKay marks — 1800, 1830, 1850, 1870 — are labelled on the British curve.18

We start with the fact that carbon dioxide concentrations are rising. Figure 1.4 shows measurements of the CO2 concentration in the air from the year 1000AD to the present. Some “sceptics” have asserted that the recent increase in CO2 concentration is a natural phenomenon. Does “sceptic” mean “a person who has not even glanced at the data”? Don’t you think, just possibly, something may have happened between 1800AD and 2000AD? Something that was not part of the natural processes present in the preceding thousand years?

Something did happen, and it was called the Industrial Revolution. I’ve marked on the graph the year 1769, in which James Watt patented his steam engine. While the first practical steam engine was invented in 1698, Watt’s more efficient steam engine really got the Industrial Revolution going. One of the steam engine’s main applications was the pumping of water out of coal mines. Figure 1.5 shows what happened to British coal production from 1769 onwards. The figure displays coal production in units of billions of tons of CO2 released when the coal was burned. [2026 revision: the replacement figure 1.5 draws coal in terawatt-hours a year instead, for the reason given in its note.] In 1800, coal was used to make iron, to make ships, to heat buildings, to power locomotives and other machinery, and of course to power the pumps that enabled still more coal to be scraped up from inside the hills of England and Wales. Britain was terribly well endowed with coal: when the Revolution started, the amount of carbon sitting in coal under Britain was roughly the same as the amount sitting in oil under Saudi Arabia.

In the 30 years from 1769 to 1800, Britain’s annual coal production doubled. After another 30 years (1830), it had doubled again. The next doubling of production-rate happened within 20 years (1850), and another doubling within 20 years of that (1870). This coal allowed Britain to turn the globe pink. The prosperity that came to England and Wales was reflected in a century of unprecedented population growth:

[image: British and world population from 1700 to 2025. The United Kingdom goes from 6.8 million to 41 million by 1900 and 70 million today; the world from 0.6 billion to 1.6 billion by 1900 and 8.2 billion today.]

Figure 1.6. Added in the 2026 revision, replacing MacKay’s two population graphs. The growth his text points at, and what followed. Britain multiplied six-fold between 1700 and 1900 while its coal did the same, then grew 69% in the hundred and twenty-five years since. The world went the other way: 2.7-fold to 1900, then 5.1-fold. Drawn on the same window as figure 1.7 so the shapes can be laid beside each other — which is the comparison the surrounding text makes, and it holds in both directions.19

Eventually other countries got in on the act too as the Revolution spread. Figure 1.7 shows British coal production and world coal production on the same scale as figure 1.5, sliding the window of history 50 years later. [2026 revision: the replacement figure 1.7 runs from 1700 to 2025 in thousand terawatt-hours, so neither the shared scale with figure 1.5 nor the 50-year slide survives.] British coal production peaked in 1910, but meanwhile world coal production continued to double every 20 years. It’s difficult to show the history of coal production on a single graph. To show what happened in the next 50 years on the same scale, the book would need to be one metre tall! To cope with this difficulty, we can either scale down the vertical axis:

[image: UK and world coal production from 1700 to 2025, in thousand terawatt-hours a year. British production peaks in 1913 at 2.0 and falls to essentially nothing by 2025, while world production rises to 50.]

Figure 1.7. Added in the 2026 revision. MacKay stops in 1960 and says that showing the next fifty years on the same scale would need a book a metre tall. Here they are on one page. British coal peaked in 1913 at about 2000 TWh a year and produced 1 TWh in 2025 — not a decline but an ending, and the last deep mine closed in 2015. World production over the same period rose from 9 200 TWh to 50 200, five and a half times, and set its record in the 2020s rather than the 1970s. The shape MacKay describes did not stop; it moved. The doubling he traces through British history is now somebody else’s history, and his own version of this figure is the first half of a picture whose second half is steeper.20

or we can squish the vertical axis in a non-uniform way, so that small quantities and large quantities can be seen at the same time on a single graph. A good way to squish the axis is called a logarithmic scale, and that’s what I’ve used in the bottom two graphs of figure 1.15. On a logarithmic scale, all ten-fold increases (from 1 to 10, from 10 to 100, from 100 to 1000) are represented by equal distances on the page. On a logarithmic scale, a quantity that grows at a constant percentage per year (which is called “exponential growth”) looks like a straight line. Logarithmic graphs are great for understanding growth. Whereas the ordinary graphs in the figures on pages 6 and 7 convey the messages that British and world coal production grew remarkably, and that British and world population grew remarkably, the relative growth rates are not evident in these ordinary graphs. The logarithmic graphs allow us to compare growth rates. Looking at the slopes of the population curves, for example, we can see that the world population’s growth rate in the last 50 years was a little bigger than the growth rate of England and Wales in 1800.

From 1769 to 2006, world annual coal production increased 800-fold. Coal production is still increasing today. Other fossil fuels are being extracted too – the middle graph of figure 1.15 shows oil production for example – but in terms of CO2 emissions, coal is still king.

The burning of fossil fuels is the principal reason why CO2 concentrations have gone up. This is a fact, but, hang on: I hear a persistent buzzing noise coming from a bunch of climate-change inactivists. What are they saying? Here’s Dominic Lawson, a columnist from the Independent:


“The burning of fossil fuels sends about seven gigatons of CO2 per year into the atmosphere, which sounds like a lot. Yet the biosphere and the oceans send about 1900 gigatons and 36000 gigatons of CO2 per year into the atmosphere – … one reason why some of us are sceptical about the emphasis put on the role of human fuel-burning in the greenhouse gas effect. Reducing man-made CO2 emissions is megalomania, exaggerating man’s significance. Politicians can’t change the weather.” 21



Now I have a lot of time for scepticism, and not everything that sceptics say is a crock of manure – but irresponsible journalism like Dominic Lawson’s deserves a good flushing.

The first problem with Lawson’s offering is that all three numbers that he mentions (seven, 1900, and 36000) are wrong! The correct numbers are 26, 440, and 330. Leaving these errors to one side, let’s address Lawson’s main point, the relative smallness of man-made emissions.

Yes, natural flows of CO2 are larger than the additional flow we switched on 200 years ago when we started burning fossil fuels in earnest. But it is terribly misleading to quantify only the large natural flows into the atmosphere, failing to mention the almost exactly equal flows out of the atmosphere back into the biosphere and the oceans. The point is that these natural flows in and out of the atmosphere have been almost exactly in balance for millenia. So it’s not relevant at all that these natural flows are larger than human emissions. The natural flows cancelled themselves out. So the natural flows, large though they were, left the concentration of CO2 in the atmosphere and ocean constant, over the last few thousand years. Burning fossil fuels, in contrast, creates a new flow of carbon that, though small, is not cancelled. Here’s a simple analogy, set in the passport-control arrivals area of an airport.

One thousand passengers arrive per hour, and there are exactly enough clockwork officials to process one thousand passengers per hour. There’s a modest queue, but because of the match of arrival rate to service rate, the queue isn’t getting any longer. Now imagine that owing to fog an extra stream of flights is diverted here from a smaller airport. This stream adds an extra 50 passengers per hour to the arrivals lobby – a small addition compared to the original arrival rate of one thousand per hour. Initially at least, the authorities don’t increase the number of officials, and the officials carry on processing just one thousand passengers per hour. So what happens? Slowly but surely, the queue grows. Burning fossil fuels is undeniably increasing the CO2 concentration in the atmosphere and in the surface oceans. No climate scientist disputes this fact. When it comes to CO2 concentrations, man is significant.

[image: James Watt]

Here’s a portrait of James Watt and his 1769 steam engine.

The middle graph shows (on a logarithmic scale) the history of UK coal production, Saudi oil production, world coal production, world oil production, and (by the top right point) the total of all greenhouse gas emissions in the year 2000. All production rates are expressed in units of the associated CO2 emissions.

The bottom graph shows (on a logarithmic scale) some consequences of the Industrial Revolution: sharp increases in the population of England, and, in due course, the world; and remarkable growth in British pig-iron production (in thousand tons per year); and growth in the tonnage of British ships (in thousand tons).

In contrast to the ordinary graphs on the previous pages, the logarithmic scale allows us to show both the population of England and the population of the World on a single diagram, and to see interesting features in both.

OK. Fossil fuel burning increases CO2 concentrations significantly. But does it matter? “Carbon is nature!”, the oilspinners remind us, “Carbon is life!” If CO2 had no harmful effects, then indeed carbon emissions would not matter. However, carbon dioxide is a greenhouse gas. Not the strongest greenhouse gas, but a significant one nonetheless. Put more of it in the atmosphere, and it does what greenhouse gases do: it absorbs infrared radiation (heat) heading out from the earth and reemits it in a random direction; the effect of this random redirection of the atmospheric heat traffic is to impede the flow of heat from the planet, just like a quilt. So carbon dioxide has a warming effect. 22 This fact is based not on complex historical records of global temperatures but on the simple physical properties of CO2 molecules. Greenhouse gases are a quilt, and CO2 is one layer of the quilt.

So, if humanity succeeds in doubling or tripling CO2 concentrations (which is where we are certainly heading, under business as usual), what happens? Here, there is a lot of uncertainty. Climate science is difficult. The climate is a complex, twitchy beast, and exactly how much warming CO2 -doubling would produce is uncertain. The consensus of the best climate models seems to be that doubling the CO2 concentration would have roughly the same effect as increasing the intensity of the sun by 2%, and would bump up the global mean temperature by something like 3°C. This would be what historians call a Bad Thing. I won’t recite the whole litany of probable drastic effects, as I am sure you’ve heard it before. 23 The litany begins “the Greenland icecap would gradually melt, and, over a period of a few 100 years, sea-level would rise by about 7 metres.” The brunt of the litany falls on future generations. Such temperatures have not been seen on earth for at least 100 000 years, and it’s conceivable that the ecosystem would be so significantly altered that the earth would stop supplying some of the goods and services that we currently take for granted.

Climate modelling is difficult and is dogged by uncertainties. But uncertainty about exactly how the climate will respond to extra greenhouse gases is no justification for inaction. If you were riding a fast-moving motorcycle in fog near a cliff-edge, and you didn’t have a good map of the cliff, would the lack of a map justify not slowing the bike down?

So, who should slow the bike down? Who should clean up carbon emissions? Who is responsible for climate change? This is an ethical question, of course, not a scientific one, but ethical discussions must be founded on facts. Let’s now explore the facts about greenhouse gas emissions. First, a word about the units in which they are measured. Greenhouse gases include carbon dioxide, methane, and nitrous oxide; each gas has different physical properties; it’s conventional to express all gas emissions in “equivalent amounts of carbon dioxide,” where “equivalent” means “having the same warming effect over a period of 100 years.” One ton of carbon-dioxide-equivalent may be abbreviated as “1 t CO2e,” and one billion tons (one thousand million tons) as “1 Gt CO2e” (one gigaton). In this book 1 t means one metric ton (1000 kg). I’m not going to distinguish imperial tons, because they differ by less than 10% from the metric ton or tonne.

In the year 2000, the world’s greenhouse gas emissions were about 34 billion tons of CO2-equivalent per year. An incomprehensible number. But we can render it more comprehensible and more personal by dividing by the number of people on the planet, 6 billion, so as to obtain the greenhouse-gas pollution per person, which is about 5½ tons CO2e per year per person. We can thus represent the world emissions by a rectangle whose width is the population (6 billion) and whose height is the percapita emissions.

[image: Greenhouse gas pollution]

Figure 1.8. The world’s greenhouse gas emissions in the year 2000 as a single rectangle: 34 billion tons of CO2-equivalent, shared equally, is 5½ tons each. Unnumbered in MacKay’s original; numbered here so it can be referred to. Figure 1.12 redraws the construction with current data.

Now, all people are created equal, but we don’t all emit 5½ tons of CO2 per year. We can break down the emissions of the year 2000, showing how the 34-billion-ton rectangle is shared between the regions of the world: 24

[image: Greenhouse gas pollution]

Figure 1.9. The same rectangle divided into eight world regions, on the same scale. Each region’s area is its emissions, the width is its population and the height its emissions per person. In 2000 Europe’s per-capita emissions were twice the world average and North America’s four times it. Unnumbered in MacKay’s original.

This picture, which is on the same scale as the previous one, divides the world into eight regions. Each rectangle’s area represents the greenhouse gas emissions of one region. The width of the rectangle is the population of the region, and the height is the average per-capita emissions in that region.

In the year 2000, Europe’s per-capita greenhouse gas emissions were twice the world average; and North America’s were four times the world average.

We can continue subdividing, splitting each of the regions into countries. This is where it gets really interesting:

[image: Greenhouse gas pollution]

Figure 1.10. The same again, subdivided into countries. The tallest are Australia, the United States and Canada; European countries, Japan and South Africa are the runners up, and the United Kingdom is resolutely average among them. Unnumbered in MacKay’s original. Figure 1.12 shows what this picture looks like in 2023, where the change is China’s height rather than its width.

The major countries with the biggest per-capita emissions are Australia, the USA, and Canada. European countries, Japan, and South Africa are notable runners up. Among European countries, the United Kingdom is resolutely average. What about China, that naughty “out of control” country? Yes, the area of China’s rectangle is about the same as the USA’s, but the fact is that their per-capita emissions are below the world average. India’s per-capita emissions are less than half the world average. Moreover, it’s worth bearing in mind that much of the industrial emissions of China and India are associated with the manufacture of stuff for rich countries.

So, assuming that “something needs to be done” to reduce greenhouse gas emissions, who has a special responsibility to do something? As I said, that’s an ethical question. But I find it hard to imagine any system of ethics that denies that the responsibility falls especially on the countries to the left hand side of this diagram – the countries whose emissions are two, three, or four times the world average. Countries that are most able to pay. Countries like Britain and the USA, for example.


Historical responsibility for climate impact

If we assume that the climate has been damaged by human activity, and that someone needs to fix it, who should pay? Some people say “the polluter should pay.” The preceding pictures showed who’s doing the polluting today. But it isn’t the rate of CO2 pollution that matters, it’s the cumulative total emissions; much of the emitted carbon dioxide (about one third of it) will hang around in the atmosphere for at least 50 or 100 years. If we accept the ethical idea that “the polluter should pay” then we should ask how big is each country’s historical footprint. The next picture shows each country’s cumulative emissions of CO2, expressed as an average emission rate over the period 1880–2004.

[image: Average pollution rate]

Figure 1.11. Historical emitters per person: cumulative rather than annual emissions, which is the quantity the polluter-pays argument actually needs. Britain is second only to the United States. Unnumbered in MacKay’s original. Figure 1.14 confirms the ranking still holds, and gives the current figures.

Congratulations, Britain! The UK has made it onto the winners’ podium. We may be only an average European country today, but in the table of historical emitters, per capita, we are second only to the USA. 25

[image: Every country drawn as a rectangle, in 2000 and 2023. Width is population, height is greenhouse-gas emissions per person, so area is total emissions. China's rectangle changes from short and wide to tall and wide; the United States falls from 26 tonnes a head to 18.]

Figure 1.12. Added in the 2026 revision, redrawing MacKay’s construction with current data. The same picture he builds above, for 2000 and for 2023 on one scale. The world total went from 41 to 54 gigatonnes across 6.2 then 8.1 billion people, so the figure got wider and, on average, no shorter: emissions per person are 6.6 tonnes then and 6.7 now.

The change that matters is one rectangle. In 2000 China is the wide, low block MacKay describes — 1.3 billion people at 4.2 tonnes each. By 2023 it is 1.42 billion at 9.8, taller than Japan and half again the height of the European average, and it is the largest single area on the chart. The United States moved the other way, from 25.6 tonnes a head to 17.7, and Europe from 10.5 to 9.0.

MacKay’s question in the text above — “what about China, that naughty out of control country?” — had an answer in 2000 that was about width. It now has an answer about height, and the honest version of his argument has to be made differently as a result. Chapter L separates the four questions this figure runs together; the historical ranking in figure 1.11 above is the one that has moved least, as figure 1.14 confirms.26

Interactive figure. View it live at Our World in Data.

Figure 1.13. Added in the 2026 revision. The heights of the previous figure, over time and for any country. This is the movement between its two snapshots, and three crossings are worth finding on it: China passed the world average in 2006, the European Union in 2013 and the United Kingdom in 2014.

The other thing to look for is what the rich lines did. Between 1990 and 2024 the United States fell from 20.3 tonnes a head to 14.2, the United Kingdom from 10.5 to 4.5 and the European Union from 9.2 to 5.4 — each of them roughly halved or better. Over the same period the world average went from 4.3 to 4.7. Every wealthy bloc on the chart came down substantially and the line that matters did not move, because the falls were roughly matched by more people arriving at a middle income. Chapter L pursues that arithmetic; chapter 15 asks how much of the rich-world fall is real and how much is imported goods counted elsewhere.27

Interactive figure. View it live at Our World in Data.

Figure 1.14. Added in the 2026 revision. Cumulative carbon dioxide emissions since 1750, from Our World in Data. Because carbon dioxide persists for centuries this is the stock rather than the flow, and it is the chart the historical-responsibility argument actually rests on. The United States has emitted 435 gigatonnes, China 285 and the United Kingdom 80.

But MacKay’s claim above is about a different quantity, and it has survived. He writes that in the table of historical emitters per capita, Britain is second only to the United States. Eighteen years later that is still true: dividing each country’s cumulative emissions by its present population gives the United States 1 259 tonnes a head and the United Kingdom 1 158, with Czechia, Germany and Belgium immediately behind. Of everything in this chapter, the ranking he was pointing at is the one that has moved least — which is what a stock accumulated over two centuries does.28

OK, that’s enough ethics. What do scientists reckon needs to be done, to avoid a risk of giving the earth a 2°C temperature rise (2°C being the rise above which they predict lots of bad consequences)? The consensus is clear. We need to get off our fossil fuel habit, and we need to do so fast. Some countries, including Britain, have committed to at least a 60% reduction in greenhouse-gas emissions by 2050, 29 but it must be emphasized that 60% cuts, radical though they are, are unlikely to cut the mustard. If the world’s emissions were gradually reduced by 60% by 2050, climate scientists reckon it’s more likely than not that global temperatures will rise by more than 2°C. The sort of cuts we need to aim for are shown in figure 1.16. This figure shows two possibly-safe emissions scenarios presented by Baer and Mastrandrea (2006) in a report from the Institute for Public Policy Research. The lower curve assumes that a decline in emissions started in 2007, with total global emissions falling at roughly 5% per year. The upper curve assumes a brief delay in the start of the decline, and a 4% drop per year in global emissions. Both scenarios are believed to offer a modest chance of avoiding a 2°C temperature rise above the pre-industrial level. In the lower scenario, the chance that the temperature rise will exceed 2°C is estimated to be 9–26%. In the upper scenario, the chance of exceeding 2°C is estimated to be 16–43%. These possibly-safe emissions trajectories, by the way, involve significantly sharper reductions in emissions than any of the scenarios presented by the Intergovernmental Panel on Climate Change (IPCC), or by the Stern Review (2007).

These possibly-safe trajectories require global emissions to fall by 70% or 85% by 2050. What would this mean for a country like Britain? If we subscribe to the idea of “contraction and convergence,” which means that all countries aim eventually to have equal per-capita emissions, then Britain needs to aim for cuts greater than 85%: it should get down from its current 11 tons of CO2e per year per person to roughly 1 ton per year per person by 2050. This is such a deep cut, I suggest the best way to think about it is no more fossil fuels.

[image: CO2 concentrations, consequences of Industrial Revolution]

Figure 1.15. The upper graph shows carbon dioxide CO2 concentrations (in parts per million) for the last 1100 years – the same data that was shown in figure 1.4. Retained from MacKay’s original: the two lower panels are the ones his text walks through below, and figure 1.4 replaces only the upper one.

[image: World CO2 emissions per person from 1990 to 2024, against the two trajectories MacKay's scenarios require. Actual emissions are 4.66 tonnes in 2007 and 4.73 in 2024, while the required paths fall to 1.4 and 0.7 tonnes by 2050.]

Figure 1.16. Added in the 2026 revision, replacing MacKay’s figure of the same two scenarios. Baer and Mastrandrea’s trajectories, and the line the world is actually on. Seventeen of the forty-three years between 2007 and 2050 have gone, and emissions per person have not started down: 4.66 tonnes in 2007 against 4.73 in 2024, a rise of 1.4%. The scenarios also assumed carbon dioxide would peak at 410 and 425 parts per million respectively. Figure 1.4 shows it passed 425 in 2025, twenty-five years early, so both concentration ceilings are already behind us rather than ahead.3031

One last thing about the climate-change motivation: while a range of human activities cause greenhouse-gas emissions, the biggest cause by far is energy use. Some people justify not doing anything about their energy use by excuses such as “methane from burping cows causes more warming than jet travel.” Yes, agricultural by-products contributed one eighth of greenhouse-gas emissions in the year 2000. But energy-use contributed three quarters (figure 1.17). The climate change problem is principally an energy problem.

[image: World greenhouse-gas emissions by sector in 2000 and 2023, as shares of the total. Electricity and heat rises from 28% to 33%, transport is 16%, agriculture 12%, and land-use change falls from 6% to 1%.]

Figure 1.17. Added in the 2026 revision, replacing MacKay’s 2000 breakdown. Where the world’s greenhouse gases come from, then and now. The total rose from 38 to 52 gigatonnes of CO2-equivalent, and the shares moved: electricity and heat from 28% to 33%, so that a third of all emissions now come from making electricity and heat. That is the single most useful number in this chapter for what follows, because it is the part of the problem this book spends most of its length on. Agriculture and waste barely moved. The land-use row fell from 6% to 1%, which is the least trustworthy line on the chart and is discussed in the note.32




Warnings to the reader

[image: Low carbon emission man - cartoon]

“Look – it’s Low Carbon Emission Man”

Figure 1.18. Reproduced by kind permission of PRIVATE EYE / Peter Dredge www.private-eye.co.uk.

OK, enough about climate change. I’m going to assume we are motivated to get off fossil fuels. Whatever your motivation, the aim of this book is to help you figure out the numbers and do the arithmetic so that you can evaluate policies; and to lay a factual foundation so that you can see which proposals add up. I’m not claiming that the arithmetic and numbers in this book are new; the books I’ve mentioned by Goodstein, Lomborg, and Lovelock, for example, are full of interesting numbers and back-of-envelope calculations, and there are many other helpful sources on the internet too. 33

What I’m aiming to do in this book is to make these numbers simple and memorable; to show you how you can figure out the numbers for yourself; and to make the situation so clear that any thinking reader will be able to draw striking conclusions. I don’t want to feed you my own conclusions. Convictions are stronger if they are self-generated, rather than taught. Understanding is a creative process. When you’ve read this book I hope you’ll have reinforced the confidence that you can figure anything out.

I’d like to emphasize that the calculations we will do are deliberately imprecise. Simplification is a key to understanding. First, by rounding the numbers, we can make them easier to remember. Second, rounded numbers allow quick calculations. For example, in this book, the population of the United Kingdom is 60 million, and the population of the world is 6 billion. I’m perfectly capable of looking up more accurate figures, but accuracy would get in the way of fluent thought. For example, if we learn that the world’s greenhouse gas emissions in 2000 were 34 billion tons of CO2-equivalent per year, then we can instantly note, without a calculator, that the average emissions per person are 5 or 6 tons of CO2-equivalent per person per year. This rough answer is not exact, but it’s accurate enough to inform interesting conversations. For instance, if you learn that a roundtrip intercontinental flight emits nearly two tons of CO2 per passenger, then knowing the average emissions yardstick (5-and-a-bit tons per year per person) helps you realize that just one such plane-trip per year corresponds to over a third of the average person’s carbon emissions.

I like to base my calculations on everyday knowledge rather than on trawling through impersonal national statistics. For example, if I want to estimate the typical wind speeds in Cambridge, I ask “is my cycling speed usually faster than the wind?” The answer is yes. So I can deduce that the wind speed in Cambridge is only rarely faster than my typical cycling speed of 20km/h. I back up these everyday estimates with other peoples’ calculations and with official statistics. (Please look for these in each chapter’s end-notes.) This book isn’t intended to be a definitive store of super-accurate numbers. Rather, it’s intended to illustrate how to use approximate numbers as a part of constructive consensual conversations.

In the calculations, I’ll mainly use the United Kingdom and occasionally Europe, America, or the whole world, but you should find it easy to redo the calculations for whatever country or region you are interested in.

Let me close this chapter with a few more warnings to the reader. Not only will we make a habit of approximating the numbers we calculate; we’ll also neglect all sorts of details that investors, managers, and economists have to attend to, poor folks. If you’re trying to launch a renewable technology, just a 5% increase in costs may make all the difference between success and failure, so in business every detail must be tracked. But 5% is too small for this book’s radar. This is a book about factors of 2 and factors of 10. It’s about physical limits to sustainable energy, not current economic feasibility. While economics is always changing, the fundamental limits won’t ever go away. We need to understand these limits.

Debates about energy policy are often confusing and emotional because people mix together factual assertions and ethical assertions. 34

Examples of factual assertions are “global fossil-fuel burning emits 34 billion tons of carbon dioxide equivalent per year;” and “if CO2 concentrations are doubled then average temperatures will increase by 1.5–5.8°C in the next 100 years;” and “a temperature rise of 2°C would cause the Greenland ice cap to melt within 500 years;” and “the complete melting of the Greenland ice cap would cause a 7-metre sea-level rise.”

A factual assertion is either true or false; figuring out which may be difficult; it is a scientific question. For example, the assertions I just gave are either true or false. But we don’t know whether they are all true. Some of them are currently judged “very likely.” The difficulty of deciding which factual assertions are true leads to debates in the scientific community. But given sufficient scientific experiment and discussion, the truth or falsity of most factual assertions can eventually be resolved, at least “beyond reasonable doubt.”

[image: Do nothing - cartoon ]

“Okay – it’s agreed; we announce - ‘to do nothing is not an option!’ then we wait and see how things pan out…”

Figure 1.19. Reproduced by kind permission of PRIVATE EYE / Paul Lowe www.private-eye.co.uk.

Examples of ethical assertions are “it’s wrong to exploit global resources in a way that imposes significant costs on future generations;” and “polluting should not be free;” and “we should take steps to ensure that it’s unlikely that CO2 concentrations will double;” and “politicians should agree a cap on CO2 emissions;” and “countries with the biggest CO2 emissions over the last century have a duty to lead action on climate change;” and “it is fair to share CO2 emission rights equally across the world’s population.” Such assertions are not “either true or false.” Whether we agree with them depends on our ethical judgment, on our values. Ethical assertions may be incompatible with each other; for example, Tony Blair’s government declared a radical policy on CO2 emissions: “the United Kingdom should reduce its CO2 emissions by 60% by 2050;” at the same time Gordon Brown, while Chancellor in that government, repeatedly urged oil-producing countries to increase oil production. 35

This book is emphatically intended to be about facts, not ethics. I want the facts to be clear, so that people can have a meaningful debate about ethical decisions. I want everyone to understand how the facts constrain the options that are open to us. Like a good scientist, I’ll try to keep my views on ethical questions out of the way, though occasionally I’ll blurt something out – please forgive me.

Whether it’s fair for Europe and North America to hog the energy cake is an ethical question; I’m here to remind you of the fact that we can’t have our cake and eat it too; to help you weed out the pointless and ineffective policy proposals; and to help you identify energy policies that are compatible with your personal values.

We need a plan that adds up!



Notes and further reading

At the end of each chapter I note details of ideas in that chapter, sources of data and quotes, and pointers to further information.

[image: Weights of carbon atom and CO2 molecule]

The weights of an atom of carbon and a molecule of CO2 are in the ratio 12 to 44, because the carbon atom weighs 12 units and the two oxygen atoms weigh 16 each. 12 + 16 + 16 = 44.

Incidentally, the observed rise in CO2 concentration is nicely in line with what you’d expect, assuming most of the human emissions of carbon remained in the atmosphere. From 1715 to 2004, roughly 1160 GtCO2 have been released to the atmosphere from the consumption of fossil fuels and cement production (Marland et al., 2007). If all of this CO2 had stayed in the atmosphere, the concentration would have risen by 160ppm (from 280 to 440 ppm). The actual rise has been about 100ppm (from 275 to 377ppm). So roughly 60% of what was emitted is now in the atmosphere.







“…no other possible way of doing that except through renewables”; “anybody who is relying upon renewables to fill the [energy] gap is living in an utter dream world and is, in my view, an enemy of the people.” The quotes are from Any Questions?, 27 January 2006, BBC Radio 4 [ydoobr]. Michael Meacher was UK environment minister from 1997 till 2003. Sir Bernard Ingham was an aide to Margaret Thatcher when she was prime minister, and was Head of the Government Information Service. He is secretary of Supporters of Nuclear Energy.



Jonathon Porritt (March 2006). Is nuclear the answer? Section 3. Advice to Ministers. www.sd-commission.org.uk



“Nuclear is a money pit”, “We have a huge amount of wave and wind.” Ann Leslie, journalist. Speaking on Any Questions?, Radio 4, 10 February 2006.



Los Angeles residents drive … from Earth to Mars – (The Earthworks Group, 1989, page 34).



targetneutral.com charges just £4 per ton of CO2 for their “neutralization.” (A significantly lower price than any other “offsetting” company I have come across.) At this price, a typical Brit could have his 11 tons per year “neutralized” for just £44 per year! Evidence that BP’s “neutralization” schemes don’t really add up comes from the fact that its projects have not achieved the Gold Standard www.cdmgoldstandard.org (Michael Schlup, personal communication). Many “carbon offset” projects have been exposed as worthless by Fiona Harvey of the Financial Times [2jhve6].



People who want to promote renewables over nuclear, for example, say “offshore wind power could power all UK homes.” At the end of 2007, the UK government announced that they would allow the building of offshore wind turbines “enough to power all UK homes.” Friends of the Earth’s renewable energy campaigner, Nick Rau, said the group welcomed the government’s announcement. “The potential power that could be generated by this industry is enormous,” he said. [25e59w]. From the Guardian [5o7mxk]: John Sauven, the executive director of Greenpeace, said that the plans amounted to a “wind energy revolution.” “And Labour needs to drop its obsession with nuclear power, which could only ever reduce emissions by about 4% at some time in the distant future.” Nick Rau said: “We are delighted the government is getting serious about the potential for offshore wind, which could generate 25% of the UK’s electricity by 2020.” A few weeks later, the government announced that it would permit new nuclear stations to be built. “Today’s decision to give the go-ahead to a new generation of nuclear power stations … will do little to tackle climate change,” Friends of the Earth warned [5c4olc]. In fact, the two proposed expansions – of offshore wind and of nuclear – would both deliver just the same amount of electricity per year. The total permitted offshore wind power of 33 GW would on average deliver 10 GW, which is 4 kWh per day per person; and the replacement of all the retiring nuclear power stations would deliver 10 GW, which is 4 kWh per day per person. Yet in the same breath, anti-nuclear campaigners say that the nuclear option would “do little,” while the wind option would “power all UK homes.” The fact is, “powering all UK homes” and “only reducing emissions by about 4%” are the same thing.



“water-powered car” New Scientist, 29th July 2006, p.35. This article, headlined “Water-powered car might be available by 2009,” opened thus: “Forget cars fuelled by alcohol and vegetable oil. Before long, you might be able to run your car with nothing more than water in its fuel tank. It would be the ultimate zero-emissions vehicle.”While water is not at first sight an obvious power source, it has a key virtue: it is an abundant source of hydrogen, the element widely touted as the green fuel of the future.” The work New Scientist was describing was not ridiculous – it was actually about a car using boron as a fuel, with a boron/water reaction as one of the first chemical steps. Why did New Scientist feel the urge to turn this into a story suggesting that water was the fuel? Water is not a fuel. It never has been, and it never will be. It is already burned! The first law of thermodynamics says you can’t get energy for nothing; you can only convert energy from one form to another. The energy in any engine must come from somewhere. Fox News peddled an even more absurd story [2fztd3].



Climate change is a far greater threat to the world than international terrorism. Sir David King, Chief Scientific Advisor to the UK government, January, 2004. [26e8z]



the glorification of travel – an allusion to the offence of “glorification” defined in the UK’s Terrorism Act which came into force on 13 April, 2006. [ykhayj]



North Sea production is the sum of the United Kingdom, Norway and Denmark from the Energy Institute’s Statistical Review of World Energy, in thousand barrels daily; the Review reports national totals rather than a North Sea aggregate, and for these three countries national production is overwhelmingly offshore, so the sum is a close proxy rather than the basin itself. The Netherlands is excluded, being mostly gas. Prices are the same source’s crude series in constant 2025 dollars, so the axis is not comparable with MacKay’s 2006 dollars without adjustment; the shape is what should be compared. The figure is generated by figures/north_sea_oil.py from data-refresh/north-sea-oil.csv. One trap is worth recording for anyone rebuilding it: the Review’s production sheet carries three columns labelled 2025 — the level first, then a growth rate and a share — so a script that takes the last match rather than the first reads a percentage as a production figure and reports the North Sea as having stopped entirely.



Figure 1.2a is computed from the Energy Institute’s Statistical Review of World Energy as republished by Our World in Data, which is the same source as figure 1.2 but its energy series rather than its barrel series, joined to United Nations population estimates and projections. Three cautions. The quantity is production minus each country’s own inland consumption, which is a proxy for net trade rather than customs data: Britain in particular exports its own light North Sea crude and imports heavier grades for its refineries, so its gross flows are a good deal larger than the net line drawn here. The levels cannot be read off figure 1.2, because barrels and energy do not convert at a single factor — the barrel counts include natural-gas liquids, which carry less energy per barrel than crude — and the data task checks the two agree on what they should agree on, which is the shape: both put the North Sea’s peak in 2000. And all three countries were oil importers before their own fields came in, so each surplus has a beginning as well as an end; the task checks that each is a single unbroken run rather than a line flickering across zero, which is what lets the dates above be stated as dates. Population after 2023 is the United Nations’ medium projection.



Generation rather than capacity, which is a different quantity from the one MacKay’s own version plotted, and is stated on the figure itself: capacity by plant type is not published as a clean annual series over this period, and generation answers the question the figure asks — whether the lights went out — at least as directly. Figures are from the Energy Institute’s Statistical Review via data-refresh/uk-electricity-mix.csv. The 2008 total is 374 TWh and the 2025 total 279. Note that a fall in generation is not by itself a fall in energy service: some of it is efficiency, some is warmer weather, and some is industry that closed or moved, which chapter 15 counts on the consumption side and finds does not disappear from the world’s emissions. The figure is generated by figures/uk_gap.py.



Figure 1.3a is computed exactly as figure 1.2a — production minus inland consumption per person, from the Energy Institute’s energy series as republished by Our World in Data, with United Nations population — and carries the same three cautions: it is a proxy for net trade rather than customs data, it is energy rather than volumes, and population after 2023 is the medium projection. Two things specific to this figure. Denmark’s surplus is the one series in either figure that is not a single unbroken run: it is interrupted in 2020, 2021, 2022 and 2023 while the Tyra hub was rebuilt, and the data task checks those four years specifically, so a refresh that turned the interruption into an ending would fail rather than leave the paragraph above in print. And the comparison the section leans on — nine years of gas surplus against twenty-four of oil — is checked across the two figures: the task reads figure 1.2a’s own committed table and fails if it no longer gives Britain twenty-four. Three of the four series also begin after their surplus did — the joined data starts in 1965 for the Netherlands and Britain, 1977 for Norway and 1980 for Denmark, while Groningen was already producing in 1963 — so a run described as unbroken here is unbroken over the years the series covers rather than over the whole life of the field. Britain’s gas import dependence is the net figure; its gross trade is larger in both directions, since it imports by pipeline from Norway and as liquefied gas by sea while still exporting to the continent through the interconnectors.



Production is the Energy Institute’s Statistical Review of World Energy 2026, oil production in thousand barrels daily for 2025; the four regime classes are V-Dem’s Regimes of the World for 2025, distributed by Our World in Data, where 0 is a closed autocracy, 1 an electoral autocracy, 2 an electoral democracy and 3 a liberal democracy. Joining the two is this edition’s arithmetic and the joint is where the uncertainty lives. Matched countries cover 99 400 of the Statistical Review’s 100 590 thousand barrels daily; the 1.2% difference is regional residuals the Review does not attribute to a country, and Brunei did not match. One coding dominates the table: the United States is 21% of world production and V-Dem classes it as an electoral democracy rather than a liberal one, so counting it as liberal would take the bottom row from 2.6% to 24%. Mexico as an electoral autocracy is likewise contestable. Freedom House and the Economist Intelligence Unit draw the lines elsewhere and would give different totals — there is no neutral answer here, only an answer per classification, which is the same caution chapter L attaches to emissions boundaries. Swedish import figures are Eurostat’s nrg_ti_oil, crude oil by partner country, 2024, the latest year available: 18 165 thousand tonnes, of which Norway 10 331, the United States 2 311, the United Kingdom 1 966, Guyana 1 942, Nigeria 810, Libya 652, Côte d’Ivoire 67 and Denmark 46. Partner country in trade statistics is the counterparty, not necessarily where the oil was lifted.



Ice-core measurements to 1958 and direct measurement at Mauna Loa after it, in one series from Our World in Data after Bereiter and colleagues and NOAA. The pre-industrial line on the figure is the mean to 1750. The 2007 value is where MacKay’s own chart ends, so the comparison is with his last point rather than with his publication date. Generated by figures/co2_concentration.py from data-refresh/co2-concentration.csv.



The first practical steam engine was invented in 1698. In fact, Hero of Alexandria described a steam engine, but given that Hero’s engine didn’t catch on in the following 1600 years, I deem Savery’s 1698 invention the first practical steam engine.



Figures 1.4 and 1.15: Graph of carbon dioxide concentration. The data are collated from Keeling and Whorf (2005) (measurements spanning 1958–2004); Neftel et al. (1994) (1734–1983); Etheridge et al. (1998) (1000–1978); Siegenthaler et al. (2005) (950–1888 AD); and Indermuhle et al. (1999) (from 11000 to 450 years before present). This graph, by the way, should not be confused with the “hockey stick graph”, which shows the history of global temperatures. Attentive readers will have noticed that the climate-change argument I presented makes no mention of historical temperatures. Figures 1.5, 1.7 and 1.15: Coal production numbers are from Jevons (1866), Malanima (2006), Netherlands Environmental Assessment Agency (2006), National Bureau of Economic Research (2001), Hatcher (1993), Flinn and Stoker (1984), Church et al. (1986), Supple (1987), Ashworth and Pegg (1986). Jevons was the first “Peak Oil” author. In 1865, he estimated Britain’s easily-accessible coal reserves, looked at the history of exponential growth in consumption, and predicted the end of the exponential growth and the end of the British dominance of world industry. “We cannot long maintain our present rate of increase of consumption. … the check to our progress must become perceptible within a century from the present time. … the conclusion is inevitable, that our present happy progressive condition is a thing of limited duration.” Jevons was right. Within a century British coal production indeed peaked, and there were two world wars.



Same source as figure 1.7, drawn in TWh a year rather than thousand TWh. The world series is reported decade by decade before 1900 while the British one is annual, so the two lines are drawn over their own observations rather than interpolated onto a common grid; the British series begins in 1700 and the world one in 1800, which is why the first century carries one line. Generated by figures/coal_early.py.



Population to 2023 and United Nations projections thereafter, from Our World in Data’s long-run series. MacKay’s two graphs are of England and Wales and of the world; this one uses the United Kingdom, because that is the series available on a consistent basis back to 1700 and it is the unit the rest of this chapter uses. The difference matters for the level and not for the shape: England and Wales are about 89% of the United Kingdom today and were a smaller share in 1700. Generated by figures/population_longrun.py from data-refresh/population-longrun.csv.



Coal production in terawatt-hours of primary energy from Our World in Data’s long-run series, which splices the Energy Institute’s Statistical Review onto historical statistics; the world series begins in 1800 and the British one in 1700, which is why the first century of the figure carries one line. MacKay dates the British peak to 1910 and this series to 1913; both are right within the precision of century-old production statistics, and nothing in the argument turns on which. Energy units rather than tonnes are used because coal quality varies enormously across three centuries — 2000 TWh is roughly 250 million tonnes of the coal Britain was mining in 1913. The figure is generated by figures/coal_long_run.py from data-refresh/coal-long-run.csv.



Dominic Lawson, a columnist from the Independent. My quote is adapted from Dominic Lawson’s column in the Independent, 8 June, 2007. It is not a verbatim quote: I edited his words to make them briefer but took care not to correct any of his errors. All three numbers he mentions are incorrect. Here’s how he screwed up. First, he says “carbon dioxide” but gives numbers for carbon: the burning of fossil fuels sends 26 gigatonnes of CO2 per year into the atmosphere (not 7 gigatonnes). A common mistake. Second, he claims that the oceans send 36000 gigatonnes of carbon per year into the atmosphere. This is a far worse error: 36000 gigatonnes is the total amount of carbon in the ocean! The annual flow is much smaller – about 90 gigatonnes of carbon per year (330 GtCO2/y), according to standard diagrams of the carbon cycle [l6y5g] (I believe this 90 GtC/y is the estimated flow rate, were the atmosphere suddenly to have its CO2 concentration reduced to zero.) Similarly his “1900 gigatonne” flow from biosphere to atmosphere is wrong. The correct figure according to the standard diagrams is about 120 gigatonnes of carbon per year (440 Gt CO2/y).



Carbon dioxide has a warming effect. The over-emotional debate about this topic is getting quite tiresome, isn’t it? “The science is now settled.” “No it isn’t!” “Yes it is!” I think the most helpful thing I can do here is direct anyone who wants a break from the shouting to a brief report written by Charney et al. (1979). This report’s conclusions carry weight because the National Academy of Sciences (the US equivalent of the Royal Society) commissioned the report and selected its authors on the basis of their expertise, “and with regard for appropriate balance.” The study group was convened “under the auspices of the Climate Research Board of the National Research Council to assess the scientific basis for projection of possible future climatic changes resulting from man-made releases of carbon dioxide into the atmosphere.” Specifically, they were asked: “to identify the principal premises on which our current understanding of the question is based, to assess quantitatively the adequacy and uncertainty of our knowledge of these factors and processes, and to summarize in concise and objective terms our best present understanding of the carbon dioxide/climate issue for the benefit of policy-makers.” The report is just 33 pages long, it is free to download [5qfkaw], and I recommend it. It makes clear which bits of the science were already settled in 1979, and which bits still had uncertainty. Here are the main points I picked up from this report. First, doubling the atmospheric CO2 concentration would change the net heating of the troposphere, oceans, and land by an average power per unit area of roughly 4 W/m2, if all other properties of the atmosphere remained unchanged. This heating effect can be compared with the average power absorbed by the atmosphere, land, and oceans, which is 238 W/m2. So doubling CO2 concentrations would have a warming effect equivalent to increasing the intensity of the sun by 4/238 = 1.7%. Second, the consequences of this CO2-induced heating are hard to predict, on account of the complexity of the atmosphere/ocean system, but the authors predicted a global surface warming of between 2°C and 3.5°C, with greater increases at high latitudes. Finally, the authors summarize: “we have tried but have been unable to find any overlooked or underestimated physical effects that could reduce the currently estimated global warmings due to a doubling of atmospheric CO2 to negligible proportions or reverse them altogether.” They warn that, thanks to the ocean, “the great and ponderous flywheel of the global climate system,” it is quite possible that the warming would occur sufficiently sluggishly that it would be difficult to detect in the coming decades. Nevertheless “warming will eventually occur, and the associated regional climatic changes … may well be significant.” The foreword by the chairman of the Climate Research Board, Verner E. Suomi, summarizes the conclusions with a famous cascade of double negatives. “If carbon dioxide continues to increase, the study group finds no reason to doubt that climate changes will result and no reason to believe that these changes will be negligible.”



The litany of probable drastic effects of climate change – I’m sure you’ve heard it before. See [2z2xg7] if not.



Breakdown of world greenhouse gas emissions by region and by country. Data source: Climate Analysis Indicators Tool (CAIT) Version 4.0. (Washington, DC: World Resources Institute, 2007). The first three figures show national totals of all six major greenhouse gases (CO2, CH4, N2O, PFC, HFC, SF6), excluding contributions from land-use change and forestry. The following figure shows cumulative emissions of CO2 only.



Congratulations, Britain! …in the table of historical emissions, per capita, we are second only to the USA. Sincere apologies here to Luxembourg, whose historical per-capita emissions actually exceed those of America and Britain; but I felt the winners’ podium should really be reserved for countries having both large per-capita and large total emissions. In total terms the biggest historical emitters are, in order, USA (322 GtCO2), Russian Federation (90 GtCO2), China (89 GtCO2), Germany (78 GtCO2), UK (62 GtCO2), Japan (43 GtCO2), France (30 GtCO2), India (25 GtCO2), and Canada (24 GtCO2). The per-capita order is: Luxembourg, USA, United Kingdom, Czech Republic, Belgium, Germany, Estonia, Qatar, and Canada.



All greenhouse gases in CO2-equivalent including land use, per person, from Jones and colleagues, against United Nations population, both via Our World in Data. Only entities with an ISO country code are drawn, so continents, income groups and the world row are excluded and a small residual of territories lacking one of the two series is dropped; that is why each panel’s total sits a little below the published world figure. The land-use component carries the caveat given in the note to figure 1.17. Countries are ordered tallest first, as MacKay orders his, which is why the horizontal axis is cumulative population rather than anything geographic. Generated by figures/ghg_rectangles.py.



Our World in Data’s chart of territorial CO2 from fossil fuels and industry per person; it is interactive, so any country can be added. Territorial means emissions are counted where they are produced, which is the convention that makes a country’s manufacturing show up in its own total rather than its customers’. The crossing years are read from the same series and are not in the chart’s default selection. The comparison with the European Union uses the 27-member definition throughout, including for years when the Union had different members, which is the series’ own convention rather than a historical statement.



The embedded chart is Our World in Data’s, showing cumulative territorial CO2 from fossil fuels and industry since 1750; it is interactive, so the countries plotted can be changed. The per-capita figures in the paragraph are this edition’s arithmetic on the same underlying series divided by present population, restricted to countries above three million people so that small states with large per-head totals do not crowd the top; on that basis the United Kingdom ranks second of 138. Note that dividing a two-century stock by today’s population is a convention rather than a measurement — it charges present-day Britons with emissions made by a much smaller population — and a different convention would give a different order. Land-use emissions are excluded throughout, which flatters countries that deforested early, Britain among them.



Some countries, including Britain, have committed to at least a 60% reduction in greenhouse-gas emissions by 2050. Indeed, as I write, Britain’s commitment is being increased to an 80% reduction relative to 1990 levels.



Figure 1.16, MacKay’s own note to the scenarios it plots. In the lower scenario, the chance that the temperature rise will exceed 2°C is estimated to be 9–26%; the cumulative carbon emissions from 2007 onwards are 309 GtC; CO2 concentrations reach a peak of 410ppm, CO2e concentrations peak at 421ppm, and in 2100 CO2 concentrations fall back to 355ppm. In the upper scenario, the chance of exceeding 2°C is estimated to be 16–43%; the cumulative carbon emissions from 2007 onwards are 415 GtC; CO2 concentrations reach a peak of 425 ppm, CO2e concentrations peak at 435 ppm, and in 2100 CO2 concentrations fall back to 380 ppm. See also hdr.undp.org/en/reports/global/hdr2007-2008/.



The two paths are drawn as MacKay describes them — global emissions falling 70% or 85% between 2007 and 2050 — and are straight lines between those endpoints rather than a reproduction of Baer and Mastrandrea’s own model runs, which are not published as a series. The figure says so on its face. Emissions are territorial CO2 per person from the Global Carbon Budget, so they exclude the other greenhouse gases that MacKay’s own scenario figure includes; the comparison is therefore of shape rather than of level, and the 1.4% change since 2007 is the part that does not depend on the choice. The peak-concentration figures of 410 and 425 ppm are MacKay’s own, from his note to the original figure. Generated by figures/emission_paths.py.



All greenhouse gases in CO2-equivalent over a hundred-year warming potential, from Climate Watch via Our World in Data, which is a different compilation from the EDGAR figures MacKay used, so the 2000 column here is not identical to his. The land-use and forestry row is the most uncertain quantity in the table by a wide margin: it is a net figure combining deforestation against regrowth, it has been revised downwards substantially as the estimates improved, and a fall from 6% to 1% of a growing total should be read as a change in measurement at least as much as a change in the world. Chapter 31 sets out why land-sector accounting is hard and how far the numbers move. Generated by figures/ghg_sectors.py.



there are many other helpful sources on the internet. I recommend, for example: BP’s Statistical Review of World Energy [yyxq2m], the Sustainable Development Commission www.sd-commission.org.uk, the Danish Wind Industry Association www.windpower.org, Environmentalists For Nuclear Energy www.ecolo.org, Wind Energy Department, Risø University www.risoe.dk/vea, DEFRA www.defra.gov.uk/environment/statistics, especially the book Avoiding Dangerous Climate Change [dzcqq], the Pembina Institute www.pembina.org/publications.asp, and the DTI (now known as BERR) www.dti.gov.uk/publications/.



factual assertions and ethical assertions… Ethical assertions are also known as “normative claims” or “value judgments,” and factual assertions are known as “positive claims.” Ethical assertions usually contain verbs like “should” and “must,” or adjectives like “fair,” “right,” and “wrong.” For helpful further reading see Dessler and Parson (2006).



Gordon Brown. On 10th September, 2005, Gordon Brown said the high price of fuel posed a significant risk to the European economy and to global growth, and urged OPEC to raise oil production. Again, six months later, he said “we need … more production, more drilling, more investment, more petrochemical investment” (22nd April, 2006) [y98ys5]. Let me temper this criticism of Gordon Brown by praising one of his more recent initiatives, namely the promotion of electric vehicles and plug-in hybrids. As you’ll see later, one of this book’s conclusions is that electrification of most transport is a good part of a plan for getting off fossil fuels.





2 The balance sheet

[image: ]


Nature cannot be fooled

Richard Feynman



Let’s talk about energy consumption and energy production. At the moment, most of the energy the developed world consumes is produced from fossil fuels; that’s not sustainable. Exactly how long we could keep living on fossil fuels is an interesting question, but it’s not the question we’ll address in this book. I want to think about living without fossil fuels.

We’re going to make two stacks. In the left-hand, red stack we will add up our energy consumption, and in the right-hand, green stack, we’ll add up sustainable energy production. We’ll assemble the two stacks gradually, adding items one at a time as we discuss them.

The question addressed in this book is “can we conceivably live sustainably?” So, we will add up all conceivable sustainable energy sources and put them in the right-hand, green stack.

In the left-hand, red stack, we’ll estimate the consumption of a “typical moderately-affluent person;” I encourage you to tot up an estimate of your own consumption, creating your own personalized left-hand stack too. Later on we’ll also find out the current average energy consumption of Europeans and Americans.

[image: ]

As we estimate our consumption of energy for heating, transportation, manufacturing, and so forth, the aim is not only to compute a number for the left-hand stack of our balance sheet, but also to understand what each number depends on, and how susceptible to modification it is.

In the right-hand, green stack, we’ll add up the sustainable production estimates for the United Kingdom. This will allow us to answer the question “can the UK conceivably live on its own renewables?”

Whether the sustainable energy sources that we put in the right-hand stack are economically feasible is an important question, but let’s leave that question to one side, and just add up the two stacks first. Sometimes people focus too much on economic feasibility and they miss the big picture. For example, people discuss “is wind cheaper than nuclear?” and forget to ask “how much wind is available?” or “how much uranium is left?”

The outcome when we add everything up might look like this:
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If we find consumption is much less than conceivable sustainable production, then we can say “good, maybe we can live sustainably; let’s look into the economic, social, and environmental costs of the sustainable alternatives, and figure out which of them deserve the most research and development; if we do a good job, there might not be an energy crisis.”

On the other hand, the outcome of our sums might look like this:
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– a much bleaker picture. This picture says “it doesn’t matter what the economics of sustainable power are: there’s simply not enough sustainable power to support our current lifestyle; massive change is coming.”


Energy and power

[image: Figure 2.1]

Figure 2.1. Distinguishing energy and power. Each of these 60W light bulbs has a power of 60W when switched on; it doesn’t have an “energy” of 60W. The bulb uses 60W of electrical power when it’s on; it emits 60 W of power in the form of light and heat (mainly the latter).

Most discussions of energy consumption and production are confusing because of the proliferation of units in which energy and power are measured, from “tons of oil equivalent” to “terawatt-hours” (TWh) and “exajoules” (EJ). Nobody but a specialist has a feeling for what “a barrel of oil” or “a million BTUs” means in human terms. In this book, we’ll express everything in a single set of personal units that everyone can relate to.

The unit of energy I have chosen is the kilowatt-hour (kWh). This quantity is called “one unit” on electricity bills, and it costs a domestic user about 10p in the UK in 2008. As we’ll see, most individual daily choices involve amounts of energy equal to small numbers of kilowatt-hours.

When we discuss powers (rates at which we use or produce energy), the main unit will be the kilowatt-hour per day (kWh/d). We’ll also occasionally use the watt (40 W ≈ 1kWh/d) and the kilowatt (1 kW = 1000 W = 24 kWh/d), as I’ll explain below. The kilowatt-hour per day is a nice human-sized unit: most personal energy-guzzling activities guzzle at a rate of a small number of kilowatt-hours per day. For example, one 40 W lightbulb, kept switched on all the time, uses one kilowatt-hour per day. Some electricity companies include graphs in their electricity bills, showing energy consumption in kilowatt-hours per day. I’ll use the same unit for all forms of power, not just electricity. Petrol consumption, gas consumption, coal consumption: I’ll measure all these powers in kilowatthours per day. Let me make this clear: for some people, the word “power” means only electrical energy consumption. But this book concerns all forms of energy consumption and production, and I will use the word “power” for all of them.

One kilowatt-hour per day is roughly the power you could get from one human servant. The number of kilowatt-hours per day you use is thus the effective number of servants you have working for you.

volume is measured in litres

flow  is measured in litres per minute

energy  is measured in kWh

power  is measured in kWh per day

People use the two terms energy and power interchangeably in ordinary speech, but in this book we must stick rigorously to their scientific definitions. Power is the rate at which something uses energy.

Maybe a good way to explain energy and power is by an analogy with water and water-flow from taps. If you want a drink of water, you want a volume of water – one litre, perhaps (if you’re thirsty). When you turn on a tap, you create a flow of water – one litre per minute, say, if the tap yields only a trickle; or 10 litres per minute, from a more generous tap. You can get the same volume (one litre) either by running the trickling tap for one minute, or by running the generous tap for one tenth of a minute. The volume delivered in a particular time is equal to the flow multiplied by the time:

volume = flow × time.

We say that a flow is a rate at which volume is delivered. If you know the volume delivered in a particular time, you get the flow by dividing the volume by the time:

flow = volume / time.

energy is measured in kWh or MJ

power is measured in kWh per day or kW or W (watts) or MW (megawatts) or GW (gigawatts) or TW (terawatts)

Here’s the connection to energy and power. Energy is like water volume: power is like water flow. For example, whenever a toaster is switched on, it starts to consume power at a rate of one kilowatt. It continues to consume one kilowatt until it is switched off. To put it another way, the toaster (if it’s left on permanently) consumes one kilowatt-hour (kWh) of energy per hour; it also consumes 24 kilowatt-hours per day.

The longer the toaster is on, the more energy it uses. You can work out the energy used by a particular activity by multiplying the power by the duration:

energy= power × time.

The joule is the standard international unit of energy, but sadly it’s far too small to work with. The kilowatt-hour is equal to 3.6 million joules (3.6 megajoules).

Powers are so useful and important, they have something that water flows don’t have: they have their own special units. When we talk of a flow, we might measure it in “litres per minute,” “gallons per hour,” or “cubic-metres per second;” these units’ names make clear that the flow is “a volume per unit time.” A power of one joule per second is called one watt. 1000 joules per second is called one kilowatt. Let’s get the terminology straight: the toaster uses one kilowatt. It doesn’t use “one kilowatt per second.” The “per second” is already built in to the definition of the kilowatt: one kilowatt means “one kilojoule per second.” 1 Similarly we say “a nuclear power station generates one gigawatt.” One gigawatt, by the way, is one billion watts, one million kilowatts, or 1000 megawatts. So one gigawatt is a million toasters. And the “g”s in gigawatt are pronounced hard, the same as in “giggle.” And, while I’m tapping the blackboard, we capitalize the “g” and “w” in “gigawatt” only when we write the abbreviation “GW.”

Please, never, ever say “one kilowatt per second,” 2 “one kilowatt per hour,” or “one kilowatt per day;” none of these is a valid measure of power. The urge that people have to say “per something” when talking about their toasters is one of the reasons I decided to use the “kilowatt-hour per day” as my unit of power. I’m sorry that it’s a bit cumbersome to say and to write.

1TWh (one terawatt-hour) is equal to one billion kWh.

Here’s one last thing to make clear: if I say “someone used a gigawatthour of energy,” I am simply telling you how much energy they used, not how fast they used it. Talking about a gigawatt-hour doesn’t imply the energy was used in one hour. You could use a gigawatt-hour of energy by switching on one million toasters for one hour, or by switching on 1000 toasters for 1000 hours.

As I said, I’ll usually quote powers in kWh/d per person. One reason for liking these personal units is that it makes it much easier to move from talking about the UK to talking about other countries or regions. For example, imagine we are discussing waste incineration and we learn that UK waste incineration delivers a power of 7 TWh per year and that Denmark’s waste incineration delivers 10 TWh per year. Does this help us say whether Denmark incinerates “more” waste than the UK? While the total power produced from waste in each country may be interesting, I think that what we usually want to know is the waste incineration per person. (For the record, that is: Denmark, 5 kWh/d per person; UK, 0.3 kWh/d per person. So Danes incinerate about 13 times as much waste as Brits.) To save ink, I’ll sometimes abbreviate “per person” to “/p”. By discussing everything per-person from the outset, we end up with a more transportable book, one that will hopefully be useful for sustainable energy discussions worldwide.



Picky details


Isn’t energy conserved? We talk about “using” energy, but doesn’t one of the laws of nature say that energy can’t be created or destroyed?

Yes, I’m being imprecise. This is really a book about entropy – a trickier thing to explain. When we “use up” one kilojoule of energy, what we’re really doing is taking one kilojoule of energy in a form that has low entropy (for example, electricity), and converting it into an exactly equal amount of energy in another form, usually one that has much higher entropy (for example, hot air or hot water). When we’ve “used” the energy, it’s still there; but we normally can’t “use” the energy over and over again, because only low entropy energy is “useful” to us. Sometimes these different grades of energy are distinguished by adding a label to the units: one kWh(e) is one kilowatt-hour of electrical energy – the highest grade of energy. One kWh(th) is one kilowatt-hour of thermal energy – for example the energy in ten litres of boiling-hot water. Energy lurking in higher-temperature things is more useful (lower entropy) than energy in tepid things. A third grade of energy is chemical energy. Chemical energy is high-grade energy like electricity.

It’s a convenient but sloppy shorthand to talk about the energy rather than the entropy, and that is what we’ll do most of the time in this book. Occasionally, we’ll have to smarten up this sloppiness; for example, when we discuss refrigeration, power stations, heat pumps, or geothermal power.



Are you comparing apples and oranges? Is it valid to compare different forms of energy such as the chemical energy that is fed into a petrolpowered car and the electricity from a wind turbine?

By comparing consumed energy with conceivable produced energy, I do not wish to imply that all forms of energy are equivalent and interchangeable. The electrical energy produced by a wind turbine is of no use to a petrol engine; and petrol is no use if you want to power a television. In principle, energy can be converted from one form to another, though conversion entails losses. Fossil-fuel power stations, for example, guzzle chemical energy and produce electricity (with an efficiency of 40% or so). And aluminium plants guzzle electrical energy to create a product with high chemical energy – aluminium (with an efficiency of 30% or so).

In some summaries of energy production and consumption, all the different forms of energy are put into the same units, but multipliers are introduced, rating electrical energy from hydroelectricity for example as being worth 2.5 times more than the chemical energy in oil. This bumping up of electricity’s effective energy value can be justified by saying, “well, 1 kWh of electricity is equivalent to 2.5 kWh of oil, because if we put that much oil into a standard power station it would deliver 40% of 2.5 kWh, which is 1 kWh of electricity.” In this book, however, I will usually use a one-to-one conversion rate when comparing different forms of energy. It is not the case that 2.5 kWh of oil is inescapably equivalent to 1 kWh of electricity; that just happens to be the perceived exchange rate in a worldview where oil is used to make electricity. Yes, conversion of chemical energy to electrical energy is done with this particular inefficient exchange rate. But electrical energy can also be converted to chemical energy. In an alternative world (perhaps not far-off) with relatively plentiful electricity and little oil, we might use electricity to make liquid fuels; in that world we would surely not use the same exchange rate – each kWh of gasoline would then cost us something like 3 kWh of electricity! I think the timeless and scientific way to summarize and compare energies is to hold 1 kWh of chemical energy equivalent to 1 kWh of electricity. My choice to use this one-to-one conversion rate means that some of my sums will look a bit different from other people’s. (For example, BP’s Statistical Review of World Energy rates 1 kWh of electricity as equivalent to 100/38 ≈ 2.6 kWh of oil; on the other hand, the government’s Digest of UK Energy Statistics uses the same one-to-one conversion rate as me.) And I emphasize again, this choice does not imply that I’m suggesting you could convert either form of energy directly into the other. Converting chemical energy into electrical energy always wastes energy, and so does converting electrical into chemical energy.




Physics and equations

Throughout the book, my aim is not only to work out numbers indicating our current energy consumption and conceivable sustainable production,but also to make clear what these numbers depend on. Understanding what the numbers depend on is essential if we are to choose sensible policies to change any of the numbers. Only if we understand the physics behind energy consumption and energy production can we assess assertions such as “cars waste 99% of the energy they consume; we could redesign cars so that they use 100 times less energy.” Is this assertion true? To explain the answer, I will need to use equations like

kinetic energy = ½mv2

However, I recognize that to many readers, such formulae are a foreign language. So, here’s my promise: I’ll keep all this foreign-language stuff in technical chapters at the end of the book. Any reader with a high-school/secondaryschool qualification in maths, physics, or chemistry should enjoy these technical chapters. The main thread of the book (from chapter 1 to chapter 32) is intended to be accessible to everyone who can add, multiply, and divide. It is especially aimed at our dear elected and unelected representatives, the Members of Parliament.

One last point, before we get rolling: I don’t know everything about energy. I don’t have all the answers, and the numbers I offer are open to revision and correction. (Indeed I expect corrections and will publish them on the book’s website.) The one thing I am sure of is that the answers to our sustainable energy questions will involve numbers ; any sane discussion of sustainable energy requires numbers. This book’s got ’em, and it shows how to handle them. I hope you enjoy it!



Notes and further reading

I’ve provided a chart to help you translate between kWh per day per person and the other major units in which powers are discussed.







The “per second” is already built in to the definition of the kilowatt. Other examples of units that, like the watt, already have a “per time” built in are the knot – “our yacht’s speed was ten knots!” (a knot is one nautical mile per hour); the hertz – “I could hear a buzzing at 50 hertz” (one hertz is a frequency of one cycle per second); the ampere – “the fuse blows when the current is higher than 13 amps” ( not 13 amps per second); and the horsepower – “that stinking engine delivers 50 horsepower” ( not 50 horsepower per second, nor 50 horsepower per hour, nor 50 horsepower per day, just 50 horsepower).



Please, never, ever say “one kilowatt per second.” There are specific, rare exceptions to this rule. If talking about a growth in demand for power, we might say “British demand is growing at one gigawatt per year.” In Chapter 26 when I discuss fluctuations in wind power, I will say “one morning, the power delivered by Irish windmills fell at a rate of 84 MW per hour.” Please take care! Just one accidental syllable can lead to confusion: for example, your electricity meter’s reading is in kilowatt-hours (kWh), not ‘kilowatts-per-hour’.





3 Cars

[image: Figure 3.1]

Figure 3.1. Cars. A red BMW dwarfed by a spaceship from the planet Dorkon.

For our first chapter on consumption, let’s study that icon of modern civilization: the car with a lone person in it.

How much power does a regular car-user consume? Once we know the conversion rates, it’s simple arithmetic:

energy used per day=distance travelled per daydistance per unit of fuel×energy per unit of fuel
\begin{matrix}
{\text{energy\ used\ per\ day} = \frac{\text{distance\ travelled\ per\ day}}{\text{distance\ per\ unit\ of\ fuel}}} \\
{\times \text{energy\ per\ unit\ of\ fuel}} \\
\end{matrix}


For the distance travelled per day, let’s use 50 km (30 miles). 1

For the distance per unit of fuel, also known as the economy of the car, let’s use 33 miles per UK gallon 2 (taken from an advertisement for a family car):

33 miles per imperial gallon≃12 km per litre.
\text{33\ miles\ per\ imperial\ gallon} \simeq \text{12\ km\ per\ litre.}


(The symbol ≃ means “is approximately equal to.”)

[image: Figure 3.2]

Figure 3.2. Want to know the energy in car fuel? Look at the label on a pack of butter or margarine. The calorific value is 3000 kJ per 100 g, or about 8 kWh per kg.

What about the energy per unit of fuel (also called the calorific value or energy density)? Instead of looking it up, it’s fun to estimate this sort of quantity by a bit of lateral thinking. Automobile fuels (whether diesel or petrol) are all hydrocarbons; and hydrocarbons can also be found on our breakfast table, with the calorific value conveniently written on the side: roughly 8 kWh per kg (figure 3.2). Since we’ve estimated the economy of the car in miles per unit volume of fuel, we need to express the calorific value as an energy per unit volume. To turn our fuel’s “8 kWh per kg” (an energy per unit mass) into an energy per unit volume, we need to know the density of the fuel. What’s the density of butter? Well, butter just floats on water, as do fuel-spills, so its density must be a little less than water’s, which is 1 kg per litre. If we guess a density of 0.8 kg per litre 3, we obtain a calorific value of:

8 kWh per kg × 0.8 kg per litre≃7 kWh per litre.
\text{8\ kWh\ per\ kg\ ×\ 0.8\ kg\ per\ litre} \simeq \text{7\ kWh\ per\ litre.}


Rather than willfully perpetuate an inaccurate estimate, let’s switch to the actual value, for petrol, of 10 kWh per litre. 4

=distance travelled per daydistance per unit of fuel×energy per unit of fuel=50 km/day12 km/day×10 kWh/litreAAA,,≃40 kWh/dayAAAAAAAAAAAA
\begin{matrix}
 \\
{= \frac{\text{distance\ travelled\ per\ day}}{\text{distance\ per\ unit\ of\ fuel}} \times \text{energy\ per\ unit\ of\ fuel}} \\
\left. = \frac{\left. \text{50\ km}/\text{day} \right.}{\left. \text{12\ km}/\text{day} \right.} \times \text{10\ kWh}/\text{litre}\phantom{\text{AAA,,}} \right. \\
{\simeq \left. \text{40\ kWh}/\text{day}\phantom{\text{AAAAAAAAAAAA}} \right.} \\
\end{matrix}


Congratulations! We’ve made our first estimate of consumption. I’ve displayed this estimate in the left-hand stack in figure 3.3. The red box’s height represents 40 kWh per day per person.

This is the estimate for a typical car-driver driving a typical car today. Later chapters will discuss the average consumption of all the people in Britain, taking into account the fact that not everyone drives. We’ll also discuss in Part II what the consumption could be, with the help of other technologies such as electric cars.

[image: Figure 3.3]

Figure 3.3. Chapter 3’s conclusion: a typical car-driver uses about 40 kWh per day.

A note added in the 2026 revision. MacKay’s 40 kWh per day is the figure for a petrol car doing 33 miles per gallon, and as an account of the petrol car it has not dated: the physics of pushing a tonne of metal through air at 100 km/h is unchanged, and the average new car has not got dramatically more frugal. What has changed is that a large and rapidly growing share of new cars no longer burns petrol at all.

In chapter 20 MacKay works out that electric vehicles deliver transport at roughly 15 kWh per 100 km, five times better than the 33-mpg baseline used here. That estimate has held up remarkably well. The efficient electric saloons on sale today sit either side of it: the Hyundai Ioniq 6 at about 13.9 kWh/100 km in real-world testing, the Tesla Model 3 at about 14.4, and Volkswagen’s own WLTP figure for the ID.7 at 14.1 to 16.3. Heavier electric cars — the tall crossovers most buyers actually choose — run nearer 18 to 22.5 So MacKay’s 15 remains a fair number for a well-chosen electric car and an optimistic one for the average.

Applied to this chapter’s arithmetic, the same 50 km a day at 15 kWh/100 km costs 7.5 kWh per day rather than 40. The red box in figure 3.3 does not shrink because anybody drove less; it shrinks because the energy chain changed. That is the single largest reduction available in the consumption stack, and it is the reason Part II returns to it.

[image: Share of new cars sold that are electric, 2015 to 2025, for Norway, Sweden, China, the United Kingdom, the world and the United States. Norway reaches 97%, Sweden 61%, China 53%, the United Kingdom 35%, the world 25% and the United States 10%.]

Figure 3.5. Added in this edition. How far this has actually got. Battery-electric and plug-in hybrid together, as a share of new cars sold.6

Sales share is not fleet share, and the difference is the whole of the problem. A car lasts fifteen years or so, so even a country selling nothing but electric cars replaces its fleet only slowly. In 2025 electric cars were 25% of new sales worldwide but about 5% of the cars actually on the road. Norway, which has been at high sales shares for a decade, has reached just over a third of its fleet. China, selling 55% electric, is at 13% of its stock. Europe sells 27% electric and its fleet is about 5% electric. The consumption stack responds to the fleet, not to the showroom, so the 40 kWh/d in this chapter is coming down far more slowly than the sales figures suggest — and the whole world’s electric cars displaced about 1.2 million barrels of oil a day in 2025, against total oil consumption of over 100 million.7

The spread is the interesting part. Norway is at 97% of new cars and has effectively finished the transition; Sweden 61%; China 53%, which on China’s volumes means it is buying more electric cars than the rest of the world combined; the United Kingdom 35%; the world as a whole 25%; and the United States 10%, which is roughly where Norway was in 2013. A single technology, available to all of them at similar prices, has been adopted at rates differing by a factor of ten. Whatever explains that, it is not physics, and this book’s method — which is to establish what is physically possible before arguing about what is likely — cannot settle it. It can only say that the 40 kWh box is optional, and that some countries have already exercised the option.

MacKay’s chapter is about cars, and cars are where the attention goes, but the rest of the road electrified at very different speeds and it is worth recording which.

Trucks moved suddenly. Electric trucks were about 2% of world truck sales in 2024 and 9% in 2025, the sales having doubled to over 400 000. Heavy freight trucks tripled, from 84 000 to 230 000. This is almost entirely one country: China took about 90% of global sales, and one in four trucks sold there is now electric, against 3% of truck sales in Europe and around 17 000 units in the United States. A truck is the hardest road vehicle to electrify — it is the case where MacKay’s battery-versus-diesel energy density argument bites hardest — and it is happening anyway, in the place with the cheapest batteries. What the displacement does to the diesel market is not what the long record of diesel-shortage forecasts would suggest, and chapter N tests those forecasts against what happened.8

Buses were early and have plateaued. World sales were about 70 000 in 2025, up 12%, and 98% of them battery-electric rather than hybrid. China is 60% of that and has electrified over 60% of its own bus sales. Europe reached 12% of bus sales but over 55% for city buses specifically — which is the right comparison, because a city bus returns to a depot every night and never needs the range that defeats a lorry.

And the largest electrification in the world by vehicle count is not cars at all. Ten million electric two-wheelers were sold in 2025, 14% of that market globally and 55% in China, alongside 1.2 million electric three-wheelers, of which India took 800 000 — 70% of its own three-wheeler market. In terms of vehicles that have actually stopped burning petrol, the scooter has done more than the car, and it has done it in the countries this book’s British reader thinks of as the problem.9

Why does the car deliver 33 miles per gallon? Where’s that energy going? Could we manufacture cars that do 3300 miles per gallon? If we are interested in trying to reduce cars’ consumption, we need to understand the physics behind cars’ consumption. These questions are answered in the accompanying technical chapter A, which provides a cartoon theory of cars’ consumption. I encourage you to read the technical chapters if formulae like 12mv2\frac{1}{2}mv^{2} don’t give you medical problems.

Chapter 3’s conclusion: a typical car-driver uses about 40 kWh per day. Next we need to get the sustainable-production stack going, so we have something to compare this estimate with.


Queries


What about the energy-cost of producing the car’s fuel?

Good point. When I estimate the energy consumed by a particular activity, I tend to choose a fairly tight “boundary” around the activity. This choice makes the estimation easier, but I agree that it’s a good idea to try to estimate the full energy impact of an activity. It’s been estimated that making each unit of petrol requires an input of 1.4 units of oil and other primary fuels (Treloar et al., 2004).



What about the energy-cost of manufacturing the car?

Yes, that cost fell outside the boundary of this calculation too. We’ll talk about car-making in Chapter 15.
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Figure 3.4. How British people travel to work, according to the 2001 census.

Updated in the 2026 revision. The census has been taken twice more since MacKay drew this, and the second time it caught the country in a state that has not recurred.

Of workers in England and Wales, 57.5% drove to work in 2011 and a further 5.1% travelled as passengers. By the 2021 census those had fallen to 45.1% and 3.9%, while people working mainly from home went from 10.3% to 31.2%.10 That looks like a transformation, and it is largely an artefact: Census 2021 was taken in March 2021, under lockdown and furlough. It is a photograph of an emergency, not of a new normal, and it cannot be compared with MacKay’s 2001 figure as though the two measured the same thing.

There is no later British census to settle it with, because the census is decennial and the next is due in 2031. But two places do publish the figure every year, and both show that 2021 was a peak rather than a plateau.










	working from home
	before
	2021
	latest





	United States, ACS
	5.7% (2019)
	17.9%
	13.3% (2024)



	EU, Eurostat, “usually”
	5.5% (2019)
	13.5%
	8.9% (2024)



	England & Wales, census
	10.3% (2011)
	31.2%
	no census until 2031





The American series has now fallen for three consecutive years from its 2021 high, and the European one likewise. Neither has gone back: the United States sits at more than twice its 2019 rate, the EU at about 1.6 times. American commuting shows the same shape from the other side — driving alone fell from 75.9% of workers in 2019 to 68.7% in 2022 and has since settled at 69.2%, about seven points below where it started, while public transport is recovering slowly at 3.7% against 5.0% before the pandemic.11

ONS has also tried to put a number on the distortion itself. Its Data Science Campus builds annual travel-to-work matrices for England and Wales with a gravity model, calibrated on the 2011 census and driven by the Department for Transport’s trip-end and travel-survey data, precisely to bridge the ten-year gaps. Its estimate for 2021 is that 76% of working adults would have travelled to a fixed workplace on pre-pandemic assumptions, against the 54% the census actually measured.12 That is a 22-percentage-point hole, and it is ONS’s own arithmetic rather than mine. It does not tell us where things settled, because the series stops at 2021 too — but it does say how far the photograph was from the trend it interrupted.

The three rows are not directly comparable in level, because each country asks a different question — the ACS asks for the principal means of getting to work, Eurostat asks whether someone usually works from home, and the census asks whether they mainly work at or from home. What they agree on is the shape, which is what matters here: a spike in 2021, a partial retreat, and a floor well above 2019. The British census caught the top of that spike and will not measure it again for five years.

The settled position is more modest and more interesting. On ONS’s 2025 figures, 28% of workers in Great Britain are hybrid — the highest since the series began, and still rising — against roughly 55% who travel to a single workplace as before. The average British worker is remote about 1.8 days a week, which is the second-highest rate in the world after Canada. Hybrid working is also sharply stratified: graduates are about ten times more likely to have it than those with no qualifications, and its incidence climbs with income.

What that does to this chapter’s 40 kWh/d is less than it first appears, and the arithmetic is worth doing because the intuition runs ahead of it. If 28% of workers commute on 3.2 days instead of 5, total commuting journeys fall by roughly a tenth. But the 50 km per day this chapter assumes is all car travel, not just commuting, and commuting is only about a third of car mileage. A tenth off a third is about 3% — call it 1 kWh/d off 40. Home working is a real reduction and a genuinely new feature of the system, but on its own it is a rounding error next to the factor of five available from changing what the car burns.




Notes and further reading

calorific values

petrol

10 kWh per litre

diesel

11 kWh per litre
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For the distance travelled per day, let’s use 50 km. This corresponds to 18 000 km (11 000 miles) per year. Roughly half of the British population drive to work. The total amount of car travel in the UK is 686 billion passenger-km per year, which corresponds to an “average distance travelled by car per British person” of 30 km per day. Source: Department for Trans- port [5647rh]. As I said in chapter 2, I aim to estimate the consumption of a “typical moderately-affluent person” – the consumption that many people aspire to. Some people don’t drive much. In this chapter, I want to estimate the energy consumed by someone who chooses to drive, rather than depersonalize the answer by reporting the UK average, which mixes together the drivers and non-drivers. If I said “the average use of energy for car driving in the UK is 24 kWh/d per person,” I bet some people would misunderstand and say: “I’m a car driver so I guess I use 24 kWh/d.”



… let’s use 33 miles per UK gallon. In the European language, this is 8.6 litres per 100 km. 33 miles per gallon was the average for UK cars in 2005 [27jdc5]. Petrol cars have an average fuel consumption of 31 mpg; diesel cars, 39 mpg; new petrol cars (less than two years old), 32 mpg (Dept. for Transport, 2007). Honda, “the most fuel-efficient auto company in America,” records that its fleet of new cars sold in 2005 has an average top-level fuel economy of 35 miles per UK gallon [28abpm].



Let’s guess a density of 0.8 kg per litre. Petrol’s density is 0.737. Diesel’s is 0.820–0.950 [nmn4l].



… the actual value of 10 kWh per litre. ORNL [2hcgdh] provide the following calorific values: diesel: 10.7 kWh/l; jet fuel: 10.4 kWh/l; petrol: 9.7 kWh/l. When looking up calorific values, you’ll find “gross calorific value” and “net calorific value” listed (also known as “high heat value” and “low heat value”). These differ by only 6% for motor fuels, so it’s not crucial to distinguish them here, but let me explain anyway. The gross calorific value is the actual chemical energy released when the fuel is burned. One of the products of combustion is water, and in most engines and power stations, part of the energy goes into vaporizing this water. The net calorific value measures how much energy is left over assuming this energy of vaporization is discarded and wasted. When we ask “how much energy does my lifestyle consume?” the gross calorific value is the right quantity to use. The net calorific value, on the other hand, is of interest to a power station engineer, who needs to decide which fuel to burn in his power station. Throughout this book I’ve tried to use gross calorific values. A final note for party-pooping pedants who say “butter is not a hydrocarbon”: OK, butter is not a pure hydrocarbon; but it’s a good approximation to say that the main component of butter is long hydrocarbon chains, just like petrol. The proof of the pudding is, this approximation got us within 30% of the correct answer. Welcome to guerrilla physics.



Real-world consumption figures for the Ioniq 6 and Model 3 are from independent testing compiled by the EV press; the ID.7 range of 14.1–16.3 kWh/100 km combined is Volkswagen’s own WLTP figure. Manufacturer WLTP numbers and real-world tests do not always agree, and consumption varies by 30% or more with speed, temperature and terrain, so these are indicative rather than precise. The point that matters here is that they bracket MacKay’s 15. ### Trucks, buses and the two-wheelers nobody counts



Share of new cars sold that are electric, IEA via Our World in Data: https://ourworldindata.org/grapher/electric-car-sales-share. The series counts battery-electric and plug-in hybrid vehicles together, so it overstates the fully-electric share, most of all in the countries where plug-in hybrids are popular.



IEA, Global EV Outlook 2026. In 2025 over 20 million electric cars were sold, 25% of the new-car market, bringing the fleet to about 5% of the world’s cars. Stock shares: Norway over one third, China about 13% (some 44 million cars), Europe about 5%. Electric cars displaced roughly 1.2 million barrels of oil per day.



Electrifying a lorry displaces diesel, and what that does to the diesel market is not what the long history of diesel-shortage forecasts would suggest. Chapter N takes those forecasts apart, the 2012 Swedish prediction of EU diesel rationing among them, and finds the 2026 record to have come from a damaged refining system and a closed strait rather than from depletion. What belongs here is the other half: what the displacement itself does, which is two things pulling opposite ways. It removes diesel directly, and at scale where the lorries are — Kpler puts Chinese electric and alternative-powertrain vehicles at some 680 thousand barrels a day of diesel displaced in 2026 against 650 of petrol, more diesel than petrol and the reverse of the European and American pattern, with Chinese diesel demand falling about 230 thousand barrels a day. But that relief has not reached the importers, because Beijing restricted product exports from March 2026 and its large refiners suspended most of them in October, on diesel and gasoil stocks some 20 million barrels below pre-war levels. And it works the other way too: petrol is the largest single product of most crude runs and the volume that carries a refinery’s economics, so electrification that eats petrol erodes the case for keeping a plant open — Californian refineries are closing on that arithmetic — and a closed refinery stops making diesel as well. Refiners can favour distillate over petrol only at the margin, and that margin is spent, the share of refineries with an incentive to make petrol ahead of diesel and jet having fallen to about zero. So the sign of electrification’s effect on the diesel price is not settled, and in 2026 it was in any case far smaller than the refining margin’s: a crack spread moving some $78 a barrel is about $1.86 a gallon, where a tenth off the crude price would be nearer 17 cents. Meanwhile the dependence stands, and it is worth being precise about where. Diesel in Europe and the United States is freight, farming, construction, rail, shipping and heating oil, and in America it is barely a private-car fuel at all, so the city fleets that have gone over to gas or electric buses — above 55% of European city-bus sales, over 60% in China — reach a slice of the problem rather than its bulk. A lorry fleet is the part that would matter, which is why the Chinese figures above are the ones to watch. Two cautions. The Chinese displacement figures are Kpler’s commercial estimates and this edition has not seen their method; they are quoted as an order of magnitude rather than a measurement. And two figures in circulation are left out for want of a primary source: the share of Russian refining capacity disabled by drone strikes, and the claim that most French forecourt outages reflected a price cap rather than a missing barrel.



IEA, Global EV Outlook 2026, figures for 2025: electric trucks over 400 000 sold at 9% of truck sales, with heavy freight trucks at 230 000 against 84 000 in 2024; China about 90% of global electric truck sales; Europe near 17 000 at 3% of regional sales. Buses almost 70 000 sold, 98% battery-electric, Europe over 12 000 at 12% of bus sales and above 55% of city buses. Two-wheelers 10 million at 14% share; three-wheelers 1.2 million at over 25%, India 800 000. Light commercial vehicles over 430 000, up 45%.



Method of travel to work, Census 2011 and Census 2021, England and Wales, ONS. The ONS itself warns that Census 2021 was conducted during the pandemic and that the home-working figures are additionally affected by a definitional change. Hybrid and remote working shares are from ONS, “Who has access to hybrid working in Great Britain?”, covering 8 January to 30 March 2025; the 1.8 days a week figure is from the 2025 Global Survey of Working Arrangements. The 3% estimate in the text is my own arithmetic on those figures and assumes commuting is about a third of car mileage.



United States: American Community Survey, share of workers who worked from home — 5.7% (2019), 17.9% (2021), 15.2% (2022), 13.8% (2023), 13.3% (2024); drove alone 75.9% (2019), 68.7% (2022), 69.2% (2023 and 2024); public transport 5.0% (2019), 2.5% (2021), 3.7% (2024). European Union: Eurostat, employed persons usually working from home — about 5.5% (2019), 12.3% (2020), 13.5% (2021), 8.9% (2024); in 2023, 9% usually plus 13% occasionally. The definitions differ between the three sources and the levels should not be compared directly.



ONS Data Science Campus, “Estimation of travel to work matrices”: https://datasciencecampus.ons.gov.uk/estimation-of-travel-to-work-matrices/. A gravity model producing annual commuting-flow estimates for middle-layer super output areas in England and Wales, covering 2012 to 2021. These are experimental estimates and ONS states they should not be used for decision-making; they are quoted here only for the size of the gap between the modelled counterfactual and the measured census figure.





4 Wind
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The UK has the best wind resources in Europe.

Sustainable Development Commission




Wind farms will devastate the countryside pointlessly.

James Lovelock



How much wind power could we plausibly generate?

We can make an estimate of the potential of on-shore (land-based) wind in the United Kingdom by multiplying the average power per unit land area of a wind farm by the area per person in the UK:

power per person = wind power per unit area × area per person.

Chapter B explains how to estimate the power per unit area of a wind farm in the UK. If the typical windspeed is 6 m/s (13 miles per hour, or 22 km/h), the power per unit area of wind farm is about 2 W/m2.

[image: Figure 4.1]

Figure 4.1. Cambridge mean wind speed in metres per second, daily (red line), and half-hourly (blue line) during 2006. See also figure 4.6. 1
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This figure of 6 m/s is probably an over-estimate for many locations in Britain. For example, figure 4.1 shows daily average windspeeds in Cambridge during 2006. The daily average speed reached 6 m/s on only about 30 days of the year – see figure 4.6 for a histogram. But some spots do have windspeeds above 6 m/s – for example, the summit of Cairngorm in Scotland (figure 4.2).

[image: Figure 4.6]

Figure 4.6. Histogram of Cambridge average wind speed in metres per second: daily averages (left), and half-hourly averages (right).

Plugging in the British population density: 250 people per square kilometre, or 4000 square metres per person, we find that wind power could generate

2 W/m2 ×4000 m2/person = 8000 W per person,

if wind turbines were packed across the whole country, and assuming 2 W/m2 is the correct power per unit area. Converting to our favourite power units, that’s 200 kWh/d per person.

[image: Figure 4.2]

Figure 4.2. Cairngorm mean wind speed in metres per second, during six months of 2006.

[image: Figure 4.3]

Figure 4.3. Chapter 4’s conclusion: the maximum plausible production from on-shore windmills in the United Kingdom is 20 kWh per day per person.

Let’s be realistic. What fraction of the country can we really imagine covering with windmills? Maybe 10%? Then we conclude: if we covered the windiest 10% of the country with windmills (delivering 2 W/m2), we would be able to generate 20 kWh/d per person, which is half of the power used by driving an average fossil-fuel car 50 km per day.

Britain’s onshore wind energy resource may be “huge,” but it’s evidently not as huge as our huge consumption. We’ll come to offshore wind later.

I should emphasize how generous an assumption I’m making. Let’s compare this estimate of British wind potential with current installed wind power worldwide. The windmills that would be required to provide the UK with 20 kWh/d per person amount to 50 times the entire wind hardware of Denmark; 7 times all the wind farms of Germany; and double the entire fleet of all wind turbines in the world. 2

Please don’t misunderstand me. Am I saying that we shouldn’t bother building wind farms? Not at all. I’m simply trying to convey a helpful fact, namely that if we want wind power to truly make a difference, the wind farms must cover a very large area.

This conclusion – that the maximum contribution of onshore wind, albeit “huge,” is much less than our consumption – is important, so let’s check the key figure, the assumed power per unit area of wind farm (2 W/m2), against a real UK wind farm.

Power per unit area

wind farm (speed 6 m/s)

2 W/m2

Table 4.4. Facts worth remembering: wind farms.




	Population density of Britain





	250 per km2 ↔︎ 4000m2 per person





Table 4.5. Facts worth remembering: population density. See chapter J for more population densities.

The Whitelee wind farm being built near Glasgow in Scotland has 140 turbines with a combined peak capacity of 322 MW in an area of 55 km2. That’s 6 W/m2, peak. The average power produced is smaller because the turbines don’t run at peak output all the time. The ratio of the average power to the peak power is called the “load factor” or “capacity factor,” and it varies from site to site, and with the choice of hardware plopped on the site; a typical factor for a good site with modern turbines is 30%. If we assume Whitelee has a load factor of 33% then the average power production per unit land area is 2 W/m2 – exactly the same as the power density we assumed above.


The turbines got bigger. The answer did not.

A section added in the 2026 revision. Britain has moved offshore and upward since this chapter was written, and the scale of the change invites the assumption that the arithmetic above must be obsolete. It is not, and the reason is worth following.

MacKay’s typical machine was a 1 MW turbine with a 54-metre rotor. Dogger Bank, off the Yorkshire coast, is being built with GE Haliade-X units of 13 to 14.7 MW — a 220-metre rotor and a tip height of 260 metres, taller than any building in Britain outside London. Thirteen times the capacity of his reference turbine. Each one produces about 70 GWh a year.

Two things improved enormously and one did not.

Capacity factor improved. This chapter assumes a load factor of 33%. Dogger Bank’s site has been running above 55%, and the turbine is rated for 60–64% in those conditions. Offshore wind at 130 kilometres from land is a different resource from a hill in Scotland, and a machine reaching 260 metres samples a wind that a 1 MW turbine never touched.

Power per unit area did not improve — it fell. Dogger Bank A puts 1235 MW into 515 km2, Dogger Bank B the same into 599 km2, and neighbouring Sofia 1400 MW into 593 km2. Together that is 3870 MW in 1707 km2, or 2.3 W/m2 of peak capacity. At the 55% capacity factor actually achieved, the average is about 1.3 W/m2 — below the 2 W/m2 this chapter assumes for onshore wind, despite far better wind.

Chapter B explains why, and predicted it: power per unit area does not depend on turbine size, because spacing scales with diameter. What has changed is the spacing itself. This chapter assumes turbines 5 diameters apart; Dogger Bank spaces them about 10.6 diameters apart, and density falls with the square of that.

So the central claim of this chapter survives intact. The constraint on wind is area, and bigger turbines have not relaxed it. What Britain gained by going offshore is not a denser resource but a larger and less contested one — sea instead of land, and nobody’s view of it. The 2 W/m2 here remains the right order of magnitude, and for offshore it is if anything generous.


The same rooftop, seventeen years on

Figures 4.1 and 4.6 are one weather station: the Computer Laboratory’s roof, about ten metres up, recorded half-hourly through 2006. The station is still there and still publishing the same file, which makes these two of the few figures in the book that can be carried forward on the same instrument at the same address rather than on a substitute.

[image: Half-hourly and daily mean wind speed at the Cambridge Computer Laboratory rooftop station, 2006 above and 2023 below. In 2006 the daily mean averaged 2.7 m/s and reached 6 m/s on 26 days; in 2023 it averaged 1.9 m/s and reached 6 m/s on three days. Half-hourly peaks reach about 14 m/s in 2006 and about 11 in 2023.]

Figure 4.1a. Added in the 2026 revision. The station of MacKay’s figure 4.1 — the Computer Laboratory roof, about 10 m up — in his year and in 2023, the last year its anemometer worked. Half-hourly readings in pale blue, the daily mean in red, and this chapter’s assumed 6 m/s dashed. Wind at 50 m is usually about 25% higher than at this height.3

The recompute finds MacKay’s own result first. On his 2006 data the daily mean reaches 6 m/s on 26 days, where his text says about 30. That agreement is the check that the file is being read the way he read it, because the wind column’s units are not documented anywhere on the site, and at any other scaling his sentence would be nonsense.

Then the update, which arrives with a warning attached. The anemometer has failed: 2024 is 97% zeros and 2025 and 2026 are entirely zeros, while the station’s front page mentions only a power outage in January. The last usable year is 2023. In it the daily mean reached 6 m/s on three days, and the year averaged 1.9 m/s against 2006’s 2.7.

That fall is not a claim about Cambridge’s weather. The same instrument reported dead calm 8% of the time in 2006 and 18% in 2023, which is the signature of an anemometer going stiff rather than of a city falling still. What survives the doubt is the direction, because the bias runs downwards and this chapter’s 6 m/s is an upper bound: in the windier of the two years, read the more generous way, a Cambridge rooftop managed a daily mean of 6 m/s on 26 days out of 363.

[image: Histograms of Cambridge wind speed for 2006 and 2023, daily averages on the left and half-hourly readings on the right, each drawn as a share of its own year. Both years pile up below 4 m/s; the 2023 half-hourly distribution has a large spike at zero.]

Figure 4.6a. Added in the 2026 revision. The distributions behind figure 4.1a, in the form of MacKay’s figure 4.6: daily averages on the left, half-hourly readings on the right, each as a share of its own year so that the two can be compared. The spike at zero in the later year is the instrument as much as the weather.4

And the histogram makes the point the mean hides, because power goes as the cube of the speed. A year averaging 2.7 m/s is not half a year averaging 5.4. Taking the cube of every half-hourly reading in 2006 and averaging those gives 86 m3/s3; a steady 6 m/s gives 216. The rooftop, in the windier year, saw about 40% of the wind power that this chapter’s 6 m/s assumption implies — which is why the assumption is described here as an over-estimate for many locations, and why the windmills in this book go on hills and out to sea rather than into town.5

MacKay’s other wind figure is the answer to the obvious objection, and it carries forward too. Figure 4.2 is the summit of Cairn Gorm, 1245 metres up, where Heriot-Watt University has run an automatic weather station since 1977 and still does.

[image: Half-hourly and daily mean wind speed on the summit of Cairn Gorm, January to June, in 2006 and 2026. The 2006 half-year averaged 11.2 m/s with 133 of 179 days at or above 6 m/s; the 2026 half-year averaged 6.5 m/s with 92 of 175 days. Both are far above the Cambridge rooftop in figure 4.1a.]

Figure 4.2a. Added in the 2026 revision. The station of MacKay’s figure 4.2, in his six months and in the same six months of 2026, drawn to compare with figure 4.1a. Note the vertical scale: it is twice the Cambridge one.6

His caption says “six months of 2006”, and the archive explains why it says six. That year’s anemometer failed in July and again at the end of November — the station’s own log records “1/12/06 Suspected anemometer fault” — so January to June is what 2006 has. In those six months the daily mean was 11.2 m/s and 133 of 179 days averaged 6 m/s or more. In the same months of 2026 the daily mean was 6.5 m/s, over 92 of 175 days.

No trend should be read into that pair. A summit’s year-to-year variation is large, several years in this archive are instrument failures rather than calm weather — 2012 reads 1.4 m/s for a Scottish winter half-year — and this edition has no way to separate the two. What the panels do show is what the chapter uses them for. Even the quieter of the two half-years averages more than twice what the Cambridge rooftop managed in its windier year, and stays above the 6 m/s this chapter assumes. That is the case for putting windmills on hills rather than in towns, and it has not moved.7



Will the wind still be there?

There is a worry that would undo this chapter quietly if it were true: global stilling, the observed slowing of surface winds since the late twentieth century. Because power goes as the cube of wind speed, even a small decline compounds — one study found a 5.5% per decade fall in wind speed accompanied by a 24.5% per decade fall in power. Chapter B examines how much of the measured decline survives being sampled properly. Two recent results bear on whether Britain should discount its wind resource for it, and both say no, for different reasons.

The first is that the climate signal is small. Giddings and colleagues modelled UK offshore generation to 2050 across an ensemble of climate projections and found the mean annual capacity factor falling by about 2.3% — a summer decline of 3.6% against a winter one of 1.5%.8 They attribute the summer weakening to multi-decadal variability rather than to stilling, and note that year-to-year climate variability is large compared with the whole projected twenty-first-century climate effect. A resource that varies more between two consecutive years than it is expected to shift in thirty is not a resource being taken away.

The second is more useful, because it identifies a lever. The same study compared three ways of distributing 140 GW of offshore capacity by 2050: concentrated on the east coast as now, following the Crown Estate’s proposals, or spread evenly across all sixteen UK shipping zones. Spreading it did not reduce mean generation at all, and it transformed the worst hours: minimum daily generation rose 27.9%, day-to-day variability fell 15.5%, extreme hourly ramps fell 33.5%, and the hours per year spent below 5% of capacity fell by 87%.

That last number deserves its own sentence. The single most quoted objection to wind — that sometimes it simply stops — is reduced roughly eightfold not by building storage or by burning gas, but by not putting all the turbines in the same weather. Capacity factor between zones correlates inversely with distance, so dispersal buys smoothing for free. It is the same insight as chapter 26’s, arrived at geographically rather than through storage.

For this chapter’s arithmetic that means the 2 W/m2 and the wind speed behind it can stand. What changes is the advice that follows from them: the binding question for British wind is no longer how much area is available, nor whether the wind is dying, but how correlated the chosen sites are with each other.



What the wind now earns

There is a second thing this chapter’s method cannot see, and it has become the binding constraint in practice. MacKay counts kilowatt-hours; the market pays for kilowatt-hours at the moment they arrive, and wind arrives when other wind does.

In Great Britain in 2025, against a time-weighted average market price of £79.9/MWh, wind captured £72.0 and solar £65.9 — value factors of 0.90 and 0.82. Gas, which can choose its hours, captured £94.8, a factor of 1.19.9 Every gigawatt of wind added lowers the price in precisely the hours that all the other wind is generating, so the resource this chapter sizes in W/m2 is worth progressively less per unit as it grows. That is a different limit from the one MacKay identified, it binds long before the land runs out, and chapter 28a is about it.




Queries


Wind turbines are getting bigger all the time. Do bigger wind turbines change this chapter’s answer?

Chapter B explains. Bigger wind turbines deliver financial economies of scale, but they don’t greatly increase the total power per unit land area, because bigger windmills have to be spaced further apart. A wind farm that’s twice as tall will deliver roughly 30% more power.

Answered again in the 2026 revision, because half of this has held and half has reversed.

The physical half held exactly, and the section above sets out the evidence: turbines went from 1 MW to nearly 15 MW, and the power per unit area did not rise. If anything it fell, because the spacing widened from the 5 diameters assumed in chapter B to about 10.6 at Dogger Bank.

The financial half — “bigger wind turbines deliver financial economies of scale” — was the reasonable expectation in 2008 and it stopped being true around 2021. Britain runs an auction that measures this cleanly, because the same contract is bid in the same 2012 pounds each round:









	Allocation Round
	Offshore wind strike price (2012 £/MWh)
	Capacity secured





	AR4, July 2022
	37.35
	~7 GW



	AR5, September 2023
	no bids
	0



	AR6, September 2024
	58.87
	3.4 GW





Between AR4 and AR6 the price Britain had to offer for offshore wind rose by 58% in real terms in two years, with an auction in between that attracted no offshore bids at all because the administrative price was set too low to build at. Over precisely that period the turbines being installed got substantially bigger. So the economies of scale were real and were swamped: steel, copper, cables, vessels and above all the cost of capital rose faster than the engineering could compensate.

The AR6 price of £58.87 in 2012 money is about £82/MWh in today’s money, against a GB market price averaging £80/MWh in 2025 — which is to say that new offshore wind now needs roughly the market price to proceed, where in 2022 it was contracting well below it. Chapter 28a takes up what that means, and adds the second half of the squeeze: the same build-out lowers the price it earns.

None of this touches the arithmetic of this chapter, which is about area and wind speed. It bears on a different question — how much of the resource gets built, and at what price — and it is a reminder that the cost of a technology is not a physical constant with a downward slope.10



Wind power fluctuates all the time. Surely that makes wind less useful?

Maybe. We’ll come back to this issue in Chapter 26, where we’ll look at wind’s intermittency and discuss several possible solutions to this problem, including energy storage and demand management.



Mythconceptions


“Wind turbines take up too much land.”

They take up very little land, and the confusion is between spacing and footprint. This chapter’s 2 W/m2 is a figure for the whole wind farm — the land a turbine needs to stand far enough from its neighbour not to steal its wind. The arithmetic of that spacing gives the answer. Turbines are set about five diameters apart, so a 100 m machine occupies a cell of roughly 500 × 500 m, or 250 000 m2. Its foundation and hardstanding are of order 20 × 20 m, and a few hundred metres of access track a few metres wide adds perhaps 2000 m2 more — call it 2500 m2 in total, which is about one per cent of the cell. The other 99% is still farmland, and is generally still farmed.

The correct objection is the one this chapter actually makes, which is not about land use but about area per person: at 2 W/m2, supplying a serious share of British demand requires wind farms covering a country-sized fraction of the country, and that is a planning and landscape argument rather than an agricultural one. Answering the wrong version of the objection is how the right version gets ignored.11





Notes and further reading







Figure 4.1 and figure 4.6. Cambridge wind data are from the Digital Technology Group, Computer Laboratory, Cambridge [vxhhj]. The weather station is on the roof of the Gates building, roughly 10 m high. Wind speeds at a height of 50 m are usually about 25% bigger. Cairngorm data (figure 4.2) are from Heriot–Watt University Physics Department [tdvml].



The windmills required to provide the UK with 20 kWh/d per person are 50 times the entire wind power of Denmark. Assuming a load factor of 33%, an average power of 20 kWh/d per person requires an installed capacity of 150 GW. At the end of 2006, Denmark had an installed capacity of 3.1 GW; Germany had 20.6 GW. The world total was 74 GW (www.wwindea.org). Incidentally, the load factor of the Danish wind fleet was 22% in 2006, and the average power it delivered was 3 kWh/d per person.



Figures 4.1a and 4.6a are computed from the Cambridge Computer Laboratory weather station’s own half-hourly file, weather-raw.csv, which runs from 30 June 1995 to the present — the same station MacKay used, and since 2004 on the same roof. Four things a reader should know. The wind column is in tenths of a knot. That is not stated anywhere on the site; it is inferred here, and the inference is checked against MacKay’s published result, since on this reading 2006 gives 26 days with a daily mean of 6 m/s or more against the “about 30 days” of his text, and no other scaling puts his sentence within reach. The station has moved twice — from the roof of AT&T Laboratories to the Engineering Department in 2002 and to the Computer Laboratory in 2004 — and the annual means step up by about a metre per second at the 2004 move, so only years from 2004 onwards are comparable with his, which is why the second panel is not from the 1990s. The anemometer has since failed: 2024 is 97% zero readings and 2025 and 2026 are 100%, making 2023 the last usable year, and the share of zero readings had already climbed from 8% in 2006 to 18% in 2023, so the later year’s lower mean is partly the instrument. And the station itself says, on its front page, that it is amateur-maintained and that its data should not be used in statistical analysis without cleaning and calibration against other sources. This edition has done no such calibration, which is why the text above leans on the direction of the comparison and on MacKay’s own year, and not on the size of the difference between the two. A daily mean here is the average of a day’s half-hourly readings and is used only where at least 36 of the 48 are present; 2006 has 363 such days and 2023 has 359. The mean of the cube is computed over the half-hourly readings, not from the mean speed.



Figures 4.1a and 4.6a are computed from the Cambridge Computer Laboratory weather station’s own half-hourly file, weather-raw.csv, which runs from 30 June 1995 to the present — the same station MacKay used, and since 2004 on the same roof. Four things a reader should know. The wind column is in tenths of a knot. That is not stated anywhere on the site; it is inferred here, and the inference is checked against MacKay’s published result, since on this reading 2006 gives 26 days with a daily mean of 6 m/s or more against the “about 30 days” of his text, and no other scaling puts his sentence within reach. The station has moved twice — from the roof of AT&T Laboratories to the Engineering Department in 2002 and to the Computer Laboratory in 2004 — and the annual means step up by about a metre per second at the 2004 move, so only years from 2004 onwards are comparable with his, which is why the second panel is not from the 1990s. The anemometer has since failed: 2024 is 97% zero readings and 2025 and 2026 are 100%, making 2023 the last usable year, and the share of zero readings had already climbed from 8% in 2006 to 18% in 2023, so the later year’s lower mean is partly the instrument. And the station itself says, on its front page, that it is amateur-maintained and that its data should not be used in statistical analysis without cleaning and calibration against other sources. This edition has done no such calibration, which is why the text above leans on the direction of the comparison and on MacKay’s own year, and not on the size of the difference between the two. A daily mean here is the average of a day’s half-hourly readings and is used only where at least 36 of the 48 are present; 2006 has 363 such days and 2023 has 359. The mean of the cube is computed over the half-hourly readings, not from the mean speed.



Figures 4.1a and 4.6a are computed from the Cambridge Computer Laboratory weather station’s own half-hourly file, weather-raw.csv, which runs from 30 June 1995 to the present — the same station MacKay used, and since 2004 on the same roof. Four things a reader should know. The wind column is in tenths of a knot. That is not stated anywhere on the site; it is inferred here, and the inference is checked against MacKay’s published result, since on this reading 2006 gives 26 days with a daily mean of 6 m/s or more against the “about 30 days” of his text, and no other scaling puts his sentence within reach. The station has moved twice — from the roof of AT&T Laboratories to the Engineering Department in 2002 and to the Computer Laboratory in 2004 — and the annual means step up by about a metre per second at the 2004 move, so only years from 2004 onwards are comparable with his, which is why the second panel is not from the 1990s. The anemometer has since failed: 2024 is 97% zero readings and 2025 and 2026 are 100%, making 2023 the last usable year, and the share of zero readings had already climbed from 8% in 2006 to 18% in 2023, so the later year’s lower mean is partly the instrument. And the station itself says, on its front page, that it is amateur-maintained and that its data should not be used in statistical analysis without cleaning and calibration against other sources. This edition has done no such calibration, which is why the text above leans on the direction of the comparison and on MacKay’s own year, and not on the size of the difference between the two. A daily mean here is the average of a day’s half-hourly readings and is used only where at least 36 of the 48 are present; 2006 has 363 such days and 2023 has 359. The mean of the cube is computed over the half-hourly readings, not from the mean speed.



Figure 4.2a is computed from the Cairngorm Automatic Weather Station’s own archive, run by Heriot-Watt University’s physics department at 1245 m, which asks only that it be cited as the source. Mean wind speed is the station’s own 2.5-minute mean of readings taken every 2.5 seconds, reported every half hour, in miles per hour since 1996 and converted here. The archive names its files inconsistently — YEARDATA2006.txt one year, YearData.txt another, “2010 Data.txt” a third — so the data task reads each year’s page for its own link, and the 2006 file is tab-separated with a leading date while the current year’s is comma-separated without one. Readings above 120 mph or below zero are dropped as sensor errors, which is what the archive’s 6999 values are. The two half-years plotted are January to June because that is what 2006 has: the notes on the station’s own 2006 page and its log record an anemometer failure over the summer and another at the end of November. The current year’s file runs to 31 August 2026 and the station’s front page was last updated that day, so 2026 here means the first eight months of it, of which the first six are plotted. This edition tried and abandoned a comparison across all the archive’s years: 2012 gives 1.4 m/s and 2016 3.9 m/s for a Cairngorm January-to-June, which are failures rather than weather, and no quality-controlled series is published that would let them be told apart. The contrast the text draws with Cambridge is a factor of four and survives any of that.



Figure 4.2a is computed from the Cairngorm Automatic Weather Station’s own archive, run by Heriot-Watt University’s physics department at 1245 m, which asks only that it be cited as the source. Mean wind speed is the station’s own 2.5-minute mean of readings taken every 2.5 seconds, reported every half hour, in miles per hour since 1996 and converted here. The archive names its files inconsistently — YEARDATA2006.txt one year, YearData.txt another, “2010 Data.txt” a third — so the data task reads each year’s page for its own link, and the 2006 file is tab-separated with a leading date while the current year’s is comma-separated without one. Readings above 120 mph or below zero are dropped as sensor errors, which is what the archive’s 6999 values are. The two half-years plotted are January to June because that is what 2006 has: the notes on the station’s own 2006 page and its log record an anemometer failure over the summer and another at the end of November. The current year’s file runs to 31 August 2026 and the station’s front page was last updated that day, so 2026 here means the first eight months of it, of which the first six are plotted. This edition tried and abandoned a comparison across all the archive’s years: 2012 gives 1.4 m/s and 2016 3.9 m/s for a Cairngorm January-to-June, which are failures rather than weather, and no quality-controlled series is published that would let them be told apart. The contrast the text draws with Cambridge is a factor of four and survives any of that.



Josh Giddings, Hannah Bloomfield, Rachel James and Michael Blair, “The impact of future UK offshore wind farm distribution and climate change on generation performance and variability”, Environmental Research Letters, 2024, https://doi.org/10.1088/1748-9326/ad489b. Their ERA5-derived historical mean annual capacity factor is 48.3%, or 45.4% once wake losses and curtailment are allowed for, against an observed 45.7% for 2020 — a useful check on the 33% load factor assumed elsewhere in this chapter. The 5.5%/24.5% per decade comparison in the paragraph above is cited in Vest and Tych, discussed in chapter B.



GB capture prices for 2025, computed from Elexon BMRS half-hourly generation by fuel type and the market index price (APXMIDP), in this edition’s data pipeline. Capture price is generation-weighted revenue per MWh; the value factor is that divided by the time-weighted system average of £79.9/MWh.



Contracts for Difference allocation round results, DESNZ. AR4 cleared offshore wind at £37.35/MWh in 2012 prices across roughly 7 GW; AR5 in September 2023 received no offshore wind bids; AR6 in September 2024 cleared at £58.87/MWh in 2012 prices for 3.37 GW of new offshore capacity, with permitted-reduction projects at £54.23. CPI-indexed, £58.87 in 2012 money is about £82/MWh in 2024 money. The GB time-weighted average market price for 2025 was £79.9/MWh, computed from Elexon data in this edition’s pipeline.



The claim is one of the energy- and economics-related entries in the Skeptical Science catalogue of climate arguments, https://skepticalscience.com/argument.php. The answer given here is this book’s own, worked from the arithmetic in this chapter rather than restated from that source; the reference is included because the catalogue is the most complete list of what is actually argued, and because a reader meeting one of these claims deserves somewhere to go that is not this book. Chapter 31 explains why most of that catalogue is not this book’s argument, and carries the counts.





5 Planes

[image: ]

Imagine that you make one intercontinental trip per year by plane. How much energy does that cost?

A Boeing 747-400 1 with 240 000 litres of fuel carries 416 passengers about 8 800 miles (14 200 km). And fuel’s calorific value is 10 kWh per litre. (We learned that in Chapter 3.) So the energy cost of one full-distance roundtrip on such a plane, if divided equally among the passengers, is

2 × 240 000 litre416 passengers×10 kWh/litre≃12 000 kWh per passenger
\begin{matrix}
{\frac{\text{2\ ×\ 240\ 000\ litre}}{\text{416\ passengers}} \times \text{10\ kWh/litre}} \\
{\simeq \text{12\ 000\ kWh\ per\ passenger}} \\
\end{matrix}


If you make one such trip per year, then your average energy consumption per day is

12 000 kWh365 days≃33 kWh/day
\frac{\text{12\ 000\ kWh}}{\text{365\ days}} \simeq \text{33\ kWh/day}


14 200 km is a little further than London to Cape Town (10 000 km) and London to Los Angeles (9000km), so I think we’ve slightly overestimated the distance of a typical long-range intercontinental trip; but we’ve also overestimated the fullness of the plane, and the energy cost per person is more if the plane’s not full. Scaling down by 10 000 km/14 200 km to get an estimate for Cape Town, then up again by 100/80 to allow for the plane’s being 80% full, we arrive at 29 kWh per day. For ease of memorization, I’ll round this up to 30 kWh per day.

[image: Figure 5.1]

Figure 5.1. Taking one intercontinental trip per year uses about 30 kWh per day.

Let’s make clear what this means. Flying once per year has an energy cost slightly bigger than leaving a 1 kW electric fire on, non-stop, 24 hours a day, all year.

[image: Figure 5.2]

Figure 5.2. Bombardier Q400 NextGen www.q400.com

Just as Chapter 3, in which we estimated consumption by cars, was accompanied by Chapter A, offering a model of where the energy goes in cars, this chapter’s technical partner (Chapter C), discusses where the energy goes in planes. Chapter C allows us to answer questions such as “would air travel consume significantly less energy if we travelled in slower planes?” The answer is no: in contrast to wheeled vehicles, which can get more efficient the slower they go, planes are already almost as energy-efficient as they could possibly be. Planes unavoidably have to use energy for two reasons: they have to throw air down in order to stay up, and they need energy to overcome air resistance. No redesign of a plane is going to radically improve its efficiency. 2 A 10% improvement? Yes, possible. A doubling of efficiency? I’d eat my complimentary socks.


Queries




	Mode
	Energy per distance (kWh per 100 p-km)





	Car (4 occupants)
	20



	Ryanair’s planes, year 2007
	37



	Bombardier Q400, full
	38



	747, full
	42



	747, 80% full
	53



	Ryanair’s planes, year 2000
	73



	Car (1 occupant)
	80





Table 5.3. Passenger transport efficiencies, expressed as energy required per 100 passenger-km.



What has changed since 2008

A section added in the 2026 revision. Of all the consumption chapters, this is the one whose numbers have moved least, and the reason is the one MacKay gives: a plane is close to a physical limit that no amount of engineering removes. Something must hold an aeroplane up, and holding it up costs energy.

The aircraft did improve, by roughly a fifth. The 747-400 in the calculation above has been replaced on most long routes by the Boeing 787 and Airbus A350, and short-haul by the A320neo and 737 MAX families, each burning around 20–25% less fuel per seat than the aircraft it replaced. Applied to the table above, that moves a full modern long-haul aircraft from about 42 kWh per 100 passenger-km to something nearer 32. It is a genuine improvement, achieved over roughly twenty years, and it does not change the shape of the answer: a full aeroplane is still in the same band as a car with a single occupant is bad, and a car with four is better than either.

The fuel has not changed at all, and this is the difficulty. Aviation is the one large energy use with no electrical route: batteries are roughly forty times worse per kilogram than kerosene, and that ratio is set by chemistry. The industry’s answer is sustainable aviation fuel — chemically near-identical kerosene made from waste oils, and eventually from captured carbon — and both Britain and the EU now mandate it. The UK SAF Mandate came into force on 1 January 2025 requiring 2% of jet fuel to be SAF, rising to 10% by 2030 and 22% by 2040; the EU’s ReFuelEU Aviation requires 2% in 2025, 6% by 2030, 34% by 2040 and 70% by 2050.3

What it costs is the part worth putting in this book’s terms. In 2025, sustainable aviation fuel of the established kind traded at about $2,180 per tonne in northwest Europe, of which $1,431 was the premium over ordinary jet fuel — which puts conventional kerosene near $750 and makes SAF roughly three times the price.4 More telling is that the premium is not falling. The cost of producing it has moved between about $1,900 and $2,700 a tonne since 2021 with no downward trend at all. Solar modules and batteries fell by an order of magnitude over comparable periods; SAF has not begun to.

So the arithmetic of this chapter stands, and the conclusion behind it stands more firmly than when it was written. A single intercontinental trip still costs about 30 kWh per day spread over a year — comparable to driving 50 km a day — and the improvement since 2008 is a fifth, not a factor. Flying remains the hardest item on the consumption stack to decarbonise, and unlike cars, where chapter 3’s forty kilowatt-hours can be cut fivefold by changing what the vehicle burns, there is no equivalent move available here. The honest options remain efficiency at the margin, expensive substitute fuel, and flying less.




Aren’t turboprop aircraft far more energy-efficient?

No. The “comfortably greener” Bombardier Q400 NextGen, “the most technologically advanced turboprop in the world,” according to its manufacturers [www.q400.com], uses 3.81 litres per 100 passenger-km (at a cruise speed of 667 km/h), which is an energy cost of 38 kWh per 100 p-km. The full 747 has an energy cost of 42 kWh per 100 p-km. So both planes are twice as fuel-efficient as a single-occupancy car. (The car I’m assuming here is the average European car that we discussed in Chapter 3.)



Is flying extra-bad for climate change in some way?

Yes, that’s the experts’ view, though uncertainty remains about this topic [3fbufz]. Flying creates other greenhouse gases in addition to CO2, such as water and ozone, and indirect greenhouse gases, such as nitrous oxides. If you want to estimate your carbon footprint in tons of CO2equivalent, then you should take the actual CO2 emissions of your flights and bump them up two- or three-fold. This book’s diagrams don’t include that multiplier because here we are focusing on our energy balance sheet.


The best thing we can do with environmentalists is shoot them.

Michael O’Leary, CEO of Ryanair [3asmgy]






Notes and further reading


(Figure omitted from this edition: third-party rights.)



Figure 5.4. Ryanair Boeing 737-800. Photograph by Adrian Pingstone.

What about short-haul flights? In 2007, Ryanair, “Europe’s greenest airline,” delivered transportation at a cost of 37 kWh per 100 p-km [3exmgv]. This means that flying across Europe with Ryanair has much the same energy cost as having all the passengers drive to their destination in cars, two to a car. (For an indication of what other airlines might be delivering, Ryanair’s fuel burn rate in 2000, before their environment-friendly investments, was above 73 kWh per 100 p-km.) London to Rome is 1430 km; London to Malaga is 1735 km. So a round-trip to Rome with the greenest airline has an energy cost of 1050 kWh, and a round-trip to Malaga costs 1270 kWh. If you pop over to Rome and to Malaga once per year, your average power consumption is 6.3 kWh/d with the greenest airline, and perhaps 12 kWh/d with a less green one.

What about frequent flyers? To get a silver frequent flyer card from an intercontinental airline, it seems one must fly around 25 000 miles per year in economy class. That’s about 60 kWh per day, if we scale up the opening numbers from this chapter and assume planes are 80% full.

Here are some additional figures from the Intergovernmental Panel on Climate Change [yrnmum]: a full 747-400 travelling 10 000 km with low-density seating (262 seats) has an energy consumption of 50 kWh per 100 p-km. In a high-density seating configuration (568 seats) and travelling 4000 km, the same plane has an energy consumption of 22 kWh per 100 p-km. A shorthaul Tupolev-154 travelling 2235 km with 70% of its 164 seats occupied consumes 80 kWh per 100 p-km.

[image: Figure 5.5]

Figure 5.5. Two short-haul trips on the greenest short-haul airline: 6.3 kWh/d. Flying enough to qualify for silver frequent flyer status: 60 kWh/d.







Boeing 747-400 – data are from [9ehws]. Planes today are not completely full. Airlines are proud if their average fullness is 80%. Easyjet planes are 85% full on average. (Source: thelondonpaper Tuesday 16th January, 2007.) An 80%-full 747 uses about 53 kWh per 100 passenger-km.



No redesign of a plane is going to radically improve its efficiency. Actually, the Advisory Council for Aerospace Research in Europe (ACARE) target is for an overall 50% reduction in fuel burned per passenger-km by 2020 (relative to a 2000 baseline), with 15–20% improvement expected in engine efficiency. As of 2006, Rolls Royce is half way to this engine target [36w5gz]. Dennis Bushnell, chief scientist at NASA’s Langley Research Center, seems to agree with my overall assessment of prospects for efficiency improvements in aviation. The aviation industry is mature. “There is not much left to gain except by the glacial accretion of a per cent here and there over long time periods.” (New Scientist, 24 February 2007, page 33.) The radically reshaped “Silent Aircraft” [silentaircraft.org/sax40], if it were built, is predicted to be 16% more efficient than a conventional-shaped plane (Nickol, 2008). If the ACARE target is reached, it’s presumably going to be thanks mostly to having fuller planes and better air-traffic management.



The UK SAF Mandate was made law in November 2024 and took effect on 1 January 2025: 2% of jet fuel supplied, rising to 10% by 2030 and 22% by 2040. ReFuelEU Aviation sets 2% in 2025, 6% in 2030, 20% in 2035, 34% in 2040, 42% in 2045 and 70% in 2050.



Sustainable aviation fuel prices from the Energy Institute’s Statistical Review of World Energy 2026, sourced to S&P Global: SAF (HEFA-SPK) CIF northwest Europe at $2,315.75/tonne in 2024 and $2,180.50 in 2025, with a premium to jet fuel of $1,510 and $1,431 respectively. Cost of production ex-works northwest Europe: $2,159 (2021), $2,673 (2022), $1,914 (2023), $2,081 (2024), $2,019 (2025). The efficiency gains quoted for the 787, A350, A320neo and 737 MAX are manufacturers’ figures against the previous generation and should be treated as such.





6 Solar

[image: Figure 6.1]

Figure 6.1. Sunlight hitting the earth at midday on a spring or autumn day. The density of sunlight per unit land area in Cambridge (latitude 52.) is about 60% of that at the equator.

[image: Mean solar intensity on a horizontal surface through the year for London and Edinburgh, in W/m2, against MacKay's 100 W/m2 annual average. Both peak in May — London at 224, Edinburgh at 207 — and fall to 26 and 16 respectively in December.]

Figure 6.2. Average solar intensity in London and Edinburgh through the year. Redrawn in the 2026 revision from PVGIS (Joint Research Centre), 2016–2020 means. MacKay’s 100 W/m2 for flat ground sits between the two: Edinburgh averages 106 and London 124.

We are estimating how our consumption stacks up against conceivable sustainable production. In the last three chapters we found car-driving and plane-flying to be bigger than the plausible on-shore wind-power potential of the United Kingdom. Could solar power put production back in the lead?

The power of raw sunshine at midday on a cloudless day is 1000W per square metre. That’s 1000 W per m2 of area oriented towards the sun, not per m2 of land area. To get the power per m2 of land area in Britain, we must make several corrections. We need to compensate for the tilt between the sun and the land, 1 which reduces the intensity of midday sun to about 60% of its value at the equator (figure 6.1). We also lose out because it is not midday all the time. On a cloud-free day in March or September, the ratio of the average intensity to the midday intensity is about 32%. Finally, we lose power because of cloud cover. In a typical UK location the sun shines during just 34% of daylight hours. 2

The combined effect of these three factors and the additional complication of the wobble of the seasons is that the average raw power of sunshine per square metre of south-facing roof in Britain is roughly 110 W/m2, and the average raw power of sunshine per square metre of flat ground is roughly 100 W/m2. 3

We can turn this raw power into useful power in four ways:


	Solar thermal: using the sunshine for direct heating of buildings or water.

	Solar photovoltaic: generating electricity.

	Solar biomass: using trees, bacteria, algae, corn, soy beans, or oilseed to make energy fuels, chemicals, or building materials.

	Food: the same as solar biomass, except we shovel the plants into humans or other animals.



(In a later chapter we’ll also visit a couple of other solar power techniques appropriate for use in deserts.)

Let’s make quick rough estimates of the maximum plausible powers that each of these routes could deliver. We’ll neglect their economic costs, and the energy costs of manufacturing and maintaining the power facilities.


Solar thermal

The simplest solar power technology is a panel making hot water. Let’s imagine we cover all south-facing roofs with solar thermal panels – that would be about 10 m2 of panels per person 4 – and let’s assume these are 50%-efficient at turning the sunlight’s 110 W/m2 into hot water (figure 6.3).

[image: Figure 6.3]

Figure 6.3. Solar power generated by a 3 m2 hot-water panel (green), and supplementary heat required (blue) to make hot water in the test house of Viridian Solar. (The photograph shows a house with the same model of panel on its roof.) The average solar power from 3 m2 was 3.8 kWh/d. The experiment simulated the hot-water consumption of an average European household – 100 litres of hot (60°C) water per day. The 1.5–2 kWh/d gap between the total heat generated (black line, top) and the hot water used (red line) is caused by heat-loss. The magenta line shows the electrical power required to run the solar system. The average power per unit area of these solar panels is 53 W/m2.

Multiplying

50% × 10 m2 × 110 W/m2

we find solar heating could deliver

13 kWh per day per person.

I colour this production box white in figure 6.4 to indicate that it describes production of low-grade energy – hot water is not as valuable as the highgrade electrical energy that wind turbines produce. Heat can’t be exported to the electricity grid. If you don’t need it, then it’s wasted. We should bear in mind that much of this captured heat would not be in the right place. In cities, where many people live, residential accommodation has less roof area per person than the national average. Furthermore, this power would be delivered non-uniformly through the year.

[image: Figure 6.4]

Figure 6.4. Solar thermal: a 10 m2 array of thermal panels can deliver (on average) about 13 kWh per day of thermal energy.



Solar photovoltaic

Photovoltaic (PV) panels convert sunlight into electricity. 5 Typical solar panels have an efficiency of about 10%; expensive ones perform at 20%. 6 (Fundamental physical laws limit the efficiency of photovoltaic systems to at best 60% with perfect concentrating mirrors or lenses, and 45% without concentration. A mass-produced device with efficiency greater than 30% would be quite remarkable. 7 ) The average power delivered by south-facing 20%-efficient photovoltaic panels in Britain would be

20%× 110 W/m2 = 22 W/m2.

Figure 6.5 shows data to back up this number. Let’s give every person 10 m2 of expensive (20%-efficient) solar panels and cover all south-facing roofs. These will deliver

5 kWh per day per person.

[image: Monthly output of a 25 square metre Cambridgeshire array, comparing MacKay's 4 kWp 2006 system with the same roof carrying 5.5 kWp of 2026 modules. The modern array is about a third higher in every month.]

Figure 6.5. Solar photovoltaics: a 25-m2 array in Cambridgeshire. MacKay’s 2006 system peaked at about 4 kW and averaged 12 kWh per day — 20 W per square metre of panel.8 Recalculated in the 2026 revision: PVGIS reproduces that system at 11.5 kWh/d, and the same roof filled with 22%-efficient 2026 modules is 5.5 kWp delivering 15.9 kWh/d, or 26 W/m2 of panel.9

Since the area of all south-facing roofs is 10 m2 per person, there certainly isn’t space on our roofs for these photovoltaic panels as well as the solar thermal panels of the last section. So we have to choose whether to have the photovoltaic contribution or the solar hot water contribution. But I’ll just plop both these on the production stack anyway. Incidentally, the present cost of installing such photovoltaic panels is about four times the cost of installing solar thermal panels, but they deliver only half as much energy, albeit high-grade energy (electricity). So I’d advise a family thinking of going solar to investigate the solar thermal option first. The smartest solution, at least in sunny countries, is to make combined systems that deliver both electricity and hot water from a single installation. This is the approach pioneered by Heliodynamics, 10 who reduce the overall cost of their systems by surrounding small high-grade gallium arsenide photovoltaic units with arrays of slowly-moving flat mirrors; the mirrors focus the sunlight onto the photovoltaic units, which deliver both electricity and hot water; the hot water is generated by pumping water past the back of the photovoltaic units.

The conclusion so far: covering your south-facing roof at home with photovoltaics may provide enough juice to cover quite a big chunk of your personal average electricity consumption; but roofs are not big enough to make a huge dent in our total energy consumption. To do more with PV, we need to step down to terra firma. The solar warriors in figure 6.6 show the way.

[image: Figure 6.6]

Figure 6.6. Two solar warriors enjoying their photovoltaic system, which powers their electric cars and home. The array of 120 panels (300 W each, 2.2 m2 each) has an area of 268 m2, a peak output (allowing for losses in DC–to–AC conversion) of 30.5 kW, and an average output – in California, near Santa Cruz – of 5 kW (19 W/m2). Photo kindly provided by Kenneth Adelman. www.solarwarrior.com

[image: Figure 6.7]

Figure 6.7. A solar photovoltaic farm: 11 the 6.3 MW (peak) Solarpark in Mühlhausen, Bavaria. Its average power per unit land area is expected to be about 5 W/m2. Photo by SunPower.


(Figure omitted from this edition: third-party rights.)



Figure 6.8. Land areas per person in Britain.




Fantasy time: solar farming

If a breakthrough of solar technology occurs and the cost of photovoltaics came down enough that we could deploy panels all over the countryside, what is the maximum conceivable production? Well, if we covered 5% of the UK with 10%-efficient panels, we’d have

10% × 100 W/m2 × 200 m2 per person ≈ 50 kWh/day/person.

I assumed only 10%-efficient panels, by the way, because I imagine that solar panels would be mass-produced on such a scale only if they were very cheap, and it’s the lower-efficiency panels that will get cheap first. The power density (the power per unit area) of such a solar farm would be

10% × 100 W/m2 = 10 W/m2.

This power density is twice that of the Bavaria Solarpark (figure 6.7).

Could this flood of solar panels co-exist with the army of windmills we imagined in Chapter 4? Yes, no problem: windmills cast little shadow, and ground-level solar panels have negligible effect on the wind. How audacious is this plan? The solar power capacity required to deliver this 50 kWh per day per person in the UK is more than 100 times all the photovoltaics in the whole world. 12 So should I include the PV farm in my sustainable production stack? I’m in two minds. At the start of this book I said I wanted to explore what the laws of physics say about the limits of sustainable energy, assuming money is no object. On those grounds, I should certainly go ahead, industrialize the countryside, and push the PV farm onto the stack. At the same time, I want to help people figure out what we should be doing between now and 2050. And today, electricity from solar farms would be four times as expensive as the market rate. So I feel a bit irresponsible as I include this estimate in the sustainable production stack in figure 6.9 – paving 5% of the UK with solar panels seems beyond the bounds of plausibility in so many ways. 13 If we seriously contemplated doing such a thing, it would quite probably be better to put the panels in a two-fold sunnier country and send some of the energy home by power lines. We’ll return to this idea in Chapter 25.



Mythconceptions


Manufacturing a solar panel consumes more energy than it will ever deliver.

False. The energy yield ratio (the ratio of energy delivered by a system over its lifetime, to the energy required to make it) of a roof-mounted, grid-connected solar system in Central Northern Europe is 4, for a system with a lifetime of 20 years (Richards and Watt, 2007); and more than 7 in a sunnier spot such as Australia. (An energy yield ratio bigger than one means that a system is A Good Thing, energy-wise.) Wind turbines with a lifetime of 20 years have an energy yield ratio of 80.



“Solar panels don’t work in cold or cloudy climates.”

They work better when cold and worse when cloudy, and the two are often confused. A photovoltaic cell loses efficiency as it heats up, so a bright cold day is a good day for it; what reduces output is cloud, not temperature. This chapter’s own numbers already answer the question: Britain receives roughly 100 W/m2 on flat ground averaged over the year, from which this chapter’s fantasy case gets 10 W/m2 delivered per unit of land at 10% efficiency — twice what the Bavaria Solarpark actually managed at 5 W/m2. Both are smaller than Spain’s and neither is zero. The largest national solar fleet in Europe is Germany’s, not a Mediterranean country’s.

The honest version of the objection is seasonal, not climatic. A British panel produces several times less in December than in June, which is the wrong shape for a country whose demand peaks in winter — and that is chapter 26’s problem, not this one’s.14



Aren’t photovoltaic panels going to get more and more efficient as technology improves?

I am sure that photovoltaic panels will become ever cheaper; I’m also sure that solar panels will become ever less energy-intensive to manufacture, so their energy yield ratio will improve. But this chapter’s photovoltaic estimates weren’t constrained by the economic cost of the panels, nor by the energy cost of their manufacture. This chapter was concerned with the maximum conceivable power delivered. Photovoltaic panels with 20% efficiency are already close to the theoretical limit (see this chapter’s endnotes). I’ll be surprised if this chapter’s estimate for roof-based photovoltaics ever needs a significant upward revision.

[image: Figure 6.9]

Figure 6.9. Solar photovoltaics: a 10 m2 array of building-mounted south-facing panels with 20% efficiency can deliver about 5 kWh per day of electrical energy. If 5% of the country were coated with 10%-efficient solar panels (200 m2 of panels per person) they would deliver 50 kWh/day/person.





The fantasy got built

A section added in the 2026 revision. This chapter opens by saying “We’ll neglect their economic costs”. That sentence is where it aged. The physics in the pages above has survived almost untouched; the economics reversed completely, and reversed in the direction that made the physics matter more, not less.


The efficiency bet, which MacKay won

He assumed roof panels at 20%, called 10% typical, and wrote that “a mass-produced device with efficiency greater than 30% would be quite remarkable”. Mainstream modules in 2026 are TOPCon at 22–24%, about 70% of world production, with premium heterojunction at 23–25% and the best commercial module around 25.6%.15 His 5 kWh/d per person from a 10 m2 roof becomes something like 5.5 to 6. He predicted as much: “I’ll be surprised if this chapter’s estimate for roof-based photovoltaics ever needs a significant upward revision.” The revision is real but small — a tenth to a fifth, well short of significant.

The claim underneath it was wrong, though. “Photovoltaic panels with 20% efficiency are already close to the theoretical limit” holds only for the single-junction cells he had in mind, and his own endnote gives the escape route — multiple junctions, limit 45% without concentration. In July 2026 LONGi announced a crystalline-silicon–perovskite tandem cell at 35.5%, certified by the European Solar Test Installation, with tandem modules certified at 31.4%.16 That is past his “quite remarkable” line, though not yet mass-produced. The lesson is not that he was careless — he flagged the route himself — but that the ceiling he treated as near was a ceiling of one particular technology.



Power per unit area, which did not improve

Cleve Hill in Kent, commissioned on 1 July 2025, is Britain’s largest solar farm and more than four times the next: 373 MW on a 360-hectare site. British solar ran at a capacity factor of about 10.4% in 2025, so its average output over the site is roughly 11 W/m2.17

MacKay’s fantasy farm assumed 10%-efficient panels and arrived at 10 W/m2. Panels are now more than twice as efficient, and the answer is the same. The reason is not that spacing widened with efficiency — it does not, since row pitch is set by panel height, tilt and the lowest useful sun elevation, and a 22% panel needs exactly the spacing an 11% panel of the same dimensions needs. The reason is that MacKay’s number assumed no spacing at all. His 10% × 100 W/m2 applies the panel efficiency directly to land area, which is to say it imagines panels paving the ground; he noticed the consequence himself, remarking that his figure was twice the Bavaria Solarpark’s. A real farm leaves roughly half its land empty for access and shading margin. With a ground-cover ratio near 0.45, a 22% panel yields about 0.22 × 0.45 × 130 W/m2 × 0.8 ≈ 10 W/m2 — where the 130 is the irradiance in the tilted plane of the rows rather than the 100 W/m2 on the horizontal, and the 0.8 is the performance ratio that accounts for inverter, wiring, soiling and temperature losses. Those last two corrections work in opposite directions and largely cancel, which is worth saying out loud in a passage whose point is that a coincidence of cancelling effects should be named rather than admired. The doubling in efficiency was spent buying back the ground cover his idealisation had assumed for free.

Chapter 4 reaches the same conclusion about wind by a different route, and the difference is worth keeping straight. There, spacing genuinely scales with rotor diameter, so power per unit area is invariant to turbine size as a matter of geometry. Here, spacing is independent of cell efficiency, and the invariance is a coincidence of an idealisation and a conservative assumption offsetting each other. What the two share is only the moral: the device improved, the areal density did not, and it is areal density that the balance sheet needs.



The same number, measured in China

A British reader might reasonably suspect that 11 W/m2 is a fact about Kent. A 2026 study of Chinese utility-scale solar, written to answer an entirely different question, says otherwise for a country spanning thirty degrees of latitude and holding just over half the world’s installed panels.

Chinese fixed-tilt farms are laid out at 88 W/m2 of peak capacity per square metre of site, against Cleve Hill’s 104. At 22% modules those imply ground-cover ratios of 0.40 and 0.47 — the same geometry, reached independently under a Chinese design code that forbids row-to-row shading between 9 am and 3 pm. Delivered output differs, because the Chinese fixed-tilt fleet runs at a 16.6% capacity factor against Britain’s 10.4: about 15 W/m2 against 11. The sunshine accounts for more than the whole of that gap, and the tighter British packing cancels part of it — 16.6 over 10.4 is a factor of 1.60, the delivered figures differ by only 1.36, and 104 over 88 is where the rest went. Which is this section’s own thesis showing up as a correction to its own sentence.

The study’s actual subject supplies the sharper number. Single-axis trackers follow the sun and generate 18 to 26% more electricity from the same panels, and they have to stand further apart, because a panel tilted towards a low sun casts a longer shadow. Chinese tracking farms are laid out at 42.1 W/m2, under half the fixed-tilt density, and at a 20.5% capacity factor they deliver about 8.6 W/m2. The national average for tracked solar in China is therefore below what one fixed-tilt farm in Kent achieves.18

The moral is not that tracking is a mistake. Where land is worth nothing a tracker is the right choice, returning more electricity per panel, per pound of capital and per tonne of silicon. It is the wrong choice where land is scarce, and the study argues that this is why China builds almost none: 12% of Chinese utility-scale capacity tracks, against more than 90% in the United States. Land in East, North and Central China costs about CN¥31.5/m2, which adds 19.7% to the cost of tracked electricity and 8.1% to fixed-tilt. American land is cheap and the tracker wins; Chinese land is not, and it loses.19

A tracker is the strongest of the three cases this chapter and the last have met, because it improves the panel without ambiguity and makes the hectare worse anyway. Whatever the balance sheet needs, it is not on the datasheet.



The deployment reversal

Here MacKay was not merely conservative but inverted. To deliver 50 kWh/d per person in the UK needs about 1250 GW of capacity, which he noted was “more than 100 times all the photovoltaics in the whole world” — the world had 8.96 GW at the end of 2007.

At the end of 2025 the world had 2392 GW: 267 times the 2007 fleet, and 1.9 times the number he called beyond the bounds of plausibility. China alone has 1202 GW, which is 96% of MacKay’s fantasy figure, built by one country in eighteen years. The world added 512 GW during 2025 — two-fifths of the whole fantasy in a single year.20

[image: World installed solar PV capacity, 2000 to 2025, in GW, with the world, China, Germany and the United Kingdom plotted against the 1250 GW MacKay called beyond the bounds of plausibility. The world passes that line around 2022 and reaches 2392 GW; China alone reaches 1202 GW.]

Figure 6.20. Installed solar PV capacity. MacKay’s “more than 100 times all the photovoltaics in the whole world” is the dashed line; the world crossed it around 2022 and China has nearly reached it alone. Energy Institute Statistical Review of World Energy 2026.

Interactive figure. View it live at Our World in Data.

Figure 6.20b. Solar energy consumption by region, from Our World in Data — capacity is what gets built, this is what it delivers, and where.



The cost reversal, which is the largest single change since the book

MacKay wrote that “electricity from solar farms would be four times as expensive as the market rate”, and costed his fantasy at €0.25 per kWh. The global weighted-average levelised cost of utility-scale solar was $0.043 per kWh in 2024, down about 90% from $0.460 in 2010, with total installed cost at $691 per kW, down 87% over the same period.21 Solar is now the cheapest source of new bulk electricity across most of the world.

He cannot fairly be faulted for this, because he told the reader he was setting cost aside and asking only what physics permits. But it is worth being blunt that the one variable he bracketed out is the one that moved by a factor of ten, and it moved far enough to turn his deliberately absurd thought experiment into an ordinary procurement decision.



What the cost collapse killed

The Ivanpah Solar Electric Generating System in the Mojave desert is the clearest casualty, and it is worth a paragraph because it tests the very suggestion this chapter ends on — that we should put the collectors in a sunnier country and ship the power home.

Ivanpah is not photovoltaic. It is concentrating solar thermal: 173 000 heliostats aiming sunlight at three 140-metre towers, receivers at 550°C, 392 MW across 3500 acres, opened February 2014 at a cost of $2.2 billion with a $1.6 billion federal loan guarantee. Three things went wrong with it.

It underperformed. Against an advertised 940 000 MWh a year it produced 419 085 MWh in 2014, 44.6% of projection, reaching 91.1% only by 2020.

It burns gas. The plant needs fossil heat to start each morning and to ride through cloud, and consumed 525 million cubic feet in 2014 — more than four times what was planned.

And it was undercut. In January 2025 its owners announced plans to shut it, eleven years into a plant built for far longer, not because anything wore out but because photovoltaics had become cheaper than running it. In December 2025 the California Public Utilities Commission rejected the closure agreement and required two of the three units to keep operating.22 It survives on a regulator’s order rather than on its economics.

Now put its power per unit area beside the others, using its best year:

[image: Power per unit area of four solar installations: Bavaria Solarpark 5.0, Ivanpah 6.9, MacKay's fantasy farm 10.0, Cleve Hill 10.8 W per square metre.]

Figure 6.21. Power per unit area. The two photovoltaic fields bracket the range; the concentrating plant in the desert falls between them, below a solar farm in Kent.




	
	W/m2 average





	Bavaria Solarpark, PV, 2008 (figure 6.7)
	5



	Ivanpah, solar thermal, Mojave desert
	6.9



	MacKay’s fantasy farm
	10



	Cleve Hill, PV, Kent, 2025
	10.8





A photovoltaic field in cloudy Kent beats a concentrating solar plant in the Mojave, on the same measure, by half again. The desert has roughly twice the sunlight; the technology gave it all back and more. That does not overturn chapter 25’s argument for siting collectors where the sun is — the resource really is better — but it does show that the siting advantage can be smaller than the technology choice, and that a plant chosen for a desert can be obsolete before it is old.



How long the hardware lasts

The chapter’s energy yield ratio of 4 assumes a 20-year life. Modern modules carry 25- to 30-year warranties, degrade at 0.3–0.5% a year (0.25–0.3% for premium product) after about 3% lost in the first year, and are typically warranted to retain 87–92% of output at 25 years; many keep working at reduced output for 35 to 40. Inverters last 10–15 years, so a system will normally need one or two inverter replacements inside the life of its panels — the panel is not the whole plant, and lifetime arithmetic that counts only the glass will flatter the result.23

Chapter M puts photovoltaics at 10 or more against the 4 quoted here, and two distinct things separate those numbers. PV’s own rise from 4 to 10 is real change in the hardware and the siting: longer life, manufacture that takes less energy per panel, and the fact that this chapter’s 4 is Richards and Watt’s figure for a roof in central northern Europe, which is close to the worst case anyone builds in. The reordering — renewable electricity ending up above coal and oil rather than below them — is a change of accounting boundary, not of hardware. Chapter M harmonises every source to point of use, which charges the thermal fuels for the two-thirds they lose in a power station and leaves electricity-producing sources largely untouched. Neither effect on its own would do it: 2008 panels at 4 would still sit below chapter M’s hard coal at 8.8, however the boundary is drawn.

One of chapter M’s cautions cuts the other way and belongs here rather than in a footnote. PROI: a fast-growing industry scores far below its own facility ratio, because each year’s output is repaying the energy sunk into building next year’s capacity — onshore wind’s facility ratio of about 70 becomes roughly 25 at the industry level, and solar is growing faster than wind. At 512 GW a year, the fleet’s return is meaningfully worse than any single panel’s. Chapter M also finds diminishing returns from adding storage and overbuild to make an intermittent source firm, which is chapter 26’s subject and chapter 28a’s.



What actually binds now

Not area, which was MacKay’s constraint. Not cost, which was his stated non-constraint and has since collapsed. What binds is value.

Every panel in a country generates in the same hours, so each one added lowers the price in exactly the hours when all the others are selling. In Great Britain in 2025, against a time-weighted average market price of £79.9/MWh, solar captured £65.9 — a value factor of 0.82, the lowest of any technology on the system, against wind’s 0.90 and gas’s 1.19.24 The resource this chapter measures in W/m2 is worth progressively less per unit as it grows, and that limit bites long before the land runs out.

This is a constraint MacKay could not have seen, because it only becomes visible once the build-out he called implausible has actually happened. Chapter 28a, “The value of renewable energy as it scales”, is about it, and the full model — the balancing and reinforcing loops, with the Swedish and European data behind each figure — is at oluies.github.io/elmix.25



And yet

Set against all that, here is what solar actually delivered in 2025, in this book’s units:




	
	kWh/d per person





	United Kingdom
	0.79



	World
	0.94



	China
	2.26



	Germany
	2.95





MacKay’s roof estimate was 5 and his fantasy farm was 50. Britain, having built 22 GW, gets less than one kWh per day per person from it.26 The cost argument reversed; the quantity argument did not. Everything this chapter says about how much area a solar-powered Britain would need still stands, and is still the reason the answer is hard.

[image: Solar electricity per person, 2000 to 2025, in kWh per day, for Germany, China, the world and the United Kingdom, against MacKay's roof estimate of 5 kWh per day per person. Germany reaches 2.95, China 2.26, the world 0.94 and the United Kingdom 0.79 — all below the roof line.]

Figure 6.22. Solar electricity per person, in this book’s units. Nobody has yet reached what MacKay assigned to roofs alone, and his 50 kWh/d solar farm is ten times above the top of the chart. Generation from the Energy Institute’s Statistical Review 2026, divided by population.






Solar biomass


All of a sudden, you know, we may be in the energy business by being able to grow grass on the ranch! And have it harvested and converted into energy. That’s what’s close to happening.

George W. Bush, February 2006



All available bioenergy solutions involve first growing green stuff, and then doing something with the green stuff. How big could the energy collected by the green stuff possibly be? There are four main routes to get energy from solar-powered biological systems:


	We can grow specially-chosen plants and burn them in a power station that produces electricity or heat or both. We’ll call this “coal substitution.”

	We can grow specially-chosen plants (oil-seed rape, sugar cane, or corn, say), turn them into ethanol or biodiesel, and shove that into cars, trains, planes or other places where such chemicals are useful. Or we might cultivate genetically-engineered bacteria, cyanobacteria, or algae that directly produce hydrogen, ethanol, or butanol, or even electricity. We’ll call all such approaches “petroleum substitution.”

	We can take by-products from other agricultural activities and burn them in a power station. The by-products might range from straw (a by-product of Weetabix) to chicken poo (a by-product of McNuggets). Burning by-products is coal substitution again, but using ordinary plants, not the best high-energy plants. A power station that burns agricultural by-products won’t deliver as much power per unit area of farmland as an optimized biomass-growing facility, but it has the advantage that it doesn’t monopolize the land. Burning methane gas from landfill sites is a similar way of getting energy, but it’s sustainable only as long as we have a sustainable source of junk to keep putting into the landfill sites. (Most of the landfill methane comes from wasted food; people in Britain throw away about 300 g of food per day per person.) 27 Incinerating household waste is another slightly less roundabout way of getting power from solar biomass.

	We can grow plants and feed them directly to energy-requiring humans or other animals.



[image: Figure 6.10]

Figure 6.10. Some Miscanthus grass enjoying the company of Dr Emily Heaton, who is 5′4″ (163 cm) tall. In Britain, Miscanthus achieves a power per unit area of 0.75 W/m2. Photo provided by the University of Illinois. 28

For all of these processes, the first staging post for the energy is in a chemical molecule such as a carbohydrate in a green plant. We can therefore estimate the power obtainable from any and all of these processes by estimating how much power could pass through that first staging post. All subsequent steps involving tractors, animals, chemical facilities, landfill sites, or power stations can only lose energy. So the power at the first staging post is an upper bound on the power available from all plant-based power solutions.

So, let’s simply estimate the power at the first staging post. (In Chapter D we’ll go into more detail, estimating the maximum contribution of each process.) The average harvestable power of sunlight in Britain is 100 W/m2. The most efficient plants in Europe are about 2%-efficient at turning solar energy into carbohydrates, which would suggest that plants might deliver 2 W/m2; however, their efficiency drops at higher light levels, and the best performance of any energy crops in Europe is closer to 0.5 W/m2. 29 Let’s cover 75% of the country with quality green stuff. That’s 3000 m2 per person devoted to bio-energy. This is the same as the British land area

[image: Power per unit area for energy crops, all below 1 W per square metre, from corn to ethanol at 0.048 up to Miscanthus at 0.8.]

Figure 6.11.30 Power production, per unit area, achieved by various plants. Rebuilt in the 2026 revision from the sources in this chapter’s own endnotes rather than from the 2008 artwork, and with the erratum applied: corn to ethanol is 0.048 W/m2, not the 0.02 printed in 2008. These power densities vary with irrigation and fertilization; wood has a range from 0.095–0.254 W/m2. In the text, MacKay uses 0.5 W/m2 as a summary figure for the best energy crops in NW Europe.31

currently devoted to agriculture. So the maximum power available, ignoring all the additional costs of growing, harvesting, and processing the greenery, is

0.5 W/m2 × 3000 m2 per person = 36 kWh/d per person.

Wow. That’s not very much, considering the outrageously generous assumptions we just made, to try to get a big number. If you wanted to get biofuels for cars or planes from the greenery, all the other steps in the chain from farm to spark plug would inevitably be inefficient. I think it’d be optimistic to hope that the overall losses along the processing chain would be as small as 33%. Even burning dried wood in a good wood boiler loses 20% of the heat up the chimney. 32 So surely the true potential power from biomass and biofuels cannot be any bigger than 24 kWh/d per person. And don’t forget, we want to use some of the greenery to make food for us and for our animal companions.

[image: Figure 6.12]

Figure 6.12. Solar biomass, including all forms of biofuel, waste incineration, and food: 24 kWh/d per person.

Could genetic engineering produce plants that convert solar energy to chemicals more efficiently? It’s conceivable; but I haven’t found any scientific publication predicting that plants in Europe could achieve net power production beyond 1 W/m2.

[image: Sunshine hours as a share of daylight hours, for Cambridge 1959 to 2009 and Oxford 1929 to 2025, with ten-year running means. Cambridge averages 34 percent; Oxford runs slightly higher and has risen recently, reaching 43 percent in 2025.]

Figure 6.13. Sunniness: hours of sunshine as a fraction of daylight hours. Extended in the 2026 revision. MacKay quoted 34% for Cambridge and the full station record agrees, averaging 34.2% over 1959–2009. That station stopped reporting sunshine in 2010, so Oxford’s record — running from 1929 and still current — carries the series to the present at 35.4% over 97 years, rising to 43% in 2025.33

I’ll pop 24 kWh/d per person onto the green stack, emphasizing that I think this number is an over-estimate – I think the true maximum power that we could get from biomass will be smaller because of the losses in farming and processing.

I think one conclusion is clear: biofuels can’t add up – at least, not in countries like Britain, and not as a replacement for all transport fuels. Even leaving aside biofuels’ main defects – that their production competes with food, and that the additional inputs required for farming and processing often cancel out most of the delivered energy (figure 6.14) – biofuels made from plants, in a European country like Britain, can deliver so little power, I think they are scarcely worth talking about.



Notes and further reading

[image: Figure 6.14]

Figure 6.14. This figure illustrates the quantitative questions that must be asked of any proposed biofuel. What are the additional energy inputs required for farming and processing? What is the delivered energy? What is the net energy output? Often the additional inputs and losses wipe out most of the energy delivered by the plants.

[image: Module power against light intensity for MacKay's 2008 Sanyo HIP-210 and a 2026 Maxeon 7. Both lines are essentially straight through the origin; the modern module has a steeper slope but the same proportionality.]

Figure 6.15. Power produced as a function of light intensity, at 25°C. Redrawn in the 2026 revision with a current flagship module, the Maxeon 7 (445 W, 24.1%, −0.27%/°C), beside MacKay’s Sanyo HIP-210NKHE1. Six percentage points of efficiency later the shape is unchanged: a better panel raises the line, it does not bend it.34

[image: Annual mean sunshine on a horizontal surface for twenty locations in Europe, North America and Africa, from Edinburgh at 106 W per square metre to Ouarzazate at the top of the range.]

Figure 6.16. Average power of sunshine falling on a horizontal surface, in Europe, North America and Africa. Redrawn in the 2026 revision from PVGIS, 2016–2020 means, all on the ERA5 database so the continents are comparable.
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[image: Figure 6.17]

Figure 6.17. Part of Shockley and Queisser’s explanation for the 31% limit of the efficiency of simple photovoltaics. Left: the spectrum of midday sunlight. The vertical axis shows the power density in W/m2 per eV of spectral interval. The visible part of the spectrum is indicated by the coloured section. Right: the energy captured by a photovoltaic device with a single band-gap at 1.1 eV is shown by the tomato-shaded area. Photons with energy less than the band-gap are lost. Some of the energy of photons above the band-gap is lost; for example half of the energy of every 2.2 eV photon is lost. Further losses are incurred because of inevitable radiation from recombining charges in the photovoltaic material.

[image: Module efficiencies: MacKay's 2008 assumptions of 10 and 20 percent, against 2026 product from thin film at 19.5 up to the best commercial module at 25.6 percent, and a certified perovskite-silicon tandem prototype at 31.4.]

Figure 6.18. Efficiencies of solar photovoltaic modules available for sale. Redrawn in the 2026 revision. MacKay assumed 20% for roof-top and 10% for country-covering photovoltaics; 20% is now below the volume mainstream, and the certified tandem prototype has passed the single-junction Shockley–Queisser limit that made his ceiling look near.35

[image: Figure 6.19]

Figure 6.19. A combined-heat-and-power photovoltaic unit from Heliodynamics. A reflector area of 32 m2 (a bit larger than the side of a double-decker bus) delivers up to 10 kW of heat and 1.5 kW of electrical power. In a sun-belt country, one of these one-ton devices could deliver about 60 kWh/d of heat and 9 kWh/d of electricity. These powers correspond to average fluxes of 80 W/m2 of heat and 12 W/m2 of electricity (that’s per square metre of device surface); these fluxes are similar to the fluxes delivered by standard solar heating panels and solar photovoltaic panels, but Heliodynamics’s concentrating design delivers power at a lower cost, because most of the material is simple flat glass. For comparison, the total power consumption of the average European person is 125 kWh/d.

Here are a few sources to back up my estimate of 0.5 W/m2 for vegetable power in the UK. The Royal Commission on Environmental Pollution’s estimate of the potential delivered power density from energy crops in Britain is 0.2 W/m2 (Royal Commission on Environmental Pollution, 2004). On page 43 of the Royal Society’s biofuels document (Royal Society working group on biofuels, 2008), Miscanthus tops the list, delivering about 0.8 W/m2 of chemical power.

In the World Energy Assessment published by the UNDP, Rogner (2000) writes: “Assuming a 45% conversion efficiency to electricity and yields of 15 oven dry tons per hectare per year, 2 km2 of plantation would be needed per megawatt of electricity of installed capacity running 4,000 hours a year.” That is a power per unit area of 0.23 W(e)/m2. (1 W(e) means 1 watt of electrical power.)

Energy for Sustainable Development Ltd (2003) estimates that short-rotation coppices can deliver over 10 tons of dry wood per hectare per year, which corresponds to a power density of 0.57 W/m2. (Dry wood has a calorific value of 5 kWh per kg.)

According to Archer and Barber (2004), the instantaneous efficiency of a healthy leaf in optimal conditions can approach 5%, but the long-term energystorage efficiency of modern crops is 0.5–1%. Archer and Barber suggest that by genetic modification, it might be possible to improve the storage efficiency of plants, especially C4 plants, which have already naturally evolved a more efficient photosynthetic pathway. C4 plants are mainly found in the tropics and thrive in high temperatures; they don’t grow at temperatures below 10°C. Some examples of C4 plants are sugarcane, maize, sorghum, finger millet, and switchgrass. Zhu et al. (2008) calculate that the theoretical limit for the conversion efficiency of solar energy to biomass is 4.6% for C3 photosynthesis at 30°C and today’s 380 ppm atmospheric CO2 concentration, and 6% for C4 photosynthesis. They say that the highest solar energy conversion efficiencies reported for C3 and C4 crops are 2.4% and 3.7% respectively; and, citing Boyer (1982), that the average conversion efficiencies of major crops in the US are 3 or 4 times lower than those record efficiencies (that is, about 1% efficient). One reason that plants don’t achieve the theoretical limit is that they have insufficient capacity to use all the incoming radiation of bright sunlight. Both these papers (Zhu et al., 2008; Boyer, 1982) discuss prospects for genetic engineering of more-efficient plants.







… compensate for the tilt between the sun and the land. The latitude of Cambridge is θ = 52°; the intensity of midday sunlight is multiplied by cos θ ≈ 0.6. The precise factor depends on the time of year, and varies between cos(θ + 23°) = 0.26 and cos(θ - 23°) = 0.87.



In a typical UK location the sun shines during one third of daylight hours. The Highlands get 1100 h sunshine per year – a sunniness of 25%. The best spots in Scotland get 1400 h per year – 32%. Cambridge: 1500 ± 130 h per year – 34%. South coast of England (the sunniest part of the UK): 1700 h per year – 39%. [2rqloc] Cambridge data from [2szckw]. See also figure 6.16.



The average raw power of sunshine per square metre of south-facing roof in Britain is roughly 110 W/m2, and of flat ground, roughly 100 W/m2. Source: NASA “Surface meteorology and Solar Energy” [5hrxls]. Surprised that there’s so little difference between a tilted roof facing south and a horizontal roof? I was. The difference really is just 10% [6z9epq].



… that would be about 10 m2 of panels per person. I estimated the area of south-facing roof per person by taking the area of land covered by buildings per person (48 m2 in England – table I.6), multiplying by ¼ to get the southfacing fraction, and bumping the area up by 40% to allow for roof tilt. This gives 16 m2 per person. Panels usually come in inconvenient rectangles so some fraction of roof will be left showing; hence 10 m2 of panels.



The average power delivered by photovoltaic panels… There’s a myth going around that states that solar panels produce almost as much power in cloudy conditions as in sunshine. This is simply not true. On a bright but cloudy day, solar photovoltaic panels and plants do continue to convert some energy, but much less: photovoltaic production falls roughly ten-fold when the sun goes behind clouds (because the intensity of the incoming sunlight falls ten-fold). As figure 6.15 shows, the power delivered by photovoltaic panels is almost exactly proportional to the intensity of the sunlight – at least, if the panels are at 25°C. To complicate things, the power delivered depends on temperature too – hotter panels have reduced power (typically 0.38% loss in power per °C) – but if you check data from real panels, e.g. at www.solarwarrior.com, you can confirm the main point: output on a cloudy day is far less than on a sunny day. This issue is obfuscated by some solar-panel promoters who discuss how the “efficiency” varies with sunlight. “The panels are more efficient in cloudy conditions,” they say; this may be true, but efficiency should not be confused with delivered power.



Typical solar panels have an efficiency of about 10%; expensive ones perform at 20%. See figure 6.18. Sources: Turkenburg (2000), Sunpower www.sunpowercorp.com, Sanyo www.sanyo-solar.eu, Suntech.



A device with efficiency greater than 30% would be quite remarkable. This is a quote from Hopfield and Gollub (1978), who were writing about panels without concentrating mirrors or lenses. The theoretical limit for a standard “single-junction” solar panel without concentrators, the Shockley–Queisser limit, says that at most 31% of the energy in sunlight can be converted to electricity (Shockley and Queisser, 1961). (The main reason for this limit is that a standard solar material has a property called its band-gap, which defines a particular energy of photon that that material converts most efficiently. Sunlight contains photons with many energies; photons with energy below the band-gap are not used at all; photons with energy greater than the band-gap may be captured, but all their energy in excess of the band-gap is lost.) Concentrators (lenses or mirrors) can both reduce the cost (per watt) of photovoltaic systems, and increase their efficiency. The Shockley–Queisser limit for solar panels with concentrators is 41% efficiency. The only way to beat the Shockley–Queisser limit is to make fancy photovoltaic devices that split the light into different wavelengths, processing each wavelength-range with its own personalized band-gap. These are called multiple-junction photovoltaics. Recently multiple-junction photovoltaics with optical concentrators have been reported to be about 40% efficient. [2tl7t6], www.spectrolab.com. In July 2007, the University of Delaware reported 42.8% efficiency with 20-times concentration [6hobq2], [2lsx6t]. In August 2008, NREL reported 40.8% efficiency with 326-times concentration [62ccou]. Strangely, both these results were called world efficiency records. What multiple-junction devices are available on the market? Uni-solar sell a thin-film triple-junction 58 W(peak) panel with an area of 1 m2. That implies an efficiency, in full sunlight, of only 5.8%.



Figure 6.5: Solar PV data. Data and photograph kindly provided by Jonathan Kimmitt.



Figure 6.5 recalculated with PVGIS (European Commission Joint Research Centre), ERA5 radiation database, 35° tilt facing south, 14% system losses, at Cambridge (52.205 N, 0.119 E). A 4.0 kWp system models at 4209 kWh/year, or 11.5 kWh/d, against the 12 kWh/d MacKay measured in 2006 — agreement close enough to use the same model for the modern case. Filling the same 25 m2 with 22%-efficient modules gives 5.5 kWp and 5787 kWh/year, 15.9 kWh/d, which is 26.4 W per m2 of panel against MacKay’s 20. This is a modelled comparison on a common basis, not a second measurement; the seasonal shape matters more than the annual total, and December remains under a third of June in both cases.



Heliodynamics – www.hdsolar.com. See figure 6.19. A similar system is made by Arontis www.arontis.se.



The Solarpark in Muhlhausen, Bavaria. On average this 25-hectare farm is expected to deliver 0.7 MW (17 000 kWh per day). New York’s Stillwell Avenue subway station has integrated amorphous silicon thin-film photovoltaics in its roof canopy, delivering 4 W/m2 (Fies et al., 2007). The Nellis solar power plant in Nevada was completed in December, 2007, on 140 acres, and is expected to generate 30 GWh per year. That’s 6 W/m2 [5hzs5y]. Serpa Solar Power Plant, Portugal (PV), “the world’s most powerful solar power plant,” [39z5m5] [2uk8q8] has sun-tracking panels occupying 60 hectares, i.e., 600 000 m2 or 0.6 km2, expected to generate 20 GWh per year, i.e., 2.3 MW on average. That’s a power per unit area of 3.8 W/m2.



The solar power capacity required to deliver 50 kWh/d per person in the UK is more than 100 times all the photovoltaics in the whole world. To deliver 50 kWh/d per person in the UK would require 125 GW average power, which requires 1250 GW of capacity. At the end of 2007, world installed photovoltaics amounted to 10 GW peak; the build rate is roughly 2 GW per year.



… paving 5% of this country with solar panels seems beyond the bounds of plausibility. My main reason for feeling such a panelling of the country would be implausible is that Brits like using their countryside for farming and recreation rather than solar-panel husbandry. Another concern might be price. This isn’t a book about economics, but here are a few figures. Going by the price-tag of the Bavarian solar farm, to deliver 50 kWh/d per person would cost €91 000 per person; if that power station lasted 20 years without further expenditure, the wholesale cost of the electricity would be €0.25 per kWh. Further reading: David Carlson, BP solar [2ahecp].



The claim is one of the energy- and economics-related entries in the Skeptical Science catalogue of climate arguments, https://skepticalscience.com/argument.php. The answer given here is this book’s own, worked from the arithmetic in this chapter rather than restated from that source; the reference is included because the catalogue is the most complete list of what is actually argued, and because a reader meeting one of these claims deserves somewhere to go that is not this book. Chapter 31 explains why most of that catalogue is not this book’s argument, and carries the counts.



Module efficiencies are for 2026 product: TOPCon, about 70% of world cell production, at 22–24% module efficiency; heterojunction at 23–25%; the best commercially available module about 25.6%. The tandem record is LONGi’s crystalline-silicon–perovskite cell at 35.5%, certified by the European Solar Test Installation and announced at the Solar and Energy Storage Innovation Conference in July 2026, with tandem modules certified at 31.4% and 29.4%: https://www.longi.com/en/news/crystalline-silicon-perovskite-tandem-solar-cell-new-world-efficiency-2026/. LONGi’s progression was 33.9% in November 2023, 34.6% in June 2024, then 34.85%, 35.2% and 35.5%. The theoretical limit for a two-junction tandem is about 43%, against the Shockley–Queisser limit for a single junction — 31% in Shockley and Queisser’s original 1961 paper, which is the figure MacKay’s endnote 7 and figure 6.17 use, and 33.7% on the modern detailed-balance calculation — which is the escape route MacKay’s own endnote 7 describes. A record cell is not a product: these are laboratory devices, and the gap between champion cell and mass-produced module has historically run to several years and several percentage points.



Module efficiencies are for 2026 product: TOPCon, about 70% of world cell production, at 22–24% module efficiency; heterojunction at 23–25%; the best commercially available module about 25.6%. The tandem record is LONGi’s crystalline-silicon–perovskite cell at 35.5%, certified by the European Solar Test Installation and announced at the Solar and Energy Storage Innovation Conference in July 2026, with tandem modules certified at 31.4% and 29.4%: https://www.longi.com/en/news/crystalline-silicon-perovskite-tandem-solar-cell-new-world-efficiency-2026/. LONGi’s progression was 33.9% in November 2023, 34.6% in June 2024, then 34.85%, 35.2% and 35.5%. The theoretical limit for a two-junction tandem is about 43%, against the Shockley–Queisser limit for a single junction — 31% in Shockley and Queisser’s original 1961 paper, which is the figure MacKay’s endnote 7 and figure 6.17 use, and 33.7% on the modern detailed-balance calculation — which is the escape route MacKay’s own endnote 7 describes. A record cell is not a product: these are laboratory devices, and the gap between champion cell and mass-produced module has historically run to several years and several percentage points.



Cleve Hill Solar Park, Graveney Marshes, Kent: 373 MW on a site of about 360 hectares, of which roughly 320 hectares carry panels, with a further managed bird-habitat area alongside; more than 550 000 modules; fully operational 1 July 2025; a 150 MW battery is being added. Sources differ on the exact split between panelled land and habitat, and the published figures do not reconcile to a single total, so the round 360 ha is used throughout. Note that the 320 ha is the panelled zone, inter-row gaps included, not the area of glass: module area is about 1.7 km2 (373 MW ÷ 22% ÷ 1 kW/m2), which is a ground-cover ratio of roughly 0.47 over the site and is the figure the body uses. The next largest operational British solar farm, Llanwern in Wales, is 49.9 MW. The capacity factor is derived here rather than quoted: 20.0 TWh generated in 2025 from 22 GW installed is 10.4%, and 373 MW × 0.104 spread over 3.6 km2 gives 10.8 W/m2. Two caveats run in opposite directions. Generation and capacity are both taken from the Energy Institute’s Statistical Review of World Energy 2026 so that the ratio is internally consistent; the Ember series behind chapter 28a’s chart of the UK generation mix gives UK solar as 19 TWh for 2025, which would make the capacity factor 9.9%, Cleve Hill 10.3 W/m2 and the per-person figure 0.75 kWh/d. None of the conclusions here turn on which series is used. Second, applying a national capacity factor dominated by rooftop systems at imperfect orientation understates a new utility farm in the south of England, whose metered output is likely higher; the estimate is therefore conservative in Cleve Hill’s favour.



Shi Chen, Xi Lu, Edgar Virgüez, Jiming Hao, Ken Caldeira and Steven J. Davis, “The effect of land costs on the economic and sustainability performance of solar photovoltaics in China”, PNAS 123 (8) e2512930123 (2026), https://doi.org/10.1073/pnas.2512930123. Power densities are the paper’s, from China’s Code for Design of Photovoltaic (PV) Power Stations, and are peak direct-current capacity per square metre of site, designed to avoid inter-row shading between 9 am and 3 pm year-round: 88.0 W/m2 fixed-tilt and 42.1 W/m2 single-axis tracking as national averages, ranging from 132.2 and 79.4 in South China to 57.9 and 18.8 in the Northeast. National capacity factors are the paper’s modelled values for monofacial modules, 16.6% fixed-tilt against 20.5% tracking. The adoption rates of 12% in China and more than 90% in the United States, the land cost of CN¥31.5/m2 in East, North and Central China, and the resulting 19.7% and 8.1% additions to levelised cost are likewise the paper’s. The delivered figures of about 15 and 8.6 W/m2 are this edition’s, being those two numbers multiplied, and the ground-cover ratios of 0.40 and 0.19 are likewise derived, by dividing the site density by 220 W per square metre of 22%-efficient module. Cleve Hill’s 104 W/m2 peak and ground cover of 0.47 are from the note above. Three cautions. The Chinese figures are national averages across a range that spans more than a factor of four, and the comparison sets that average against a single British site, so it establishes that the two lie in the same range rather than fixing either precisely. The Chinese design code is more conservative about winter shading than a British developer paying Kent land prices need be, which is part of why Cleve Hill packs more tightly and is an instance of the paper’s own thesis rather than an exception to it. And the capacity factors are modelled rather than metered, where Cleve Hill’s 10.4% is derived from national metered generation in the note above; the two are not measured on the same basis. A fourth caution goes to “the same geometry, reached independently” itself and cannot be resolved here. The Chinese densities are explicitly peak direct-current capacity. Cleve Hill’s 373 MW is a published plant rating whose basis this edition has not established, and the note above assumes direct current in deriving the module area. If it is an alternating-current export rating instead, the direct-current figure would be roughly a fifth to a third higher, putting the site near 125 to 135 W/m2 and its ground cover near 0.55 to 0.60 — which would weaken “the same geometry, reached independently” rather than support it. The delivered comparison of 15 against 11 W/m2 is unaffected, since both sides of it come from generation rather than from a rating.



Shi Chen, Xi Lu, Edgar Virgüez, Jiming Hao, Ken Caldeira and Steven J. Davis, “The effect of land costs on the economic and sustainability performance of solar photovoltaics in China”, PNAS 123 (8) e2512930123 (2026), https://doi.org/10.1073/pnas.2512930123. Power densities are the paper’s, from China’s Code for Design of Photovoltaic (PV) Power Stations, and are peak direct-current capacity per square metre of site, designed to avoid inter-row shading between 9 am and 3 pm year-round: 88.0 W/m2 fixed-tilt and 42.1 W/m2 single-axis tracking as national averages, ranging from 132.2 and 79.4 in South China to 57.9 and 18.8 in the Northeast. National capacity factors are the paper’s modelled values for monofacial modules, 16.6% fixed-tilt against 20.5% tracking. The adoption rates of 12% in China and more than 90% in the United States, the land cost of CN¥31.5/m2 in East, North and Central China, and the resulting 19.7% and 8.1% additions to levelised cost are likewise the paper’s. The delivered figures of about 15 and 8.6 W/m2 are this edition’s, being those two numbers multiplied, and the ground-cover ratios of 0.40 and 0.19 are likewise derived, by dividing the site density by 220 W per square metre of 22%-efficient module. Cleve Hill’s 104 W/m2 peak and ground cover of 0.47 are from the note above. Three cautions. The Chinese figures are national averages across a range that spans more than a factor of four, and the comparison sets that average against a single British site, so it establishes that the two lie in the same range rather than fixing either precisely. The Chinese design code is more conservative about winter shading than a British developer paying Kent land prices need be, which is part of why Cleve Hill packs more tightly and is an instance of the paper’s own thesis rather than an exception to it. And the capacity factors are modelled rather than metered, where Cleve Hill’s 10.4% is derived from national metered generation in the note above; the two are not measured on the same basis. A fourth caution goes to “the same geometry, reached independently” itself and cannot be resolved here. The Chinese densities are explicitly peak direct-current capacity. Cleve Hill’s 373 MW is a published plant rating whose basis this edition has not established, and the note above assumes direct current in deriving the module area. If it is an alternating-current export rating instead, the direct-current figure would be roughly a fifth to a third higher, putting the site near 125 to 135 W/m2 and its ground cover near 0.55 to 0.60 — which would weaken “the same geometry, reached independently” rather than support it. The delivered comparison of 15 against 11 W/m2 is unaffected, since both sides of it come from generation rather than from a rating.



World installed solar capacity from the Energy Institute’s Statistical Review of World Energy 2026, which covers photovoltaics and concentrated solar together: 8 956 MW at end-2007, 1 422 GW at end-2023, 1 880 GW at end-2024 and 2 392 GW at end-2025. China 1 202 GW, Germany 106 GW, the United Kingdom 22 GW at end-2025. MacKay’s 1250 GW is his own figure: 50 kWh/d per person in the UK is 125 GW average, which at a 10% capacity factor needs 1250 GW of capacity. Note that his comparison was to peak world capacity of 10 GW at end-2007 with a build rate of 2 GW a year; the build rate in 2025 was about 512 GW.



IRENA, Renewable Power Generation Costs in 2024 (July 2025): global weighted-average LCOE for utility-scale solar PV of USD 0.043/kWh in 2024, against USD 0.460/kWh in 2010, a fall of about 90%; global weighted-average total installed cost USD 691/kW in 2024, down 11% year-on-year and 87% since 2010, with module and inverter cost reductions accounting for about 60% of the fall and installation, development and EPC costs a further 30%. MacKay’s €0.25/kWh is his own calculation from the price tag of the Bavarian solar farm, assuming a 20-year life with no further expenditure — an assumption the note on inverter replacement below bears on.



Ivanpah Solar Electric Generating System, San Bernardino County, California. Figures in this note follow the summary at https://en.wikipedia.org/wiki/Ivanpah_Solar_Power_Facility and the sources cited there; they have not been checked against the primary records, and readers wanting to verify them should go to EIA form 923 for generation and fuel consumption and to the California Public Utilities Commission’s own docket for the closure proceeding. 392 MW gross (440 MW originally planned) on 3500 acres of public land, opened 13 February 2014, cost $2.2 billion (about $2.86 billion in 2024 money) with a $1.6 billion Department of Energy loan guarantee. Generation against an advertised 940 000 MWh/year: 419 085 MWh in 2014 (44.6%), 653 122 in 2015 (69.5%), 856 301 in 2020 (91.1%). Gas consumption reached 525 million cubic feet in 2014. Bird mortality is estimated at 3500–6000 a year from collision and from solar flux reaching 1000°F, a cost that no power-per-unit-area figure captures. Closure was announced in January 2025, citing cheaper photovoltaics; the California Public Utilities Commission rejected the closure agreement in December 2025 and required two of the three units to remain operational. Neither the CPUC proceeding number nor the EIA plant identifier has been established here, so that decision — the claim the section leans on hardest — remains the least checkable statement in the note; it is described in the body without characterising the vote. The power density here is computed from the best year: 856 301 MWh over 8760 hours is 97.8 MW average, and 3500 acres is 14.16 km2, giving 6.9 W/m2. Note that this compares Ivanpah’s measured best year against an estimate for Cleve Hill derived from a national capacity factor, which is not a like-for-like basis.



Typical modern module degradation is 0.3–0.5% a year, with premium monocrystalline product at 0.25–0.3%, after about 3% lost in the first year; warranties commonly guarantee 90% of rated output at 10 years and 80–92% at 25–30 years, and many tier-one modules continue to work at reduced output for 35–40 years. String inverters are generally rated for 10–15 years, some exceeding 20, so one or two replacements fall inside the panels’ warranted life. These are manufacturer and industry figures rather than independent field measurements, and real-world degradation depends heavily on climate, mounting and maintenance.



Capture price is the sum of production times spot price, divided by total production — the average price a generator actually realises, weighted by its own output. Great Britain 2025: time-weighted average £79.9/MWh, solar £65.9 (value factor 0.82), wind £72.0 (0.90), gas £94.8 (1.19). These are the same figures as chapter 28a’s, from this edition’s data-refresh script (Refresh.scala, DuckDB) over Elexon BMRS settlement data; the elmix reference list at https://oluies.github.io/elmix/modell/referenser.html is supplementary further reading rather than the primary source.



The elmix cannibalization model, https://oluies.github.io/elmix/modell/system.html.



Solar generation in 2025 from the Energy Institute’s Statistical Review of World Energy 2026 — United Kingdom 20.0 TWh, world 2 811.1 TWh, China 1 173.2 TWh, Germany 91.6 TWh — divided by population for the matching year and then by 365. Population is Our World in Data’s series year by year rather than a single present-day figure, which matters for the early part of figure 6.22: world population in 2000 was 6.15 billion, not today’s 8.2. That series ends in 2023, so 2024 and 2025 are extended at each region’s mean growth over the preceding three years, which moves the per-person figures by well under 1%. These are per head of total population, not per household or per connected customer.



People in Britain throw away about 300 g of food per day. Source: Ventour (2008).



Figure 6.10. In the USA, Miscanthus grown without nitrogen fertilizer yields about 24 t/ha/y of dry matter. In Britain, yields of 12–16 t/ha/y are reported. Dry Miscanthus has a net calorific value of 17 MJ/kg, so the British yield corresponds to a power density of 0.75 W/m2. Sources: Heaton et al. (2004) and [6kqq77]. The estimated yield is obtained only after three years of undisturbed growing.



The most efficient plants are about 2% efficient; but the delivered power per unit area is about 0.5 W/m2. At low light intensities, the best British plants are 2.4% efficient in well-fertilized fields (Monteith, 1977) but at higher light intensities, their conversion efficiency drops. According to Turkenburg (2000) and Schiermeier et al. (2008), the conversion efficiency of solar to biomass energy is less than 1%.



Figure 6.11. The numbers in this figure are drawn from Rogner (2000) (net energy yields of wood, rape, sugarcane, and tropical plantations); Bayer Crop Science (2003) (rape to biodiesel); Francis et al. (2005) and Asselbergs et al. (2006) (jatropha); Mabee et al. (2006) (sugarcane, Brazil); Schmer et al. (2008) (switchgrass, marginal cropland in USA); Shapouri et al. (1995) (corn to ethanol); Royal Commission on Environmental Pollution (2004); Royal Society working group on biofuels (2008); Energy for Sustainable Development Ltd (2003); Archer and Barber (2004); Boyer (1982); Monteith (1977).



Figure 6.11 is rebuilt from the figures MacKay cites in endnotes 14 to 16 rather than digitised from the 2008 artwork, so it carries fewer crops than the original: the Royal Commission on Environmental Pollution’s 0.2 W/m2 for British energy crops, Rogner’s 0.23 W(e)/m2 for plantation-to-electricity, Energy for Sustainable Development’s 0.57 W/m2 for short-rotation coppice, Heaton and colleagues’ 0.75 W/m2 for Miscanthus in Britain, the Royal Society’s 0.8 W/m2 for Miscanthus, the 0.095–0.254 W/m2 range for net wood yield, and MacKay’s own 0.5 W/m2 summary. Corn to ethanol is shown at the erratum value of 0.048 W/m2. The tropical entries in the original figure are not reproduced here.



Even just setting fire to dried wood in a good wood boiler loses 20% of the heat up the chimney. Sources: Royal Society working group on biofuels (2008); Royal Commission on Environmental Pollution (2004).



Monthly sunshine hours from the Met Office’s historic station data for Cambridge NIAB and Oxford, divided by daylight hours computed from the standard sunrise equation at each station’s latitude. Only years with all twelve months reported are counted. Cambridge NIAB averages 34.2% over 51 complete years, 1959–2009, and stopped reporting sunshine after 2010; Oxford averages 35.4% over 97 complete years, 1929–2025. Two cautions: the two stations are 130 km apart and not interchangeable, and the record changes instrument part-way — Campbell–Stokes recorders give way to automatic Kipp & Zonen sensors, a transition known to shift measured totals — so the long-run trend should be read with more care than the levels.



Figure 6.15 is modelled rather than measured. Output is taken as proportional to irradiance with a small low-light efficiency droop, about 3% down at 200 W/m2, which is typical of crystalline silicon; the ratings are the Maxeon 7 at 445 W and 24.1% module efficiency over 1.85 m2 with a −0.27%/°C power temperature coefficient, and MacKay’s Sanyo HIP-210NKHE1 at 210 W over 1.18 m2. MacKay’s original plotted datasheet values for the Sanyo; the modern curve here is constructed on the same assumption of proportionality rather than taken from a published low-irradiance table, and is offered to make the shape comparison, not as a substitute for a datasheet.



Module efficiencies are for 2026 product: TOPCon, about 70% of world cell production, at 22–24% module efficiency; heterojunction at 23–25%; the best commercially available module about 25.6%. The tandem record is LONGi’s crystalline-silicon–perovskite cell at 35.5%, certified by the European Solar Test Installation and announced at the Solar and Energy Storage Innovation Conference in July 2026, with tandem modules certified at 31.4% and 29.4%: https://www.longi.com/en/news/crystalline-silicon-perovskite-tandem-solar-cell-new-world-efficiency-2026/. LONGi’s progression was 33.9% in November 2023, 34.6% in June 2024, then 34.85%, 35.2% and 35.5%. The theoretical limit for a two-junction tandem is about 43%, against the Shockley–Queisser limit for a single junction — 31% in Shockley and Queisser’s original 1961 paper, which is the figure MacKay’s endnote 7 and figure 6.17 use, and 33.7% on the modern detailed-balance calculation — which is the escape route MacKay’s own endnote 7 describes. A record cell is not a product: these are laboratory devices, and the gap between champion cell and mass-produced module has historically run to several years and several percentage points.





7 Heating and cooling

[image: Figure 7.1]

Figure 7.1. A flock of new houses.

[image: Figure 7.2]

Figure 7.2. The water in a bath.

This chapter explores how much power we spend controlling the temperature of our surroundings – at home and at work – and on warming or cooling our food, drink, laundry, and dirty dishes.


Domestic water heating

The biggest use of hot water in a house might be baths, showers, dishwashing, or clothes-washing – it depends on your lifestyle. Let’s estimate first the energy used by taking a hot bath.

The volume of bath-water is 50 cm × 15 cm × 150 cm ≈ 110 litre. Say the temperature of the bath is 50 °C (120 °F) and the water coming into the house is at 10 °C. The heat capacity of water, which measures how much energy is required to heat it up, is 4200 J per litre per °C. So the energy required to heat up the water by 40 °C is

4200 J/litre/°C × 110 litre × 40 °C ≈ 18 MJ ≈ 5 kWh.

So taking a bath uses about 5 kWh. For comparison, taking a shower (30 litres) uses about 1.4 kWh.


Kettles and cookers

230 V × 13 A = 3000 W

Britain, being a civilized country, has a 230 volt domestic electricity supply. With this supply, we can use an electric kettle to boil several litres of water in a couple of minutes. Such kettles have a power of 3 kW. Why 3 kW? Because this is the biggest power that a 230 volt outlet can deliver without the current exceeding the maximum permitted, 13 amps. In countries where the voltage is 110 volts, it takes twice as long to make a pot of tea.

[image: Figure 7.3]

Figure 7.3. Power consumption by a heating and cooling device.

If a household has the kettle on for 20 minutes per day, that’s an average power consumption of 1 kWh per day. (I’ll work out the next few items “per household,” with 2 people per household.)

One small ring on an electric cooker has the same power as a toaster: 1 kW. The higher-power hot plates deliver 2.3 kW. If you use two rings of the cooker on full power for half an hour per day, that corresponds to 1.6 kWh per day.

A microwave oven usually has its cooking power marked on the front: mine says 900 W, but it actually consumes about 1.4 kW. If you use the microwave for 20 minutes per day, that’s 0.5 kWh per day.

A regular oven guzzles more: about 3 kW when on full. 1 If you use the oven for one hour per day, and the oven’s on full power for half of that time, that’s 1.5 kWh per day.




	
Device

	
power

	
time
 per day

	
energy
 per day






	
Cooking

	

	

	




	
– kettle

	
3 kW

	
1⁄3 h

	
1 kWh/d




	
– microwave

	
1.4 kW

	
1⁄3 h

	
0.5 kWh/d




	
– electric cooker (rings)

	
3.3 kW

	
1⁄2 h

	
1.6 kWh/d




	
– electric oven

	
3 kW

	
1⁄2 h

	
1.5 kWh/d




	
Cleaning

	

	

	




	
– washing machine

	
2.5 kW

	

	
1 kWh/d




	
– tumble dryer

	
2.5 kW

	
0.8 h

	
2 kWh/d




	
– airing-cupboard drying

	

	

	
0.5 kWh/d




	
– washing-line drying

	

	

	
0 kWh/d




	
– dishwasher

	
2.5 kW

	

	
1.5 kWh/d




	
Cooling

	

	

	




	
– refrigerator

	
0.02 kW

	
24 h

	
0.5 kWh/d




	
– freezer

	
0.09 kW

	
24 h

	
2.3 kWh/d




	
– air-conditioning

	
0.6 kW

	
1 h

	
0.6 kWh/d






Table 7.4. Energy consumption figures for heating and cooling devices, per household.



Hot clothes and hot dishes

A clothes washer, dishwasher, and tumble dryer all use a power of about 2.5 kW when running.

[image: Figure 7.5]

Figure 7.5. The hot water total at both home and work – including bathing, showering, clothes washing, cookers, kettles, microwave oven, and dishwashing – is about 12 kWh per day per person. I’ve given this box a light colour to indicate that this power could be delivered by low-grade thermal energy.

[image: Figure 7.6]

Figure 7.6. A big electric heater: 2 kW.

A clothes washer uses about 80 litres of water per load, with an energy cost of about 1 kWh if the temperature is set to 40 °C. If we use an indoor airing-cupboard instead of a tumble dryer to dry clothes, heat is still required to evaporate the water – roughly 1.5 kWh to dry one load of clothes, instead of 3 kWh. 2

Totting up the estimates relating to hot water, I think it’s easy to use about 12 kWh per day per person.




Hot air – at home and at work

Now, does more power go into making hot water and hot food, or into making hot air via our buildings’ radiators?

One way to estimate the energy used per day for hot air is to imagine a building heated instead by electric fires, whose powers are more familiar to us. The power of a small electric bar fire or electric fan heater is 1 kW (24 kWh per day). In winter, you might need one of these per person to keep toasty. In summer, none. So we estimate that on average one modern person needs to use 12 kWh per day on hot air. But most people use more than they need, keeping several rooms warm simultaneously (kitchen, living room, corridor, and bathroom, say). So a plausible consumption figure for hot air is about double that: 24 kWh per day per person.

This chapter’s companion Chapter E contains a more detailed account of where the heat is going in a building; this model makes it possible to predict the heat savings from turning the thermostat down, double-glazing the windows, and so forth.

[image: Figure 7.7]

Figure 7.7. Hot air total – including domestic and workplace heating – about 24 kWh per day per person.


Warming the outdoors, and other luxuries

There’s a growing trend of warming the outdoors with patio heaters. Typical patio heaters have a power of 15 kW. So if you use one of these for a couple of hours every evening, you are using an extra 30 kWh per day.

A more modest luxury is an electric blanket. An electric blanket for a double bed uses 140 W; switching it on for one hour uses 0.14 kWh.




Cooling


Fridge and freezer

We control the temperatures not only of the hot water and hot air with which we surround ourselves, but also of the cold cupboards we squeeze into our hothouses. My fridge-freezer, pictured in figure 7.3, consumes 18 W on average – that’s roughly 0.5 kWh/d.



Air-conditioning

In countries where the temperature gets above 30 °C, air-conditioning is viewed as a necessity, and the energy cost of delivering that temperature control can be large. However, this part of the book is about British energy consumption, and Britain’s temperatures provide little need for air- conditioning (figure 7.8).

[image: Cambridge daily temperature for 2006 and 2025, seven-day means with the daily range shaded, against the 15.5 degree heating threshold. The two years track closely; 2025 averages 11.6 against 11.1 in 2006.]

Figure 7.8. Cambridge temperature: MacKay’s 2006 against 2025. Redrawn in the 2026 revision. Heating degree days fell from 1890 to 1766, about 7%, which is part of why British gas demand fell without anyone insulating anything — and a reminder that some of the apparent efficiency gain in the national statistics is weather. Summer still barely reaches the point where cooling would pay, so MacKay’s judgement that Britain has little need of air-conditioning survives.3

An economical way to get air-conditioning is an air-source heat pump. A window-mounted electric air-conditioning unit for a single room uses 0.6 kW of electricity and (by heat-exchanger) delivers 2.6 kW of cooling. To estimate how much energy someone might use in the UK, I assumed they might switch such an air-conditioning unit on for about 12 hours per day on 30 days of the year. On the days when it’s on, the air-conditioner uses 7.2 kWh. The average consumption over the whole year is 0.6 kWh/d.

[image: Figure 7.9]

Figure 7.9. Cooling total – including a refrigerator (fridge/freezer) and a little summer air-conditioning – 1 kWh/d.

This chapter’s estimate of the energy cost of cooling – 1 kWh/d per person – includes this air-conditioning and a domestic refrigerator.

[image: Figure 7.10]

Figure 7.10. My domestic cumulative gas consumption, in kWh, each year from 1993 to 2005. The number at the top of each year’s line is the average rate of energy consumption, in kWh per day. To find out what happened in 2007, keep reading!

Society also refrigerates food on its way from field to shopping basket. I’ll estimate the power cost of the food-chain later, in Chapter 15.

[image: Figure 7.11]

Figure 7.11. Heating and cooling – about 37 units per day per person. I’ve removed the shading from this box to indicate that it represents power that could be delivered by low-grade thermal energy.




Total heating and cooling

Our rough estimate of the total energy that one person might spend on heating and cooling, including home, workplace, and cooking, is 37 kWh/d per person (12 for hot water, 24 for hot air, and 1 for cooling).

Evidence that this estimate is in the right ballpark, or perhaps a little on the low side, comes from my own domestic gas consumption, which for 12 years averaged 40 kWh per day (figure 7.10). At the time I thought I was a fairly frugal user of heating, but I wasn’t being attentive to my actual power consumption. Chapter 21 will reveal how much power I saved once I started paying attention.

Since heating is a big item in our consumption stack, let’s check my estimates against some national statistics. Nationally, the average domestic consumption for space heating, water, and cooking in the year 2000 was 21 kWh per day per person, and consumption in the service sector for heating, cooling, catering, and hot water was 8.5 kWh/d/p. 4 For an estimate of workplace heating, let’s take the gas consumption of the University of Cambridge in 2006–7: 16 kWh/d per employee. 5

Totting up these three numbers, a second guess for the national spend on heating is 21 + 8.5 + 16 ≈ 45 kWh/d per person, if Cambridge University is a normal workplace. Good, that’s reassuringly close to our first guess of 37 kWh/d.



What happened to heating

A section added in the 2026 revision. This is the largest single item in the book’s demand stack, and it is the one that has moved most since 2008 — in two different ways. The heat a British house needs has fallen. And the energy required to deliver that heat has fallen much further, because the machine changed.


The demand fell

MacKay’s 37 kWh/d was written when Britain burned 3.52 EJ of gas a year. In 2025 it burned 2.20 EJ, a fall of 37%, and per head the fall is steeper still because the population grew: from about 43 to 24 kWh/d per person of gas for everything — power stations, industry and homes together.6 For homes specifically, the government’s own accounting puts gas consumption per household down 43% since 2008, with three-quarters of what remains going on space heating.7

Very little of that is virtue. Some is insulation and condensing boilers, which is the real efficiency MacKay’s Chapter E is about. Some is warmer winters. A great deal of the sharpest movement — a 17% drop in 2022 alone — is people turning the thermostat down because they could not afford the gas, which is a reduction in comfort rather than in waste, and belongs in a different column of the ledger.



The heat pump changes the arithmetic, not the heat

The important change is not the number of kilowatt-hours of heat. It is that heat and energy have come apart.

MacKay’s 24 kWh/d of hot air is a fact about the building — its walls, its windows, the temperature difference across them. A gas boiler at about 90% efficiency needs roughly 27 kWh/d of gas to supply it. A heat pump does not make heat; it moves it, and at a seasonal performance factor of 3 it needs about 8 kWh/d of electricity to deliver the same 24.

Apply that across the chapter. The 36 kWh/d of hot water and hot air, delivered by heat pump rather than combustion, becomes about 12 kWh/d of electricity; with the 1 kWh/d of cooling, the whole of this chapter falls from 37 kWh/d to roughly 13. At the 2.65 that British field trials actually measure rather than the 3.0 assumed here, it is nearer 15 — still a reduction by more than half.

That is a bigger change to the British balance sheet than anything on the production side of this book, and it comes from replacing a machine rather than from building anything new. MacKay saw it — Chapter 21 makes the case for heat pumps directly, and this edition’s Chapter M explains why the accounting works: a heat pump is charged only for the electricity it draws, while a boiler is charged for the whole of the fuel it burns.



The same machine, elsewhere in the house

The heat pump has quietly taken over an appliance this chapter also costs: the tumble dryer.

MacKay puts a tumble-dryer load at 3 kWh, and advises using an airing cupboard instead at about 1.5 kWh. A heat-pump dryer recirculates its air and recovers the latent heat rather than venting it, and uses roughly half the electricity per cycle — about 265 kWh a year for an 8 kg machine against 561 kWh for a condenser. So the machine now does what MacKay’s airing cupboard did, without the airing cupboard.

The regulation went further than the market. Since 1 July 2025 only heat-pump dryers may be placed on the EU market at all, condenser and vented models having been designed out by the ecodesign efficiency floor, and the label was rebased from the old A+++ scale to a plain A–G.8

It is worth noticing what that implies for the argument above. The same technology that Britain is not installing in its boiler cupboards has already been installed, by regulation and without controversy, in its laundry rooms — because there the competing appliance also ran on electricity, so no price ratio stood in the way. The obstacle to heat pumps was never the heat pump.



Europe has done it. Britain has not.

The gap between those two sentences is the most striking thing in the current data.

European heat pump sales rose 11% in 2025 to about 2.63 million residential units, bringing the installed stock to roughly 28 million. Germany passed a milestone: heat pumps took 50% of the space-heating market for the first time, on 299 000 units, with gas boilers down to 44%. France sold 528 000 and Italy 423 000. Measured against households, Norway, Finland and Sweden all exceed 30 sales per 1000 households.

The United Kingdom and Poland are below five per 1000.9 Britain recorded 51 886 certified retrofit installations in 2025, a 7% increase, and passed a cumulative 250 000. For a country with roughly 28 million homes, that is a stock replacement rate which would take several centuries.

The ratio tells the same story from the other end. Across Europe, fossil boilers still outsell heat pumps 2.1 to 1 — an improvement on 2.4 the year before. Worldwide it is 3.8 to 1, with just under 13 million boilers sold in 2025, 90% of them gas-fired.

So gas heating is in decline, and the decline is real, but it is a decline in volume per house rather than a replacement of the method. The boiler is still what gets fitted when the old one fails, in most of Europe and overwhelmingly in Britain.



Why Britain has not, in one chart

The machine is not the obstacle. A heat pump is cheaper to run than a gas boiler exactly when its seasonal performance factor beats the ratio of what a household pays for a kilowatt-hour of electricity to what it pays for a kilowatt-hour of gas. The European Commission puts modern heat pumps at three to five times the efficiency of a gas boiler, and notes that where electricity costs more than about three times gas, the boiler stays competitive.10

[image: Household electricity price divided by household gas price, per kWh including taxes, for 31 European countries, against the ratio of 3 at which a typical heat pump breaks even. Sweden 1.3, Netherlands 1.5, France 1.8, Italy 2.0; Germany 3.2, United Kingdom 3.6, Belgium 3.9, Romania 5.1.]

Figure 7.12. Where a heat pump is cheaper to run than a gas boiler. Household prices per kWh including all taxes and levies, Eurostat 2025 second half, with the United Kingdom from the Ofgem cap. Added in the 2026 revision.

The chart sorts the argument out. Sweden is at 1.3, the Netherlands 1.5, France 1.8, Italy 2.0 — in all of them a heat pump at a performance factor of 3 more than pays. Germany is at 3.2 and the United Kingdom at 3.6, both above the line, so in both a heat pump can be more efficient in physics and still cost more to run. Germany nonetheless reached 50% market share, which tells you what a subsidy can do; Britain, without one on that scale, sits below five installations per thousand households.

The Nordic countries that lead on heat pumps mostly do not appear here at all, because they have little or no household gas distribution to compare against. That is the same point from the other side: their heat pumps are not competing with gas, and never were.

This is chapter 28a’s argument arriving in the boiler cupboard. The obstacle is not the technology and not the physics. It is that a country’s tax and levy structure decides which kilowatt-hour is expensive, and Britain has chosen to load its levies onto the one that heat pumps run on.



How much worse, and for whom

A review for the UK Collaborative Centre for Housing Evidence gathered every available British field trial and demonstrator project and reached the same conclusion by a different route, using the same measure — it calls it the electricity-to-gas price ratio, EtGPR — and it is worth quoting because it is more pessimistic than anything above.11

Its finding is that a heat pump saves money against an efficient gas boiler only if the price ratio is no more than 3:1 and the unit achieves an SPF of at least 3.0. Both conditions, not either. In Britain, where the ratio has historically sat above that, no field trial has yet demonstrated that heat pumps beat efficient gas boilers on running cost. In typical existing housing a heat pump is about 36% more expensive to run; even in the ideal case — a correctly sized unit reaching SPF 3.0 — it is about 9% more expensive.

Two details sharpen this. The first is that SPF 3.0 is not what British installations achieve. The Energy Saving Trust’s monitoring of 700 heat pumps found a mean of 2.65 for air-source and 2.81 for ground-source, and at the price ratio then prevailing the SPF needed merely to break even was 2.82. The second is that reaching 3.0 presupposes a house at EPC band C or better — cavity and loft insulation, double glazing. Homes at band D and below are unlikely to get near it, and that is most of the British stock. The fabric comes first; the machine cannot rescue a leaky house.

There are two ways out, and the report identifies both. One is the price ratio, which is policy. The other is that adding solar panels and a battery flips the arithmetic even at British prices, making the heat pump cheaper to run than the boiler. That is chapter 6’s roof and chapter 28a’s storage doing the same job from the household’s side: the surplus that cannibalises the market price is worth most to whoever can consume it where it is made.

The one genuinely encouraging trend in the report is the direction of travel. Over twenty-five years heat pumps have steadily become more competitive as the technology, the installation and the commissioning have improved — the air-source mean rose from 2.2 to 2.65 between the two Energy Saving Trust trials, and ground-source from 2.3–2.5 to 2.81. The machine is getting better at roughly the rate the argument needs. The price ratio is the part that is not moving.



What the machine costs to put in

Everything above is about running cost. There is a second number, and in the country where heat pumps outsold gas boilers for the first time in 2025, at 50% of space-heating sales against 44%, it has gone badly wrong. Every figure below is installed cost before any grant.

A specification-matched comparison of the same 8 kW air-to-water system in a comparable existing house gives €29 719 net in Germany against €12 095 in the United Kingdom — a gap of 146%. Add tax and it widens, because Germany charges 19% VAT on a heat pump installation and Britain charges zero: €35 366 against €12 095, or about £30 500 against £10 400, a gap of 192%. Across Europe the German range of €23 000 to €40 000 stands against €9000 to €20 000 in comparable countries, with Poland at the bottom near €8000.12

Between a third and a half of the gross gap is ordinary cost structure — the component ranges are wide, and the midpoint is nearer a third. German equipment is dearer, at €9000–18 000 a unit against €3000–8500 for the Asian manufacturers that hold larger shares in Britain, France and the Netherlands — though for the matched system the equipment difference is €2000–4000, not the span of those ranges. German practice requires a concrete foundation where most of Europe wall-mounts, at €976–2700 against under €500, and electrical connection work runs €1800–4000 where elsewhere it is minimal. VAT accounts for a further quarter of the gap on its own — €5647 of it.

But the interesting part is what the remaining two fifths is, and when it appeared. Before 2020 Germany was only modestly dearer than its neighbours: about €17 000 for systems up to 15 kW in 2017–19, against roughly €12 500 in Britain and €11 000 in Sweden. Then German costs approximately doubled, while British costs rose 18% and Swedish 14% over the same years and through the same energy-price shock. Material costs rose about 20%. Something else moved.

What moved was the subsidy. In 2020 German support switched from a grant based on the capacity installed to one based on a percentage of the cost, and mean customer costs jumped from around €17 000 to around €40 000 at precisely that point. The study’s authors conclude the change in subsidy design was the single largest driver of the increase.13

The mechanism is arithmetic anyone can check. Under the current scheme a household receives 30 to 70% of eligible costs, capped at €30 000 of eligible cost. At a 50% rate, an installer who raises the price by €5000 costs the household €2500 and gains €5000. The buyer’s resistance is halved exactly where the seller’s incentive is doubled. A subsidy proportional to price is, in part, a subsidy to price. Two qualifications belong with that. The 30–70% rates and the €30 000 ceiling are the current scheme’s, while the doubling being explained happened from 2020 under earlier parameters; and above the ceiling the household bears the whole of any further rise, so the mechanism works below the cap and cannot by itself explain a mean that now sits above it.

German heat pump sales then fell 46% in 2024 — though that fall is usually attributed to demand pulled forward into 2023 and to uncertainty over the heating law, rather than to the cost premium alone. Prices have since come off about €4000, to near €36 000, as installer availability improved and cheaper equipment entered the market.

Set that beside figure 7.12 and the two countries fail in opposite ways. Britain installs cheaply — €12 095, about £10 400 before the £7500 Boiler Upgrade Scheme grant — and then charges a household 3.6 times as much for the electricity as for the gas, so the machine is affordable to buy and expensive to run. That British grant is a fixed sum rather than a percentage, which is exactly the design Germany moved away from in 2020. Germany has the better running-cost ratio of the two at 3.2, and has made the machine cost three times as much to buy. Neither obstacle is in the physics, and neither is in the heat pump. One is a levy structure and the other is the design of a grant — which is the shape this edition keeps finding, arriving this time in two different boiler cupboards.



The simpler machine, which this chapter already describes

There is a second kind of heat pump, it is the one Europe actually buys, and MacKay has already put it in this chapter — as an air conditioner.

His cooling section describes “a window-mounted electric air-conditioning unit for a single room” that “uses 0.6 kW of electricity and delivers 2.6 kW of cooling”. That is a coefficient of performance of 4.3, and it is the same box: run the cycle the other way and it heats. An air-to-air heat pump has no water circuit, no cylinder and no radiators. It is a unit on an outside wall, a unit on an inside wall, and a hole between them.

That difference dominates the cost. In Britain a single-room air-to-air system runs about £1800 to £2600 installed, against £8000 to £15 500 for the air-to-water system that replaces a boiler.14 The expensive part of an air-to-water retrofit is rarely the heat pump; it is the wet system around it — larger radiators or underfloor pipe to carry heat at a flow temperature the pump can reach efficiently, and a cylinder to put somewhere.

This is what the Nordic figures are mostly made of. Air-to-air units are the most common type sold across European markets, ahead of air-to-water, and Norway — at 48 sales per thousand households, the highest in Europe — is overwhelmingly an air-to-air market, with about 95% of its units used for heating rather than cooling. Finland is at 33.

And it explains the shape of figure 7.12, including the countries missing from it. The Nordic countries adopted heat pumps fastest not because they were greener but because they were replacing direct electric heating, where the comparison is a resistance element at a coefficient of 1. Against that, any heat pump wins at any electricity price, and no electricity-to-gas ratio stands in the way. Britain’s problem is not that heat pumps are hard; it is that Britain is replacing gas.

The limits are real and worth stating. An air-to-air unit makes no hot water, so something else must, and this chapter’s 12 kWh/d of hot water stays where it is. It heats the space it is in, so a house of many small rooms needs several units or accepts an uneven house. And it is invisible to policy: the £7500 Boiler Upgrade Scheme grant does not cover air-to-air at all, so Britain subsidises the expensive option by thousands of pounds and the cheap one not at all.

There is a by-product that MacKay could reasonably dismiss and his successors cannot. The same unit cools in summer. This chapter concludes that Britain has “little need for air-conditioning”, and figure 7.8 says that is still nearly true — but an air-to-air installation delivers cooling whether or not it is wanted, at no extra capital cost, which quietly changes the calculation for the warm weeks the chapter treats as negligible.



Ground, water, and the season

The chapter so far has dealt with heat pumps that draw from the air. Two other sources matter, and one of them answers a problem this book raises elsewhere.

Ground source is the first. A borehole gives the pump a source at a steady 6 to 8°C rather than an outdoor air temperature that collapses exactly when heat is most wanted. In Sweden, where bergvärme is ordinary domestic equipment, rated SCOP runs between about 4.0 and 5.5 — four to five and a half units of heat per unit of electricity. British field trials measured 2.81.

That gap is worth explaining rather than splitting, because it is partly real and partly definitional. SCOP is a rated figure for space heating alone, measured on a standard test; SPF is measured in service and includes domestic hot water. Hot water has to be delivered at a much higher temperature than a radiator circuit, so including it drags the whole-year average down — which is why SPF is the more honest number for what a household actually gets, and why it is the one this chapter uses. The rest of the gap is genuine: Swedish installations are designed around low flow temperatures by decades of habit, and the British trial measured an immature market.

The price of ground source is the drilling, which is most of the capital cost and the reason it remains a minority. Chapter 16 explains why the common name for these, “geothermal heat pumps”, is a misnomer: the heat is stored sunshine, not the Earth’s, by a factor of about 150.

Water source is the second. Where a lake, river or sea is available it is better still, because water carries heat laterally to the collector instead of waiting to be conducted through soil.

What it replaces decides the economics, not what it draws from. A Swedish study of the Saltsjöbaden Grand Hotel, which heats with two lake-source heat pumps and two oil boilers, costed replacing one of the oil boilers with a third heat pump: a saving of about 200 MWh a year for an investment near 500 000 kronor, paying back in about two and a half years. It was the largest single measure in the study, ahead of relighting, ventilation rebalancing and window replacement, and the whole package came to roughly 500 MWh a year, a 30% cut.15

Swedish figures put the same comparison more generally: bergvärme pays back in about four to five years against oil or direct electric heating, and eight to ten against district heating — and those were the numbers before the 2022 gas shock.16

Two and a half years against a British heat pump that costs 36% more to run than the gas boiler it replaces. The machine is the same. The difference is entirely in what sits on the other side of the comparison — oil at Saltsjöbaden, direct electric resistance in the Nordic air-to-air market, and cheap gas in Britain. A heat pump is not economic or uneconomic in itself; it is economic against some fuels and not others.



Arlanda, where the season itself is stored

The deeper problem with heating is not efficiency but timing: the demand arrives in January and the surplus in July, and chapter 26 is about the difficulty of moving energy between the two.

Stockholm Arlanda Airport does exactly that, using an aquifer. Since the summer of 2009 it has run what it describes as the world’s largest aquifer thermal store, in the Brunkebergsåsen ridge, divided into warm and cold sections. In summer, cold groundwater is drawn from the cold store to supply the airport’s cooling; the water comes back at around 20°C and is returned to the warm store. In winter that stored warmth is used for melting snow on the aprons and preheating ventilation air, and the cooled water goes back to the cold side, ready for the following summer. No groundwater is consumed — the same volume is returned.

The system saves about 19 GWh a year, which Swedavia puts at the consumption of 2000 single-family homes, at an airport whose total energy use is comparable to a town of 25 000 people.17

What makes it worth a section in this chapter is not the size. It is that Arlanda is storing the seasons themselves, at a scale and cost that work, in ordinary ground. Chapter 26 treats seasonal storage as the hardest unsolved problem in a renewable system, and chapter 28a shows that the value of any storage lies in the spread it can arbitrage. An aquifer store arbitrages the largest spread available anywhere in northern Europe: summer against winter. It cannot be sited everywhere, since it needs the right geology and a matched demand for both heat and cooling. But where those coincide, the answer to “what do you do with July’s surplus heat in January” turns out to be: leave it in the ground and come back for it.



Gas heat pumps, and the case for a hybrid

Two different machines get called a gas heat pump, and only one of them is interesting now.

A gas absorption heat pump burns gas to drive an absorption cycle instead of a compressor. It is a real product, sold commercially, with a coefficient of performance around 1.3 to 1.5 — so between about 45% and 65% more heat out of a unit of gas than a condensing boiler at 0.9 manages. And when this book was written, it was the better machine. Chapter 20 costs British electricity at 500 grams of CO₂ per kilowatt-hour, which was right for 2008. Work it through:









	Grams of CO₂ per kWh of heat delivered
	On MacKay’s 2008 grid
	On Britain’s 2025 grid





	Condensing gas boiler, 90%
	203
	203



	Gas absorption heat pump, COP 1.4
	131
	131



	Electric heat pump, SPF 2.8
	179
	43





In 2008 the gas heat pump beat the electric one. In 2025 it loses by a factor of three. Nothing about either machine changed. The grid did — British electricity fell from about 500 grams a kilowatt-hour to about 120 — and a technology that made perfect sense became pointless without ever failing at anything.18

That is the clearest instance in this book of a conclusion expiring rather than being refuted, and it is a warning about every other comparison here that has a carbon intensity of electricity buried in it. Chapter 20’s own 500-gram figure is used in several places and each of them needs the same correction.

The hybrid is a completely different argument, and it survives.

A hybrid is an ordinary electric heat pump working alongside the gas boiler that is already there, with a controller choosing between them hour by hour. The heat pump runs in mild weather, which is where most of the year’s heat goes; the boiler covers the coldest days and the hot-water peak.

The case for it is not carbon per kilowatt-hour, where it is plainly worse than a full heat pump. It is peak. Electrifying British heat completely takes peak electricity demand from about 50 GW to somewhere near 115 to 120 GW, with electric cars adding more on top. That is less a generation problem than a wires problem: every substation and every street cable in the country.

The Freedom Project put hybrids into 75 homes in Bridgend and measured them. The heat pump supplied 40 to 58% of annual heat, cutting carbon by 30 to 48% — over a tonne per home a year — while the coldest hours stayed on gas. The project’s estimate of avoided distribution network reinforcement, for South Wales alone, was £1.3 billion by 2050.19

And a hybrid works in the houses that full electrification cannot reach. It needs no radiator replacement, no electrical supply upgrade and no particular fabric standard, because the boiler covers whatever the heat pump cannot. That is precisely the problem chapter 21 quantifies: 52% of English homes reach EPC band C and 56% reach A to C, so about two in five sit below the level this chapter’s arithmetic wants.

The objection is real, and it is about permanence. A hybrid keeps the gas connection, which keeps the gas network, which keeps the network’s fixed costs spread across a shrinking number of customers — a problem that gets worse as it succeeds. And a hybrid house is not a decarbonised house; it is a half-decarbonised house, potentially for ever, because no moment ever arrives at which somebody rips out a working boiler.

British policy has taken a side. Hybrids are excluded from the Boiler Upgrade Scheme, which pays £7,500 towards a heat pump only if the fossil boiler goes entirely. Whether that is right depends on what one believes the binding constraint to be. If it is carbon per house, hybrids are a trap. If it is the number of houses converted before 2050, and the cost of the wires to do it, they may be the only route to the two homes in five that chapter 21’s figures place below the band a heat pump alone wants.



The standards moved faster than the stock

Two changes in the rules are worth recording, and one caveat matters more than either.

The recast Energy Performance of Buildings Directive, in force since 28 May 2024, requires all new buildings in the EU to be zero-emission from 2030 and new public buildings from 2028, with no on-site fossil fuel use. Subsidies for fossil-fuel boilers were to end in January 2025 and the boilers themselves are earmarked for phase-out by 2040; member states have until 29 May 2026 to transpose it.20

LEED v5, opened for registration in April 2025, restructured the best-known voluntary standard around carbon: half of all available points now relate to decarbonisation, and every project must complete a carbon assessment, a climate-resilience assessment and a human-impact assessment.21

The caveat is the one MacKay would have insisted on. Both of these govern new buildings, and this chapter is about the stock. Britain builds roughly 200 000 homes a year against a stock of 28 million, so a standard applying only to new construction touches under 1% of the problem annually. The 37 kWh/d in this chapter is being spent, overwhelmingly, in buildings that already exist and that no building standard will ever reach. What reaches them is insulation and a different machine in the cupboard.




Notes and further reading







An oven uses 3 kW. Obviously there’s a range of powers. Many ovens have a maximum power of 1.8 kW or 2.2 kW. Top-of-the-line ovens use as much as 6 kW. For example, the Whirlpool AGB 487/WP 4 Hotplate Electric Oven Range has a 5.9 kW oven, and four 2.3 kW hotplates. www.kcmltd.com/electric oven ranges.shtml www.1stforkitchens.co.uk/kitchenovens.html



An airing cupboard requires roughly 1.5 kWh to dry one load of clothes. I worked this out by weighing my laundry: a load of clothes, 4 kg when dry, emerged from my Bosch washing machine weighing 2.2 kg more (even after a good German spinning). The latent heat of vaporization of water at 15 °C is roughly 2500 kJ/kg. To obtain the daily figure in table 7.4 I assumed that one person has a load of laundry every three days, and that this sucks valuable heat from the house during the cold half of the year. (In summer, using the airing cupboard delivers a little bit of air-conditioning, since the evaporating water cools the air in the house.)



Daily temperatures for 52.205 N, 0.119 E from the Open-Meteo archive, which serves the ERA5 reanalysis. Reanalysis is not a station record: it is a model reconstruction on a grid, so individual days will differ from what a Cambridge thermometer read. It is used here because it gives the same treatment to both years, which is what a comparison needs, where the Cambridge NIAB station record is monthly. Heating degree days are computed against a 15.5°C base, the convention in UK energy statistics, as the sum over the year of (15.5 − daily mean) where positive. Two years are two years and prove nothing about climate; the point of the figure is the shape of the demand, not a trend.



Nationally, the average domestic consumption was 21 kWh/d/p; consumption in the service sector was 8.5 kWh/d/p. Source: Dept. of Trade and Industry (2002a).



In 2006–7, Cambridge University’s gas consumption was 16 kWh/d per employee. The gas and oil consumption of the University of Cambridge (not including the Colleges) was 76 GWh in 2006–7. I declared the University to be the place of work of 13 300 people (8602 staff and 4667 postgraduate researchers). Its electricity consumption, incidentally, was 99.5 GWh. Source: University utilities report.



Energy Institute, Statistical Review of World Energy 2026: UK gas consumption 3.52 EJ in 2008 and 2.20 EJ in 2025; Europe 22.55 to 17.36 EJ; Germany 3.22 to 2.83 EJ. Per-person figures use populations of about 62 million in 2008 and 69.3 million in 2025, and cover all gas use, not only domestic heating.



Department for Energy Security and Net Zero, Energy Consumption in the UK and the subnational gas consumption statistics: domestic gas consumption per household down about 43% since 2008, down 17% between 2021 and 2022 and a further 6.4% between 2022 and 2023, with 75% of domestic gas going to space heating in 2024. The 2021–22 fall reflects both a warm year and the price shock, and the statistics do not separate the two.



European Commission ecodesign and energy-labelling measures for household tumble dryers, applying from 1 July 2025: the efficiency floor admits only heat-pump machines to the EU market, and the label reverts to an A–G scale with consumption expressed per 100 drying cycles. Consumption figures — about 265 kWh a year for an 8 kg heat-pump dryer against 561 kWh for a comparable condenser — are manufacturer and label data on the standard test programme, which uses a cotton load at a defined moisture content; real households load, dry and sort differently, so the ratio travels better than the absolute numbers. See https://energy.ec.europa.eu/news/new-measures-more-energy-efficient-household-tumble-dryers-1-july-2025-07-01_en.



European Heat Pump Association market data for 2025: sales across 16 European countries up 11% to about 2.63 million residential units, installed stock about 28 million; France 528 000, Italy 423 000, Germany 299 000 with 50% year-on-year growth and a 50% share of the space-heating market against 44% for gas boilers; Norway, Finland and Sweden above 30 sales per 1000 households, the United Kingdom and Poland below five. The European boiler-to-heat-pump sales ratio was 2.1:1 in 2025 against 2.4:1 in 2024. UK figures are MCS-certified retrofit installations, 51 886 in 2025 against 48 677 in 2024, passing 250 000 cumulative. Counts differ between sources depending on whether new-build and non-certified installations are included, so the UK total is sometimes quoted higher.



European Commission, “5 things you should know about heat pumps”, 5 December 2025: https://energy.ec.europa.eu/news/5-things-you-should-know-about-heat-pumps-2025-12-05_en. Modern heat pumps three to five times more efficient than gas boilers; bill savings from 20% to over 60% depending on local prices, and up to 80% in the Netherlands replacing an old boiler; gas boilers remain competitive where electricity costs more than about three times gas; the electricity-to-gas price gap has narrowed across most EU countries since 2019; Finland has 524 heat pumps installed per 1000 households, which is a stock figure and not comparable with the sales-per-1000 figures above. On the grid, the Commission reckons 52 million heat pumps in Europe by 2030 would be about 5% of annual electricity demand and 9% at peak — the clearest available answer to the objection that the wires cannot take it. Price ratios in figure 7.12 are computed from Eurostat household electricity (band 2500–4999 kWh/yr) and gas (band 20–199 GJ/yr) prices for the second half of 2025, both including all taxes and levies; the UK is the Ofgem default-tariff cap for July–September 2026 at 26.11p and 7.33p per kWh, a ratio of 3.56, which was 4.30 on the April–June cap. A seasonal performance factor of 3 is used as the break-even; real installations vary with the building, the emitters and the installer, and a poorly commissioned system can fall well below it.



Nicholas Harrington, The running cost of domestic heat pumps in the UK: a comprehensive evidence review and evaluation, UK Collaborative Centre for Housing Evidence, University of Glasgow, March 2024: https://housingevidence.ac.uk/wp-content/uploads/2024/03/The-running-cost-of-heat-pumps-v7.pdf. Funded under the EPSRC FASHION project (EP/V042033/1) and peer reviewed. The 36% and 9% figures are running-cost comparisons against an efficient gas boiler, all else equal, and are sensitive to the price ratio assumed; they are not carbon comparisons, on which heat pumps win regardless. The Energy Saving Trust field-trial means quoted are from Lowe et al. (2017) analysing 700 heat pumps monitored between October 2013 and March 2015 under the Renewable Heat Premium Payment scheme, against the Trust’s own earlier 2010 trial. Note that a running-cost disadvantage is not an argument against heat pumps on any other ground, and that the report’s own conclusion is that the binding variable is the price ratio rather than the technology.



Marek Miara and Jan Rosenow, “Why are heat pump installation costs so much higher in Germany? Evidence from a European comparison”, Energy & Buildings 369 (2026) 117998, https://doi.org/10.1016/j.enbuild.2026.117998. The specification-matched bilateral figures are theirs: a defined 8 kW air-to-water system in a representative existing home at €29 719 net in Germany against €12 095 in the United Kingdom, becoming €35 366 against €12 095 gross once 19% German VAT is applied against a UK zero rate, a gross gap of €23 271. Component contributions to that gap: equipment €2000–4000, foundations €1000–2200, electrical connection €1500–2500, labour €500–3000, VAT €5647. The pre-2020 baseline of about €17 000 for German systems up to 15 kW against roughly €12 500 in Britain and €11 000 in Sweden, the subsequent doubling in Germany against rises of 18% and 14%, and the attribution of the jump to the 2020 switch from capacity-based to percentage-based support, are from the analysis commissioned by the German federal economics ministry that the paper draws on. German averages are corroborated across two independent sources — a consumer-organisation survey of 160 actual offers in 2024–25 giving a mean near €36 000 across a €20 000–63 000 range, and a federal subsidy dataset of some 300 000 cases giving about €36 500. Three cautions. Sterling conversions use the mid-2026 rate of 1.16 euros to the pound given in chapter I and are rounded to the nearest £100; the paper’s own figures are in euros and are the primary ones. The subsidy attribution is a conclusion drawn from timing and from comparison with countries that had the same shocks and not the same policy, not from a controlled experiment — the authors are careful about this, and the residual category also contains market dynamics and an early refrigerant transition. And the German 46% sales fall is for 2024, whereas the market-share figure earlier in this chapter is for 2025, when sales recovered; the two are consistent, and reading either alone would mislead. The paper does not claim the cost premium caused that fall, and neither does the text: the drop is commonly attributed to demand pulled forward into 2023 and to uncertainty over the heating law, with cost as one contributor among several.



Marek Miara and Jan Rosenow, “Why are heat pump installation costs so much higher in Germany? Evidence from a European comparison”, Energy & Buildings 369 (2026) 117998, https://doi.org/10.1016/j.enbuild.2026.117998. The specification-matched bilateral figures are theirs: a defined 8 kW air-to-water system in a representative existing home at €29 719 net in Germany against €12 095 in the United Kingdom, becoming €35 366 against €12 095 gross once 19% German VAT is applied against a UK zero rate, a gross gap of €23 271. Component contributions to that gap: equipment €2000–4000, foundations €1000–2200, electrical connection €1500–2500, labour €500–3000, VAT €5647. The pre-2020 baseline of about €17 000 for German systems up to 15 kW against roughly €12 500 in Britain and €11 000 in Sweden, the subsequent doubling in Germany against rises of 18% and 14%, and the attribution of the jump to the 2020 switch from capacity-based to percentage-based support, are from the analysis commissioned by the German federal economics ministry that the paper draws on. German averages are corroborated across two independent sources — a consumer-organisation survey of 160 actual offers in 2024–25 giving a mean near €36 000 across a €20 000–63 000 range, and a federal subsidy dataset of some 300 000 cases giving about €36 500. Three cautions. Sterling conversions use the mid-2026 rate of 1.16 euros to the pound given in chapter I and are rounded to the nearest £100; the paper’s own figures are in euros and are the primary ones. The subsidy attribution is a conclusion drawn from timing and from comparison with countries that had the same shocks and not the same policy, not from a controlled experiment — the authors are careful about this, and the residual category also contains market dynamics and an early refrigerant transition. And the German 46% sales fall is for 2024, whereas the market-share figure earlier in this chapter is for 2025, when sales recovered; the two are consistent, and reading either alone would mislead. The paper does not claim the cost premium caused that fall, and neither does the text: the drop is commonly attributed to demand pulled forward into 2023 and to uncertainty over the heating law, with cost as one contributor among several.



UK installed-cost ranges for 2025–26 from trade and comparison sources: a single-room air-to-air system about £1800–£2600, whole-house multi-split £4000–£9500, against £8250–£15 500 for a typical air-to-water installation. These are advertised market ranges rather than audited survey data and vary widely with property and installer. Air-to-air units are reported by the European Heat Pump Association as the most common type sold across European markets, ahead of air-to-water; Norway recorded 48 sales per 1000 households and Finland 33 in 2024, with about 95% of Norwegian air-to-air units used for heating. The Boiler Upgrade Scheme grant of £7500 covers air-to-water and ground-source heat pumps and biomass boilers, not air-to-air, which is one reason UK air-to-air installations do not appear in the MCS-certified counts quoted earlier and why those counts understate the number of heat pumps actually running in British homes. MacKay’s own air-conditioner figures — 0.6 kW electricity for 2.6 kW of cooling — are from this chapter’s cooling section and imply a coefficient of performance of 4.3, though a cooling COP and a heating SPF are not directly comparable.



Tobias Alm, Energieffektivisering av Saltsjöbaden Grand Hotell, examensarbete 30 hp, Uppsala universitet, 2017: https://www.diva-portal.org/smash/get/diva2:1140546/FULLTEXT01.pdf. The hotel is heated by two lake-source heat pumps and two oil boilers; replacing one boiler with a third heat pump is costed at about 200 MWh/year saved for roughly 500 000 SEK, a payback near 2.5 years at an assumed electricity price of 1 SEK/kWh, with the full package of measures reaching about 500 MWh/year or a 30% reduction. This is a master’s thesis and a single building, not a controlled study, and the payback depends on the assumed electricity price and on oil being the incumbent; it is quoted as a worked example of the point being made rather than as a general result.



Swedish figures for bergvärme are from ordinary domestic practice as summarised in the Swedish-language literature: rated SCOP typically 4.0–5.5, payback of roughly four to five years against oil or direct electric heating and eight to ten against district heating, with the payback figures predating the 2022 energy price shock and therefore understating the case since. On the SCOP–SPF distinction: SCOP is defined for space heating on a standardised seasonal test, while SPF as used in the British field-trial literature covers the installed system in service including domestic hot water, which requires higher flow temperatures and lowers the annual average. The two numbers are not interchangeable and the gap between 4–5 and 2.81 is not all a difference in performance.



Swedavia’s description of the Arlanda aquifer thermal energy store: operating since summer 2009 in the Brunkebergsåsen ridge, described as the world’s largest of its kind, divided into warm and cold sections, saving about 19 GWh a year — which Swedavia equates to the consumption of 2000 single-family homes — at an airport using energy comparable to a town of 25 000. Return water is around 20°C and is used for snow melting and ventilation preheating; the groundwater volume is returned rather than consumed. Figures are the operator’s own and the 19 GWh is a saving against a counterfactual system rather than a metered output, so it is not directly comparable with a generation figure. Aquifer stores require permitting for groundwater use and suitable hydrogeology, and are not a technology that can be sited at will.



Gas absorption heat pumps achieve a gas utilisation efficiency of roughly 1.3–1.5 on manufacturers’ figures for air-source domestic and light-commercial units, against about 0.9 for a condensing boiler at realistic return temperatures; both figures are on higher heating value. The carbon comparison uses 183 g CO₂ per kWh of gas at the meter, MacKay’s own 500 g per kWh of electricity for 2008, and about 120 g per kWh for Britain in 2025 — the latter derived from the generation mix in the Energy Institute’s Statistical Review of World Energy 2026, treating biomass as zero at the stack, which flatters it. The electric heat pump uses the 2.81 seasonal performance factor measured in the Electrification of Heat trial rather than a manufacturer figure. All of these are annual averages: the gas heat pump’s advantage is largest in the coldest weather, when the electric machine’s performance falls and the grid is dirtiest, so the comparison is less lopsided at the moment of peak demand than the annual table suggests. The wider point stands regardless of the exact numbers — the ordering reversed because of the grid, not the machines.



The FREEDOM project, led by Wales & West Utilities with PassivSystems and Delta-EE, installed hybrid heat pump and boiler systems in 75 homes in Bridgend, south Wales, and reported in October 2018. Heat pump share of annual heat was 40–58% with carbon reductions of 30–48%, and the estimate of avoided electricity distribution reinforcement for South Wales was about £1.3 billion by 2050. That last figure is a modelled counterfactual produced by a gas network operator, which has an evident interest in a technology that keeps houses connected to the gas grid, and should be read with that in mind; the measured heat-pump shares are the more reliable part of the study. Peak electricity demand estimates for full heat electrification vary considerably with assumptions about fabric, control and diversity — published figures for a fully electrified GB peak range from about 100 to 125 GW against roughly 50 GW today, and actively managed heat pumps with thermal storage reduce it materially. The Electrification of Heat trial’s average seasonal performance factor of 2.81 across 428 heat pumps is DESNZ’s, and includes hybrids in the wider trial.



Directive (EU) 2024/1275, the recast Energy Performance of Buildings Directive, in force 28 May 2024: zero-emission new public buildings from 2028 and all new buildings from 2030, with no on-site fossil fuel use; an end to incentives for fossil-fuel boilers from January 2025 and a phase-out earmarked for 2040; transposition due by 29 May 2026. As a directive it binds member states to an outcome, not to a method, and national implementations differ.



LEED v5, US Green Building Council, opened for registration 28 April 2025: roughly half of available points allocated to decarbonisation, with mandatory carbon, climate-resilience and human-impact assessments and a five-year update cycle. LEED is a voluntary certification scheme rather than a building code, and certification measures design intent and modelled performance, which is not the same as metered energy in use.





8 Hydroelectricity


(Figure omitted from this edition: third-party rights.)



Figure 8.1. Nant-y-Moch dam, part of a 55 MW hydroelectric scheme in Wales. Photo by Dave Newbould, www.origins-photography.co.uk.

To make hydroelectric power, you need altitude, and you need rainfall. Let’s estimate the total energy of all the rain as it runs down to sea-level.

For this hydroelectric forecast, I’ll divide Britain into two: the lower, dryer bits, which I’ll call “the lowlands;” and the higher, wetter bits, which I’ll call “the highlands.” I’ll choose Bedford and Kinlochewe as my representatives of these two regions.

Let’s do the lowlands first. 1 To estimate the gravitational power of lowland rain, we multiply the rainfall in Bedford (584 mm per year) by the density of water (1000 kg/m3), the strength of gravity (10 m/s2) and the typical lowland altitude above the sea (say 100 m). The power per unit area works out to 0.02 W/m2. That’s the power per unit area of land on which rain falls.

[image: ]

Erratum. Kinlochewe is shown incorrectly. The correct location is about 60km further north.

When we multiply this by the area per person (2700 m2, if the lowlands are equally shared between all 60 million Brits), we find an average raw power of about 1 kWh per day per person. This is the absolute upper limit for lowland hydroelectric power, if every river were dammed and every drop perfectly exploited. Realistically, we will only ever dam rivers with substantial height drops, with catchment areas much smaller than the whole country. Much of the water evaporates before it gets anywhere near a turbine, and no hydroelectric system exploits the full potential energy of the water. We thus arrive at a firm conclusion about lowland water power. People may enjoy making “run-of-the-river” hydro and other small-scale hydroelectric schemes, but such lowland facilities can never deliver more than 1 kWh per day per person.

[image: Figure 8.2]

Figure 8.2. Altitudes of land in Britain. The rectangles show how much land area there is at each height.

Let’s turn to the highlands. Kinlochewe is a rainier spot: it gets 2278 mm per year, four times more than Bedford. The height drops there are bigger too – large areas of land are above 300 m. So overall a twelve-fold increase in power per square metre is plausible for mountainous regions. The raw power per unit area is roughly 0.24 W/m2. 2 If the highlands generously share their hydro-power with the rest of the UK (at 1300 m2 area per person), we find an upper limit of about 7 kWh per day per person. As in the lowlands, this is the upper limit on raw power if evaporation were outlawed and every drop were perfectly exploited.

[image: Figure 8.3]

Figure 8.3. Hydroelectricity.

[image: Figure 8.4]

Figure 8.4. A 60 kW waterwheel.

What should we estimate is the plausible practical limit? Let’s guess 20% of this – 1.4 kWh per day, and round it up a little to allow for production in the lowlands: 1.5 kWh per day.

The actual power from hydroelectricity in the UK today is 0.2 kWh/d per person, 3 so this 1.5 kWh/d per person would require a seven-fold increase in hydroelectric power.


What hydro actually delivers

A section added in the 2026 revision. This is one of the few chapters whose headline number has not moved at all.


Britain’s figure is where MacKay left it

He put British hydroelectricity at 0.2 kWh/d per person and said reaching his 1.5 kWh/d ceiling would need a sevenfold increase. In 2025 the United Kingdom generated 5.1 TWh of hydroelectricity, which across 68.4 million people is 0.20 kWh/d per person.4

Generation itself rose about a third — his 2006 figures come to 3.7 TWh — but the population grew with it, and Glendoe, which he describes as forthcoming, was built and is running. Eighteen years, one new large scheme, and the number per person is unchanged. The sevenfold increase is exactly as far away as it was.



What the resource looks like where it exists

MacKay’s method makes the geography visible in a way that national percentages do not. In 2025:




	
	Hydroelectricity, kWh/d per person





	United Kingdom
	0.20



	Sweden
	17.7



	Norway
	72.0





Norway gets 360 times as much hydroelectricity per person as Britain. That is not policy, effort or virtue. It is rain falling on mountains, which is the quantity this chapter measures, and no amount of ambition will move Britain’s number more than the sevenfold MacKay allows for.



Sweden: the gains come from efficiency now, because the dams are finished

Sweden runs about 1700 hydro plants totalling 16.5 GW, producing roughly 67 TWh a year — 68.3 TWh in 2025. It builds no new large-scale hydro at all. Four rivers are legally protected from development, and the practical position is that the resource is fully taken.

So the only route left is the existing fleet, and a good deal of it is old: many plants are more than forty years old and were permitted long before modern environmental law. A study for the industry by Sweco reckons that refurbishing turbines and generators across the fleet could raise capacity by about 24%, which it likens to three or four nuclear reactors.5

That comparison needs care, and the care is this chapter’s whole method. Twenty-four per cent more capacity is not twenty-four per cent more energy. The rain is unchanged and so is the annual total; what the upgrade buys is the ability to deliver the same water faster when it is wanted. In a system running on wind and solar that is worth a great deal — it is precisely the flexibility chapter 26 and chapter 28a identify as the binding constraint — but it is a different good from the kilowatt-hours this chapter counts, and quoting it in reactor-equivalents invites the confusion MacKay wrote the book to prevent.



And it is being given back at the other end

Running in the opposite direction is a national relicensing programme. In June 2020 the Swedish government decided that every one of those 1700 plants would be reassessed for modern environmental conditions, a process due to finish around 2040. The plan set 1.5 TWh, about 2.3% of national hydro production, as the figure for acceptable lost output — intended in the original decision as a ceiling, and since treated as a reference value rather than a limit, which the industry disputes. Eight of the operators fund a joint environmental fund covering the studies, the permit costs, the compensation for lost production and the cost of removing dams outright.6

The two movements are not the same size, and the difference is instructive. The upgrades add capacity and roughly no energy; the relicensing removes energy and roughly no capacity. Sweden is, deliberately, trading a small amount of annual electricity for river ecology while buying flexibility it will need for the wind.

That is a limit MacKay’s arithmetic cannot see. This chapter derives a ceiling from rainfall and altitude, which is real and binding. Sweden has reached it, and discovered a second one underneath: what a society will actually permit its rivers to be used for. A country can hit the physical limit and then watch it move down.



Is the rain going away?

The obvious worry about a resource made of weather is that the weather is changing. Two mechanisms get raised: drier summers, and the loss of the glaciers that feed Alpine and Nordic rivers. The record so far says the first is violent but not yet directional, and the second is small, real and finite.

Drought moves the number enormously from year to year. In 2022 European hydroelectricity fell to 563 TWh from 654 the year before, a drop of 14%, and the southern falls were far worse: Italy −37%, Spain −41%, France −25%, Switzerland −21%. Then 2024 set a record at 694 TWh, and 2025 came back to 619.7

But there is no decline in the series. Across 1985 to 2025 European hydro trends upward at about 6% a decade, and British hydro likewise. Decade means for Europe run 553, 578, 630, 638 TWh; for Britain 4.7, 4.7, 5.4, 5.6 TWh. Most of that rise is plant being added rather than rain increasing, and the flattening between the 2010s and 2020s is the only hint of anything. Against a standard deviation of about 8% year to year, it is not yet a signal.

The glacier effect is the one worth naming, because it is hidden. Since 1980, between 3 and 4% of Swiss hydroelectricity has come directly from net glacier mass loss — from ice being spent rather than from that year’s precipitation. That is not renewable in the sense the rest of this chapter uses. It is a stock being drawn down, and it appears in the statistics as though it were a flow.

The quantity is small. Swiss studies put the eventual annual loss at roughly 1 TWh, about 2.5% of the country’s hydro, with the glacier contribution fading substantially between 2040 and 2060 as Alpine ice volume falls by about a third by 2050.8

The seasonal shift matters more than the annual total, and that is the part this book’s method should flag. Melt arrives earlier, so spring runoff rises and late-summer runoff falls — Swiss summer hydro production is projected to fall by more than half by the end of the century, while winter output rises. The annual kilowatt-hours barely move; when they arrive moves a great deal. A reservoir can absorb some of that and a run-of-river plant cannot absorb any of it.

For MacKay’s balance sheet the annual figure survives. For the argument in chapters 26 and 28a it does not, because hydro’s growing value is precisely its ability to deliver on demand, and a resource whose runoff is shifting away from the season of lowest rivers and highest cooling load is becoming a slightly less reliable form of that.




Notes and further reading







Rainfall statistics are from the BBC weather centre.



The raw power per unit area [of Highland rain] is roughly 0.24 W/m2. We can check this estimate against the actual power density of the Loch Sloy hydro-electric scheme, completed in 1950 (Ross, 2008). The catchment area of Loch Sloy is about 83 km2; the rainfall there is about 2900 mm per year (a bit higher than the 2278 mm/y of Kinlochewe); and the electricity output in 2006 was 142 GWh per year, which corresponds to a power density of 0.2W per m2 of catchment area. Loch Sloy’s surface area is about 1.5 km2, so the hydroelectric facility itself has a power per unit lake area of 11 W/m2. So the hillsides, aqueducts, and tunnels bringing water to Loch Sloy act like a 55-fold power concentrator.



The actual power from hydroelectricity in the UK today is 0.2 kWh per day per person. Source: MacLeay et al. (2007). In 2006, large-scale hydro produced 3515 GWh (from plant with a capacity of 1.37 GW); small-scale hydro, 212 GWh (0.01 kWh/d/p) (from a capacity of 153 MW). In 1943, when the growth of hydroelectricity was in full swing, the North of Scotland Hydroelectricity Board’s engineers estimated that the Highlands of Scotland could produce 6.3 TWh per year in 102 facilities – that would correspond to 0.3 kWh/d per person in the UK (Ross, 2008). Glendoe, the first new large-scale hydroelectric project in the UK since 1957, will add capacity of 100 MW and is expected to deliver 180 GWh per year. Glendoe’s catchment area is 75 km2, so its power density works out to 0.27 W per m2 of catchment area. Glendoe has been billed as “big enough to power Glasgow.” But if we share its 180 GWh per year across the population of Glasgow (616 000 people), we get only 0.8 kWh/d per person. That is just 5% of the average electricity consumption of 17 kWh/d per person. The 20fold exaggeration is achieved by focusing on Glendoe’s peak output rather than its average, which is 5 times smaller; and by discussing “homes” rather than the total electrical power of Glasgow (see p329).



Generation from the Energy Institute’s Statistical Review of World Energy 2026: United Kingdom 5.1 TWh, Sweden 68.3 TWh, Norway 145.1 TWh in 2025. Per-person figures use 2023 populations from Our World in Data — 68.4 million, 10.6 million and 5.5 million — so they are marginally high for 2025 in each case, by well under the precision quoted. MacKay’s own 2006 figures, 3515 GWh large-scale plus 212 GWh small-scale, come to 3.7 TWh, which over the 60 million population he uses is 0.17 kWh/d; he quotes 0.2. Note that the Statistical Review’s hydro series excludes pumped storage where it can be separated, since that is a store rather than a source.



Swedish figures from the Energy Agency (Energimyndigheten) and Svenska kraftnät: about 1700 hydro plants, roughly 16.5 GW installed and about 67 TWh a year, with no new large-scale development and the emphasis on environmental adaptation, efficiency and expansion of existing sites. The 24% capacity-uprating potential is from a study by the consultancy Sweco commissioned within the industry, and is a capacity figure, not an energy one; the “three to four nuclear reactors” comparison is likewise capacity, and reactors and hydro turbines have very different capacity factors, so the equivalence holds only for peak output. The national plan for modern environmental conditions was decided on 25 June 2020, with reassessment of the whole fleet due to complete around 2040 and a national figure of 1.5 TWh — about 2.3% of production — for acceptable production loss; whether that is a ceiling or a reference value is contested between the government’s 2020 decision and later practice, and the process was restarted under new rules in 2025. The environmental fund is financed by eight operators including Vattenfall and Uniper.



Swedish figures from the Energy Agency (Energimyndigheten) and Svenska kraftnät: about 1700 hydro plants, roughly 16.5 GW installed and about 67 TWh a year, with no new large-scale development and the emphasis on environmental adaptation, efficiency and expansion of existing sites. The 24% capacity-uprating potential is from a study by the consultancy Sweco commissioned within the industry, and is a capacity figure, not an energy one; the “three to four nuclear reactors” comparison is likewise capacity, and reactors and hydro turbines have very different capacity factors, so the equivalence holds only for peak output. The national plan for modern environmental conditions was decided on 25 June 2020, with reassessment of the whole fleet due to complete around 2040 and a national figure of 1.5 TWh — about 2.3% of production — for acceptable production loss; whether that is a ceiling or a reference value is contested between the government’s 2020 decision and later practice, and the process was restarted under new rules in 2025. The environmental fund is financed by eight operators including Vattenfall and Uniper.



Generation from the Energy Institute’s Statistical Review of World Energy 2026. Total Europe: 653.9 TWh in 2021, 563.0 in 2022, 640.3 in 2023, 693.7 in 2024, 618.6 in 2025. Trends are ordinary least squares on 1985–2025 annual generation, +3.6 TWh/year for Europe and +0.03 for the United Kingdom, both around +6% of the mean per decade; the standard deviation of annual European output over the period is 52 TWh, about 8% of the mean. Because the series is generation and not resource, it mixes weather with capacity added over forty years, so the upward trend should not be read as rainfall increasing. Separating the two would need a capacity series, which this workbook does not carry.



Estimates for the glacier contribution to Swiss hydropower are from the research summarised by the Swiss National Science Foundation and the associated literature on glacier retreat and hydropower: 3.0–4.0% of country-scale production supplied directly by net glacier mass loss since 1980, that share reducing substantially by 2040–2060, and an eventual annual loss of roughly 1 TWh, about 2.5% of hydro production under the Energy Strategy 2050. Alpine glaciers are projected to lose about 34% of volume and 32% of area by 2050. Individual reservoirs vary widely — one large Swiss scheme is estimated to lose up to 27% of production by 2050 — so the national average conceals a wide spread. The seasonal projections, summer production falling by more than half by 2100 with winter rising, are model results under warming scenarios and carry the uncertainty of those scenarios.





9 Light
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Figure 9.1. Lighting – 4 kWh per day per person.


Lighting home and work

The brightest domestic lightbulbs use 250 W, and bedside lamps use 40 W. In an old-fashioned incandescent bulb, most of this power gets turned into heat, rather than light. A fluorescent tube can produce an equal amount of light using one quarter of the power of an incandescent bulb.




	Device
	Power
	Time per day
	Energy per day per home





	10 incandescent lights
	1 kW
	5 h
	5 kWh



	10 low-energy lights
	0.1 kW
	5 h
	0.5 kWh





Table 9.2. Electric consumption for domestic lighting. A plausible total is 5.5 kWh per home per day; and a similar figure at work; perhaps 4 kWh per day per person.

How much power does a moderately affluent person use for lighting? My rough estimate, based on table 9.2, is that a typical two-person home with a mix of low-energy and high-energy bulbs uses about 5.5 kWh per day, or 2.7 kWh per day per person. I assume that each person also has a workplace where they share similar illumination with their colleagues; guessing that the workplace uses 1.3 kWh/d per person, we get a round figure of 4 kWh/d per person.



Street-lights and traffic lights

Do we need to include public lighting too, to get an accurate estimate, or do home and work dominate the lighting budget? Street-lights in fact use about 0.1 kWh per day per person, 1 and traffic lights only 0.005 kWh/d per person 2 – both negligible, compared with our home and workplace lighting. What about other forms of public lighting – illuminated signs and bollards, for example? There are fewer of them than street-lights; 3 and street-lights already came in well under our radar, so we don’t need to modify our overall estimate of 4 kWh/d per person.



Lights on the traffic

[image: Figure 9.3]

Figure 9.3. Total cumulative cost of using a traditional incandescent 100 W bulb for 3 hours per day, compared with replacing it now with an Osram Dulux Longlife Energy Saver (pictured). Assumptions: electricity costs 10p per kWh; replacement traditional bulbs cost 45p each; energy-saving bulbs cost £9. (I know you can find them cheaper than this, but this graph shows that even at £9, they’re much more economical.)

In some countries, drivers must switch their lights on whenever their car is moving. How does the extra power required by that policy compare with the power already being used to trundle the car around? Let’s say the car has four incandescent lights totalling 100 W. The electricity for those bulbs is supplied by a 25%-efficient engine powering a 55%-efficient generator, 4 so the power required is 730 W. For comparison, a typical car going at an average speed of 50 km/h and consuming one litre per 12 km has an average power consumption of 42 000W. So having the lights on while driving requires 2% extra power.

What about the future’s electric cars? The power consumption of a typical electric car is about 5000 W. So popping on an extra 100 W would increase its consumption by 2%. Power consumption would be smaller if we switched all car lights to light-emitting diodes, but if we pay any more attention to this topic, we will be coming down with a severe case of every-little-helps-ism.



The economics of low-energy bulbs

Generally I avoid discussing economics, but I’d like to make an exception for lightbulbs. Osram’s 20 W low-energy bulb claims the same light output as a 100 W incandescent bulb. Moreover, its lifetime is said to be 15 000 hours (or “12 years,” at 3 hours per day). In contrast a typical incandescent bulb might last 1000 hours. So during a 12-year period, you have this choice (figure 9.3): buy 15 incandescent bulbs and 1500 kWh of electricity (which costs roughly £150); or buy one low-energy bulb and 300 kWh of electricity (which costs roughly £30).


Should I wait until the old bulb dies before replacing it?

It feels like a waste, doesn’t it? Someone put resources into making the old incandescent lightbulb; shouldn’t we cash in that original investment by using the bulb until it’s worn out? But the economic answer is clear: continuing to use an old lightbulb is throwing good money after bad. If you can find a satisfactory low-energy replacement, replace the old bulb now.



What about the mercury in compact fluorescent lights? Are LED bulbs better than fluorescents?

[image: Figure 9.4]

Figure 9.4. Philips 11 W alongside Omicron 1.3 W LED bulb.

Researchers say that LED (light-emitting diode) bulbs will soon be even more energy-efficient than compact fluorescent lights. The efficiency of a light is measured in lumens per watt. I checked the numbers on my latest purchases: the Philips Genie 11 W compact fluorescent bulb (figure 9.4) has a brightness of 600 lumens, which is an efficiency of 55 lumens per watt; regular incandescent bulbs deliver 10 lumens per watt; the Omicron 1.3 W lamp, which has 20 white LEDs hiding inside it, has a brightness of 46 lumens, which is an efficiency of 35 lumens per watt. So this LED bulb is almost as efficient as the fluorescent bulb. The LED industry still has a little catching up to do. In its favour, the LED bulb has a life of 50 000 hours, eight times the life of the fluorescent bulb. As I write, I see that www.cree.com is selling LEDs with a power of 100 lumens per watt. It’s projected that in the future, white LEDs will have an efficiency of over 150 lumens per watt [ynjzej]. I expect that within another couple of years, the best advice, from the point of view of both energy efficiency and avoiding mercury pollution, will be to use LED bulbs.



Mythconceptions


“There is no point in my switching to energy-saving lights. The”wasted” energy they put out heats my home, so it’s not wasted.”

This myth is addressed in Chapter 11.




	Bulb type
	efficiency (lumens/W)





	incandescent
	10



	halogen
	16-24



	white LED
	35



	compact fluorescent
	55



	large fluorescent
	94



	sodium street light
	150





Table 9.5. Lighting efficiencies of commercially-available bulbs. In the future, white LEDs are expected to deliver 150 lumens per watt.





The prediction that came true

A section added in the 2026 revision. This chapter ends with a forecast, and it is one of the few in the book that can now simply be marked correct:


I expect that within another couple of years, the best advice, from the point of view of both energy efficiency and avoiding mercury pollution, will be to use LED bulbs.



It happened, faster and more completely than the chapter’s cautious tone suggests. MacKay’s own LED sample managed 35 lumens per watt and he judged that “the LED industry still has a little catching up to do”. Table 9.5 records the expectation that white LEDs would eventually reach 150 lm/W.


What happened to table 9.5









	Bulb type
	MacKay, 2008
	2026





	incandescent
	10 lm/W
	withdrawn from sale



	halogen
	16–24 lm/W
	withdrawn from sale



	white LED
	35 lm/W
	180–210 lm/W in the best commercial lamps



	compact fluorescent
	55 lm/W
	withdrawn from sale



	large fluorescent
	94 lm/W
	being withdrawn



	sodium street light
	150 lm/W
	superseded by LED





Every technology in his table except the LED has now been legislated off the market, and the one he thought was behind overtook all of them. LED efficacy has improved by roughly 6 to 8 lumens per watt every year since 2010; the best commercial lamps now test above 200 lm/W, converting more than half their input power into light rather than heat.5

That is six times MacKay’s LED sample, nearly four times his compact fluorescent, and twenty times the incandescent bulb the chapter is written against. His 150 lm/W projection was not optimistic; it was passed.



What it did to this chapter’s number

MacKay estimated 4 kWh/d per person for lighting: 2.7 at home and 1.3 at work, from a household using 5.5 kWh/d on lighting alone.

Put that beside the household of today. Average British domestic electricity consumption has fallen from 4630 kWh a year in 2008 to 3264 in 2023 — about 29% — which is 8.9 kWh/d per household for everything: lighting, cooking, refrigeration, washing, televisions, computers and chargers together.6

MacKay’s lighting estimate alone, 5.5 kWh/d, is nearly two-thirds of what a British household now uses in total. The change per fitting is a reduction of 80 to 90%, so on unchanged habits this chapter’s 4 kWh/d per person would now be something under 1.



Two cautions

The number can no longer be checked properly. The government’s Energy Consumption in the UK series discontinued its Electrical Products tables in the 2025 edition, following concerns about the models underlying the appliance-level estimates. There is no longer an official British breakdown of household electricity by end use, so the figure that replaces MacKay’s 4 kWh/d has to be inferred rather than looked up. This edition has run into the same wall in chapter 8 over reservoir storage: the arithmetic in this book depends on statistics that are, in places, being withdrawn.

And cheap light invites more light — which deserves more than a sentence, because lighting is the single best-documented case of the rebound effect anywhere in energy.



Jevons, where the record is longest

Fouquet and Pearson traced the price and use of light in Britain from 1300 to 2000. The real price of light fell roughly 3000-fold between 1800 and 2000, and consumption rose to about 40 000 times its 1800 level. Per-person consumption of light grew faster than per-person GDP. Across seven centuries, every improvement in lighting efficiency was met by buying more light rather than banking the saving.7

Working from that series, Tsao and Waide put the price and income elasticity of demand for light at close to unity — a 10% fall in price raises consumption by about 10% — and predicted on that basis that solid-state lighting would produce not merely rebound but backfire: total energy spent on lighting rising after the efficiency gain, exactly as Jevons argued for coal in 1865.

Has it? Not in Britain, so far. Domestic electricity per household fell 29% between 2008 and 2023, and lighting is part of why. The reason is one Fouquet and Pearson identified themselves in later work: these elasticities depend on the stage of development. A poor country handed cheap light buys a great deal more of it. A rich country is already lighting everything it wants lit after dark, and further price falls buy diminishing amounts of extra illumination.

So the honest position is a split one: backfire in the historical record and probably still across much of the world; saturation in Britain. This chapter is about Britain, and here the gain has largely been kept.

Decorative lighting is where that saturation argument is weakest, and it is the visible exception on any winter street. Festive displays run for weeks, permanent architectural and garden lighting, illuminated signage and the lighting of things nobody previously thought to light — this is demand that would not exist at incandescent running costs, and it has appeared precisely where saturation says growth should have stopped. It remains a small share of the total, but it is the clearest domestic sighting of Jevons at work, and it is worth noticing that it grew because the running cost approached zero rather than because anyone decided they needed more light.



The street lights are half done

MacKay put public lighting at 0.1 kWh/d per person and set it aside as negligible. It is being converted, and slowly enough to be worth recording.

England’s county councils have committed about £442 million to LED street lighting, and a freedom-of-information survey found only 10 of 29 county schemes complete. Scotland has roughly 900 000 street lights, of which about 35% have been converted. Full national conversion is projected around 2035 — a quarter of a century after this book was written.8

Where it is finished the savings are large. Hertfordshire converted 117 361 lights for a 79% cut in street-lighting emissions and about £6.9 million a year; West Dunbartonshire cut its street-lighting electricity by 65%.

So MacKay’s 0.1 kWh/d per person is on its way to something nearer 0.03. The interesting part is why it is taking so long, and it is the mirror image of the bulb. A street light is not a drop-in replacement bought by a householder for four pounds. It is a municipal capital programme, twenty-nine of them, each with its own budget cycle, procurement and borrowing constraint. The technology was ready in about 2012. The institutions were not.



Why this one worked

It is worth asking why lighting was solved so completely when heating, in chapter 7, was not. The answer is not that the physics was easier — a heat pump beats a boiler by a wider margin than an LED beats an incandescent in primary-energy terms.

It is that a light bulb is a drop-in replacement. It costs a few pounds, screws into the fitting that is already there, needs no installer, no survey, no wet system, no cylinder, no planning, and no favourable ratio between two fuel prices. Nothing about the building has to change. Chapter 7’s machine has to overcome all of those at once.

The lesson is not about lamps. It is that the energy transitions that actually complete are the ones that fit into the socket that is already in the wall.




Notes and further reading

page no.







Street-lights use about 0.1 kWh per day per person… There’s roughly one sodium street-light per 10 people; each light has a power of 100 W, switched on for 10 hours per day. That’s 0.1 kWh per day per person.



… and traffic lights only 0.005 kWh/d per person. Britain has 420 000 traffic and pedestrian signal light bulbs, consuming 100 million kWh of electricity per year. Shared between 60 million people, 100 million kWh per year is 0.005 kWh/d per person.



There are fewer signs and illuminated bollards than street-lights. [www.highwayelectrical.org.uk]. There are 7.7 million lighting units (street lighting, illuminated signs and bollards) in the UK. Of these, roughly 7 million are street-lights and 1 million are illuminated road signs. There are 210 000 traffic signals. According to DUKES 2005, the total power for public lighting is 2095 GWh/y, which is 0.1 kWh/d per person.



55%-efficient generator – source: en.wikipedia.org/wiki/Alternator. Generators in power stations are much more efficient at converting mechanical work to electricity.



Best commercial LED lamps tested above 200 lumens per watt, with 2025-model lamps commonly at 180 lm/W and the best measured at 210; the long-run improvement is about 6–8 lm/W per year since 2010, with fleet-average efficacy around 107 lm/W in 2020. Figures are for the lamp, not the luminaire, and manufacturers quote under laboratory conditions at rated drive current and 25°C; a lamp in a warm enclosed fitting will do worse. Note also that efficacy is traded against colour rendering, so the highest-efficacy products are not always the ones people want in a living room. The withdrawal dates differ by jurisdiction and product class — incandescent, then mains-voltage halogen, then compact fluorescent and now linear fluorescent tubes have been progressively removed from the EU and UK markets under ecodesign and hazardous-substances rules — and specific dates are not given here because they vary by lamp type and by country.



Household electricity consumption from the Department for Energy Security and Net Zero: an average of 4630 kWh per household in 2008 against 3264 kWh in 2023, a fall of about 29%, attributed to more efficient appliances, better lighting and tighter product standards. The per-fitting reduction of 80–90% from replacing incandescent and halogen lamps with LEDs is an industry figure rather than a metered one. The Energy Consumption in the UK Electrical Products tables, which previously gave the appliance-level split including lighting, were discontinued in the 2025 edition over concerns about the underlying models; the lighting figure quoted here for today is therefore an inference from the per-fitting saving and not an official statistic.



Roger Fouquet and Peter J. G. Pearson, “Seven Centuries of Energy Services: The Price and Use of Light in the United Kingdom (1300–2000)”, The Energy Journal 27(1), 2006, and their later “The Long Run Demand for Lighting: Elasticities and Rebound Effects in Different Phases of Economic Development”, 2012, which is the source for elasticities varying with development stage. The unit-elasticity estimate and the backfire prediction for solid-state lighting are from J. Y. Tsao and P. Waide (2010). Two cautions on the 40 000-fold figure: it is consumption of lighting services in lumen-hours, not energy, and it is reconstructed from price and income series over centuries, so it carries wide uncertainty at the early end. The claim that Britain has so far avoided backfire rests on aggregate household electricity rather than on metered lighting, which as noted above is no longer separately published.



LED street-lighting conversion figures are from a freedom-of-information survey of English county councils reported in 2025 — about £442 million committed and 10 of 29 county schemes complete — together with Scottish Futures Trust figures of roughly 900 000 Scottish street lights and about 35% converted, and individual council announcements (Hertfordshire 117 361 lights, 79% emissions reduction, about £6.9 million a year; Staffordshire 47 955 lights in phase one; West Dunbartonshire 65% electricity reduction). These are self-reported council figures on differing baselines and are not a consistent national statistic; the 2035 completion date is a projection rather than a plan. Note also that England’s county councils are not the whole country — unitary authorities, London boroughs and Wales are not covered by that survey.





10 Offshore wind
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Figure 10.1. Kentish Flats – a shallow offshore wind farm. Each rotor has a diameter of 90 m centred on a hub height of 70 m. Each “3 MW” turbine weighs 500 tons, half of which is its foundation. Photos © Elsam (elsam.com). Used with permission.


The London Array offshore wind farm will make a crucial contribution to the UK’s renewable energy targets.

James Smith, chairman of Shell UK




Electric power is too vital a commodity to be used as a job-creation programme for the wind turbine industry.

David J. White



At sea, winds are stronger and steadier than on land, so offshore wind farms deliver a higher power per unit area than onshore wind farms. The Kentish Flats wind farm in the Thames Estuary, about 8.5 km offshore from Whitstable and Herne Bay, which started operation at the end of 2005, was predicted to have an average power per unit area of 3.2 W/m2. In 2006, its average power per unit area was 2.6 W/m2. 1

I’ll assume that a power per unit area of 3 W/m2 (50% larger than our onshore estimate of 2 W/m2) is an appropriate figure for offshore wind farms around the UK.

We now need an estimate of the area of sea that could plausibly be covered with wind turbines. It is conventional to distinguish between shallow offshore wind and deep offshore wind, as illustrated in figure 10.2. Conventional wisdom seems to be that shallow offshore wind (depth less than 25– 30 m), while roughly twice as costly as land-based wind, is economically feasible, given modest subsidy; 2 and deep offshore wind is at present not economically feasible. 3 As of 2008, there’s just one deep offshore windfarm in UK waters, an experimental prototype sending all its electricity to a nearby oilrig called Beatrice.


Shallow offshore

Within British territorial waters, the shallow area is about 40 000 km2, most of it off the coast of England and Wales. This area is about two Waleses.

The average power available from shallow offshore wind farms occupying the whole of this area would be 120 GW, or 48 kWh/d per person. But it’s hard to imagine this arrangement being satisfactory for shipping. Substantial chunks of this shallow water would, I’m sure, remain off-limits for wind farms. The requirement for shipping corridors and fishing areas must reduce the plausibly-available area; I propose that we assume the available fraction is one third (but please see this chapter’s end-notes for a more pessimistic view! 4). So we estimate the maximum plausible power from shallow offshore wind to be 16 kWh/d per person.

Before moving on, I want to emphasize the large area – two thirds of a Wales – that would be required to deliver this 16 kWh/d per person.


(Figure omitted from this edition: third-party rights.)



Figure 10.2. UK territorial waters with depth less than 25 m (yellow) and depth between 25 m and 50 m (purple). Data from DTI Atlas of Renewable Marine Resources. © Crown copyright.

If we take the total coastline of Britain (length: 3000 km), and put a strip of turbines 4 km wide all the way round, that strip would have an area of 13 000 km2. 5 That is the area we must fill with turbines to deliver 16 kWh/d per person. To put it another way, consider the number of turbines required. 16 kWh/d per person would be delivered by 44 000 “3 MW” turbines, which works out to 15 per kilometre of coastline, if they were evenly spaced around 3000 km of coast.

[image: ]

Offshore wind is tough to pull off because of the corrosive effects of sea water. At the big Danish wind farm, Horns Reef, all 80 turbines had to be dismantled and repaired after only 18 months’ exposure to the sea air. 6 The Kentish Flats turbines seem to be having similar problems with their gearboxes, one third needing replacement during the first 18 months.



Deep offshore

The area with depths between 25 m and 50 m is about 80 000 km2 – the size of Scotland. Assuming again a power per unit area of 3 W/m2, “deep” offshore wind farms could deliver another 240 GW, or 96 kWh/d per person, if turbines completely filled this area. Again, we must make corridors for shipping. I suggest as before that we assume we can use one third of the area for wind farms; this area would then be about 30% bigger than Wales, and much of it would be further than 50 km offshore. The outcome: if an area equal to a 9 km-wide strip all round the coast were filled with turbines, deep offshore wind could deliver a power of 32 kWh/d per person. A huge amount of power, yes; but still no match for our huge consumption. And we haven’t spoken about the issue of wind’s intermittency. We’ll come back to that in Chapter 26.
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Figure 10.3. Offshore wind.

I’ll include this potential deep offshore contribution in the production stack, with the proviso, as I said before, that wind experts reckon deep offshore wind is prohibitively expensive.

[image: Figure 10.4]

Figure 10.4. The Magnus platform in the northern UK sector of the North Sea contains 71 000 tons of steel. In the year 2000 this platform delivered 3.8 million tons of oil and gas – a power of 5 GW. The platform cost £1.1 billion. Photos by Terry Cavner.



Some comparisons and costs

So, how’s our race between consumption and production coming along? Adding both shallow and deep offshore wind to the production stack, the green stack has a lead. Something I’d like you to notice about this race, though, is this contrast: how easy it is to toss a bigger log on the consumption fire, and how difficult it is to grow the production stack. As I write this paragraph, I’m feeling a little cold, so I step over to my thermostat and turn it up. It’s so simple for me to consume an extra 30 kWh per day. But squeezing an extra 30 kWh per day per person from renewables requires an industrialization of the environment so large it is hard to imagine.

To create 48 kWh per day of offshore wind per person in the UK would require 60 million tons of concrete and steel – one ton per person. Annual world steel production is about 1200 million tons, which is 0.2 tons per person in the world. During the second world war, American shipyards built 2751 Liberty ships, 7 each containing 7000 tons of steel – that’s a total of 19 million tons of steel, or 0.1 tons per American. So the building of 60 million tons of wind turbines is not off the scale of achievability; but don’t kid yourself into thinking that it’s easy. Making this many windmills is as big a feat as building the Liberty ships.

For comparison, to make 48 kWh per day of nuclear power per person in the UK would require 8 million tons of steel and 140 million tons of concrete. We can also compare the 60 million tons of offshore wind hardware that we’re trying to imagine with the existing fossil-fuel hardware already sitting in and around the North Sea (figure 10.4). In 1997, 200 installations and 7000 km of pipelines in the UK waters of the North Sea contained 8 million tons of steel and concrete. 8 The newly built Langeled gas pipeline from Norway to Britain, which will convey gas with a power of 25 GW (10 kWh/d/p), used another 1 million tons of steel and 1 million tons of concrete (figure 10.5).
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Figure 10.5. Pipes for Langeled. From Bredero–Shaw [brederoshaw.com].

The UK government announced on 10th December 2007 9 that it would permit the creation of 33 GW of offshore wind capacity (which would deliver on average 10 GW to the UK, or 4.4 kWh per day per person), a plan branded “pie in the sky” 10 by some in the wind industry. Let’s run with a round figure of 4 kWh per day per person. This is one quarter of my shallow 16 kWh per day per person. To obtain this average power requires roughly 10 000 “3 MW” wind turbines like those in figure 10.1. (They have a capacity of “3 MW” but on average they deliver 1 MW. I pop quotes round “3 MW” to indicate that this is a capacity, a peak power.)

What would this “33 GW”’ of power cost to erect? 11 Well, the “90 MW” Kentish Flats farm cost £105 million, so “33 GW” would cost about £33 billion. One way to clarify this £33 billion cost of offshore wind delivering 4 kWh/d per person is to share it among the UK population; that comes out to £550 per person. This is a much better deal, incidentally, than microturbines. A roof-mounted microturbine currently costs about £1500 and, even at a very optimistic windspeed of 6 m/s, delivers only 1.6 kWh/d. In reality, in a typical urban location in England, such micro-turbines deliver 0.2 kWh per day. 12

Another bottleneck constraining the planting of wind turbines is the special ships required. To erect 10 000 wind turbines (“33 GW”) over a period of 10 years would require roughly 50 jack-up barges. These cost £60 million each, 13 so an extra capital investment of £3 billion would be required. Not a show-stopper compared with the £33bn price tag already quoted, but the need for jack-up barges is certainly a detail that requires some forward planning.


Costs to birds

Do windmills kill “huge numbers” of birds? Wind farms recently got adverse publicity from Norway, where the wind turbines on Smola, a set of islands off the north-west coast, killed 9 white-tailed eagles in 10 months. I share the concern of BirdLife International for the welfare of rare birds. But I think, as always, it’s important to do the numbers. It’s been estimated that 30 000 birds per year are killed by wind turbines in Denmark, where windmills generate 19% of the electricity. Horror! Ban windmills! We also learn, moreover, that traffic kills one million birds per year in Denmark. Thirty-times-greater horror! Thirty-times-greater incentive to ban cars! And in Britain, 55 million birds per year are killed by cats (figure 10.6).

Going on emotions alone, I would like to live in a country with virtually no cars, virtually no windmills, and with plenty of cats and birds (with the cats that prey on birds perhaps being preyed upon by Norwegian whitetailed eagles, to even things up). But what I really hope is that decisions about cars and windmills are made by careful rational thought, not by emotions alone. Maybe we do need the windmills!
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Figure 10.6. Birds lost in action. Annual bird deaths in Denmark caused by wind turbines and cars, and annual bird deaths in Britain caused by cats. Numbers from Lomborg (2001). Collisions with windows kill a similar number to cats.




Eighteen years of offshore wind

A section added in the 2026 revision. This chapter contains a dated prediction, which makes it easy to mark.


The plan, and what was built

MacKay records the government’s announcement of 10 December 2007 that it would permit 33 GW of offshore wind capacity, delivering about 4.4 kWh/d per person — a plan the wind industry itself branded “pie in the sky”.

At the end of 2025 the United Kingdom had 17.0 GW of offshore wind: roughly half the plan, eighteen years later. It generated 52 TWh in 2025, 17.9% of British electricity, against 48.8 TWh the year before. Per person that is 2.1 kWh/d.14

So the derided plan was neither achieved nor absurd. It is about half built and still building. But set it against this chapter’s own ceilings and the scale becomes clear: 2.1 kWh/d against a shallow-water potential of 16 and a total offshore potential of 48. Britain has built something like an eighth of the shallow resource MacKay sized, and one twenty-third of the whole.



He was right about the area and wrong about the price

His costing was £33 billion for 33 GW, which is about £1000 per kilowatt. Fixed-bottom offshore wind now costs roughly $3500 to $6500 per kilowatt — call it £2800 to £5200 — so the real figure is three to five times his estimate.15

That is worth putting beside chapter 6. There MacKay was wrong about cost in the other direction, and by a larger factor: solar electricity is roughly a tenth of what he assumed, while offshore wind is three to five times more. The book brackets cost out deliberately and says so; the interesting thing is that when cost did move, it moved unpredictably in both directions and by more than an order of magnitude between the two technologies. Nothing in the physics told you which.



The proviso about deep water was right

He put deep offshore on the production stack “with the proviso, as I said before, that wind experts reckon deep offshore wind is prohibitively expensive”. Floating wind has since stopped being hypothetical: Scotland hosts Hywind Scotland and Kincardine, the latter the world’s largest floating farm with five 9.5 MW turbines and one of 2 MW, fully operational since 2021.

But floating capex runs $6000 to $10 000 per kilowatt, roughly £4700 to £7900, roughly double fixed-bottom. So deep offshore is no longer impossible and is not yet cheap, and his 32 kWh/d entry on the stack remains, eighteen years on, almost entirely unbuilt. The proviso has aged better than the estimate.



Britain invented it; China owns it

The other change is one MacKay could not have anticipated, because in 2008 offshore wind was essentially a British and Danish undertaking.




	End of 2025
	Offshore wind, GW





	China
	47.4



	United Kingdom
	17.0



	Germany
	9.7



	Netherlands
	4.8



	Taiwan
	3.6



	World
	91.4





Britain still has the largest offshore fleet outside China and the largest in Europe. China has nearly three times as much, and more than half the world’s total. The industry that this chapter describes as a British frontier is now mostly somewhere else.



One thing that improved more than he expected

MacKay’s turbines have “a capacity of 3 MW but on average they deliver 1 MW” — a load factor of 33%. British offshore projects are now planned around 43%, and the newest sites do considerably better, as chapter 4 records for Dogger Bank. The machines also stopped falling apart: this chapter’s account of Horns Reef, where all eighty turbines were dismantled after eighteen months, and of Kentish Flats replacing a third of its gearboxes in the same period, describes an industry in its infancy that no longer exists.

None of that changes the area. Chapter 4’s section on larger turbines explains why: power per unit area is set by spacing, not by the machine. What the higher load factor buys is more energy from the same 17 GW, not more energy from the same sea.




Notes and further reading











	Region
	depth 5 to 30 m: area (km2)
	depth 5 to 30 m: potential resource (kWh/d/p)
	deeper water: area (km2)
	deeper water: potential resource (kWh/d/p)





	North West
	3300
	6
	2000
	4



	Greater Wash
	7400
	14
	950
	2



	Thames Estuary
	2100
	4
	850
	2



	Other
	14000
	28
	45000
	87



	TOTAL
	27000
	52
	49000
	94





Table 10.7. Potential offshore wind generation resource in proposed strategic regions, if these regions were entirely filled with wind turbines. From Dept. of Trade and Industry (2002b).

It’s possible that floating wind turbines may change the economics of deep offshore wind.

When it is in working order, Horns Reef’s load factor is 0.43 and its average power per unit area is 2.6 W/m2.

[image: Figure 10.8]

Figure 10.8. Construction of the Beatrice demonstrator deep offshore windfarm. Photos kindly provided by Talisman Energy (UK) Limited.

[image: Figure 10.9]

Figure 10.9. Kentish Flats. Photos © Elsam (elsam.com). Used with permission.

Further reading: UK wind energy database [www.bwea.com/ukwed/].







The Kentish Flats wind farm in the Thames Estuary… See www.kentishflats.co.uk. Its 30 Vestas V90 wind turbines have a total peak output of 90 MW, and the predicted average output was 32 MW (assuming a load factor of 36%). The mean wind speed at the hub height is 8.7 m/s. The turbines stand in 5 m-deep water, are spaced 700 m apart, and occupy an area of 10 km2. The power density of this offshore wind farm was thus predicted to be 3.2 W/m2. In fact, the average output was 26 MW, so the average load factor in 2006 was 29% [wbd8o]. This works out to a power density of 2.6 W/m2. The North Hoyle wind farm off Prestatyn, North Wales, had a higher load factor of 36% in 2006. Its thirty 2 MW turbines occupy 8.4 km2. They thus had an average power density of 2.6 W/m2.



…shallow offshore wind, while roughly twice as costly as onshore wind, is economically feasible, given modest subsidy. Source: Danish wind association windpower.org.



…deep offshore wind is at present not economically feasible. Source: BritishWind Energy Association briefing document, September 2005, www.bwea.com. Nevertheless, a deep offshore demonstration project in 2007 put two turbines adjacent to the Beatrice oil field, 22 km off the east coast of Scotland (figure 10.8). Each turbine has a “capacity” of 5 MW and sits in a water depth of 45 m. Hub height: 107 m; diameter 126 m. All the electricity generated will be used by the oil platforms. Isn’t that special! The 10 MW project cost £30 million – this price-tag of £3 per watt (peak) can be compared with that of Kentish Flats, £1.2 per watt (£105 million for 90 MW). www.beatricewind.co.uk



The area available for offshore wind. The Department of Trade and Industry’s (2002) document “Future Offshore” gives a detailed breakdown of areas that are useful for offshore wind power. Table 10.7 shows the estimated resource in 76 000 km2 of shallow and deep water. The DTI’s estimated power contribution, if these areas were entirely filled with windmills, is 146 kWh/d per person (consisting of 52 kWh/d/p from the shallow and 94 kWh/d/p from the deep). But the DTI’s estimate of the potential offshore wind generation resource is just 4.6 kWh per day per person. It might be interesting to describe how they get down from this potential resource of 146 kWh/d per person to 4.6 kWh/d per person. Why a final figure so much lower than ours? First, they imposed these limits: the water must be within 30 km of the shore and less than 40 m deep; the sea bed must not have gradient greater than 5°; shipping lanes, military zones, pipelines, fishing grounds, and wildlife reserves are excluded. Second, they assumed that only 5% of potential sites will be developed (as a result of seabed composition or planning constraints); they reduced the capacity by 50% for all sites less than 10 miles from shore, for reasons of public acceptability; they further reduced the capacity of sites with wind speed over 9 m/s by 95% to account for “development barriers presented by the hostile environment;” and other sites with average wind speed 8–9 m/s had their capacities reduced by 5%.



…if we take the total coastline of Britain (length: 3000 km), and put a strip of turbines 4 km wide all the way round… Pedants will say that “the coastline of Britain is not a well-defined length, because the coast is a fractal.” Yes, yes, it’s a fractal. But, dear pedant, please take a map and put a strip of turbines 4 km wide around mainland Britain, and see if it’s not the case that your strip is indeed about 3000 km long.



Horns Reef (Horns Rev). The difficulties with this “160 MW” Danish wind farm off Jutland [www.hornsrev.dk] are described by Halkema (2006).



Liberty ships – www.liberty-ship.com/html/yards/introduction.html



…fossil fuel installations in the North Sea contained 8 million tons of steel and concrete – Rice and Owen (1999).



The UK government announced on 10th December 2007 that it would permit the creation of 33 GW of offshore capacity… [25e59w].



…“pie in the sky”. Source: Guardian [2t2vjq].



What would “33 GW” of offshore wind cost? According to the DTI in November 2002, electricity from offshore wind farms costs about £50 per MWh (5p per kWh) (Dept. of Trade and Industry, 2002b, p21). Economic facts vary, however, and in April 2007 the estimated cost of offshore was up to £92 per MWh (Dept. of Trade and Industry, 2007, p7). By April 2008, the price of offshore wind evidently went even higher: Shell pulled out of their commitment to build the London Array. It’s because offshore wind is so expensive that the Government is having to increase the number of ROCs (renewable obligation certificates) per unit of offshore wind energy. The ROC is the unit of subsidy given out to certain forms of renewable electricity generation. The standard value of a ROC is £45, with 1 ROC per MWh; so with a wholesale price of roughly £40/MWh, renewable generators are getting paid £85 per MWh. So 1 ROC per MWh is not enough subsidy to cover the cost of £92 per MWh. In the same document, estimates for other renewables (medium levelized costs in 2010) are as follows. Onshore wind: £65–89/MWh; co-firing of biomass: £53/MWh; large-scale hydro: £63/MWh; sewage gas: £38/MWh; solar PV: £571/MWh; wave: £196/MWh; tide: £177/MWh. “Dale Vince, chief executive of green energy provider Ecotricity, which is engaged in building onshore wind farms, said that he supported the Government’s offshore wind plans, but only if they are not to the detriment of onshore wind. ‘It’s dangerous to overlook the fantastic resource we have in this country. . . By our estimates, it will cost somewhere in the region of £40bn to build the 33 GW of offshore power Hutton is proposing. We could do the same job onshore for £20bn’.” [57984r]



In a typical urban location in England, microturbines deliver 0.2 kWh per day. Source: Third Interim Report, www.warwickwindtrials.org.uk/2.html. Among the best results in the Warwick Wind Trials study is a Windsave WS1000 (a 1-kW machine) in Daventry mounted at a height of 15 m above the ground, generating 0.6 kWh/d on average. But some microturbines deliver only 0.05 kWh per day – Source: Donnachadh McCarthy: “My carbonfree year,” The Independent, December 2007 [6oc3ja]. The Windsave WS1000 wind turbine, sold across England in B&Q’s shops, won an Eco-Bollocks award from Housebuilder’s Bible author Mark Brinkley: “Come on, it’s time to admit that the roof-mounted wind turbine industry is a complete fiasco. Good money is being thrown at an invention that doesn’t work. This is the Sinclair C5 of the Noughties.” [5soql2]. The Met Office and Carbon Trust published a report in July 2008 [6g2jm5], which estimates that, if small-scale turbines were installed at all houses where economical in the UK, they would generate in total roughly 0.7 kWh/d/p. They advise that roof-mounted turbines in towns are usually worse than useless: “in many urban situations, roof-mounted turbines may not pay back the carbon emitted during their production, installation and operation.”



Jack-up barges cost £60 million each. Source: news.bbc.co.uk/1/hi/magazine/7206780.stm. I estimated that we would need roughly 50 of them by assuming that there would be 60 workfriendly days each year, and that erecting a turbine would take 3 days.



Offshore wind capacity at end-2025 from the Energy Institute’s Statistical Review of World Energy 2026: United Kingdom 16 960 MW, China 47 390 MW, Germany 9673 MW, Netherlands 4750 MW, Taiwan 3590 MW, world total 91 380 MW. Generation of 52 TWh in 2025 and 48.8 TWh in 2024, being 17.9% and 17.0% of British electricity, is from the Department for Energy Security and Net Zero’s Energy Trends. The per-person figure uses a population of 68.4 million. Note that capacity is measured at year end while generation accrues through the year, so dividing one by the other understates the achieved load factor.



MacKay’s £33 billion for 33 GW is his own figure, scaled from the £105 million cost of the 90 MW Kentish Flats farm, and works out at about £1000/kW. Current capital cost ranges are commercial estimates: roughly $3500–6500/kW for fixed-bottom projects, with European sites on mature ground at the lower end, and $6000–10 000/kW for floating at early-commercial scale. These are not inflation-adjusted against his 2008 figure, and about half the nominal increase is general price inflation over eighteen years; the real increase is smaller but still large, and runs opposite to the direction almost everyone expected in 2008. Chapter 4’s section on what wind now earns gives the revenue side of the same squeeze.





11 Gadgets

[image: Figure 11.1]

Figure 11.1. Planet destroyers. Spot the difference.

[image: Figure 11.2]

Figure 11.2. These five chargers – three for mobile phones, one for a pocket PC, and one for a laptop – registered less than one watt on my power meter.

One of the greatest dangers to society is the phone charger. The BBC News has been warning us of this since 2005: 1

“The nuclear power stations will all be switched off in a few years. How can we keep Britain’s lights on? … unplug your mobile-phone charger when it’s not in use.”

Sadly, a year later, Britain hadn’t got the message, and the BBC was forced to report:

“Britain tops energy waste league”.

And how did this come about? The BBC rams the message home:

“65% of UK consumers leave chargers on.”

From the way reporters talk about these planet-destroying black objects, it’s clear that they are roughly as evil as Darth Vader. But how evil, exactly?

In this chapter we’ll find out the truth about chargers. We’ll also investigate their cousins in the gadget parade: computers, phones, and TVs. Digital set-top boxes. Cable modems. In this chapter we’ll estimate the power used in running them and charging them, but not in manufacturing the toys in the first place – we’ll address that in the later chapter on “stuff.”


The truth about chargers

Modern phone chargers, when left plugged in with no phone attached, use about half a watt. 2 In our preferred units, this is a power consumption of about 0.01 kWh per day. For anyone whose consumption stack is over 100 kWh per day, the BBC’s advice, always unplug the phone charger, could potentially reduce their energy consumption by one hundredth of one percent (if only they would do it).


Every little helps!



I don’t think so. Obsessively switching off the phone-charger is like bailing the Titanic with a teaspoon. Do switch it off, but please be aware how tiny a gesture it is. Let me put it this way:


All the energy saved in switching off your charger for one day is used up in one second of car-driving.




The energy saved in switching off the charger for one year is equal to the energy in a single hot bath.



Admittedly, some older chargers use more than half a watt – if it’s warm to the touch, it’s probably using one watt or even three (figure 11.3). A three-watt-guzzling charger uses 0.07 kWh per day. I think that it’s a good idea to switch off such a charger – it will save you three pounds per year. But don’t kid yourself that you’ve “done your bit” by so doing. 3W is only a tiny fraction of total energy consumption.

OK, that’s enough bailing the Titanic with a teaspoon. Let’s find out where the electricity is really being used.

[image: Figure 11.3]

Figure 11.3. This wasteful cordless phone and its charger use 3 W when left plugged in. That’s 0.07 kWh/d. If electricity costs 10p per kWh then a 3 W trickle costs £3 per year.

[image: ]



Gadgets that really suck

Table 11.4 shows the power consumptions, in watts, of a houseful of gadgets. The first column shows the power consumption when the device is actually being used – for example, when a sound system is actually playing sound. The second column shows the consumption when the device is switched on, but sitting doing nothing. I was particularly shocked to find that a laser-printer sitting idle consumes 17 W – the same as the average consumption of a fridge-freezer! The third column shows the consumption when the gadget is explicitly asked to go to sleep or standby. The fourth shows the consumption when it is completely switched off – but still left plugged in to the mains. I’m showing all these powers in watts – to convert back to our standard units, remember that 40 W is 1 kWh/d. A nice rule of thumb, by the way, is that each watt costs about one pound per year (assuming electricity costs 10p per kWh).

The biggest guzzlers are the computer, its screen, and the television, whose consumption is in the hundreds of watts, when on. Entertainment systems such as stereos and DVD players swarm in the computer’s wake, many of them consuming 10 W or so. A DVD player may cost just £20 in the shop, but if you leave it switched on all the time, it’s costing you another £10 per year. Some stereos and computer peripherals consume several watts even when switched off, thanks to their mains-transformers. To be sure that a gadget is truly off, you need to switch it off at the wall.


Powering the hidden tendrils of the information age

According to Jonathan Koomey (2007), the computer-servers in US datacentres and their associated plumbing (air conditioners, backup power systems, and so forth) consumed 0.4 kWh per day per person – just over 1% of US electricity consumption. That’s the consumption figure for 2005, which, by the way, is twice as big as the consumption in 2000, because the number of servers grew from 5.6 million to 10 million.

Added in the 2026 revision: it has gone on doubling. American data centres reached 4.4% of national electricity in 2023 and Irish ones 22%, and the tendrils are no longer hidden. Chapter 11a takes up what became of them.3




	Gadget
	on and active
	on but inactive
	standby
	off





	Computer and peripherals:
	
	
	
	



	computer box
	80
	55
	
	2



	cathode-ray display
	110
	
	3
	0



	LCD display
	34
	
	2
	1



	projector
	150
	
	5
	



	laser printer
	500
	17
	
	



	wireless & cable-modem
	9
	
	
	



	Laptop computer
	16
	9
	
	0.5



	Portable CD player
	2
	
	
	



	Bedside clock-radio
	1.1
	1
	
	



	Bedside clock-radio
	1.9
	1.4
	
	



	Digital radio
	9.1
	
	3
	



	Radio cassette-player
	3
	1.2
	
	1.2



	Stereo amplifier
	6
	
	
	6



	Stereo amplifier II
	13
	
	
	0



	Home cinema sound
	7
	7
	4
	



	DVD player
	7
	6
	
	



	DVD player II
	12
	10
	5
	



	TV
	100
	
	10
	



	Video recorder
	13
	
	1
	



	Digital TV set top box
	6
	
	5
	



	Clock on microwave oven
	2
	
	
	



	Xbox
	160
	
	2.4
	



	Sony Playstation 3
	190
	
	2
	



	Nintendo Wii
	18
	
	2
	



	Answering machine
	
	2
	
	



	Answering machine II
	
	3
	
	



	Cordless telephone
	
	1.7
	
	



	Mobile phone charger
	5
	0.5
	
	



	Vacuum cleaner
	1600
	
	
	





Table 11.4. Power consumptions of various gadgets, in watts. 40 W is 1 kWh/d.



Other gadgets

A vacuum cleaner, if you use it for a couple of hours per week, is equivalent to about 0.2 kWh/d. Mowing the lawn uses about 0.6 kWh. We could go on, but I suspect that computers and entertainment systems are the big suckers on most people’s electrical balance-sheet.

[image: Figure 11.5]

Figure 11.5. Information systems and other gadgets.

This chapter’s summary figure: it’ll depend how many gadgets you have at home and work, but a healthy houseful or officeful of gadgets left on all the time could easily use 5 kWh/d.



Mythconceptions


“There is no point in my switching off lights, TVs, and phone chargers during the winter. The ‘wasted’ energy they put out heats my home, so it’s not wasted.”

This myth is True for a few people, but only during the winter; but False for most.

If your house is being heated by electricity through ordinary bar fires or blower heaters then, yes, it’s much the same as heating the house with any electricity-wasting appliances. But if you are in this situation, you should change the way you heat your house. Electricity is high-grade energy, and heat is low-grade energy. It’s a waste to turn electricity into heat. To be precise, if you make only one unit of heat from a unit of electricity, that’s a waste. Heaters called air-source heat pumps or ground-source heat pumps can do much better, delivering 3 or 4 units of heat for every unit of electricity consumed. They work like back-to-front refrigerators, pumping heat into your house from the outside air (see Chapter 21).

For the rest, whose homes are heated by fossil fuels or biofuels, it’s a good idea to avoid using electrical gadgets as a heat source for your home – at least for as long as our increases in electricity-demand are served from fossil fuels. It’s better to burn the fossil fuel at home. The point is, if you use electricity from an ordinary fossil power station, more than half of the energy from the fossil fuel goes sadly up the cooling tower. Of the energy that gets turned into electricity, about 8% is lost in the transmission system. If you burn the fossil fuel in your home, more of the energy goes directly into making hot air for you.





Notes and further reading

[image: Figure 11.6]

Figure 11.6. Advertisement from the “DIY planet repairs” campaign. The text reads “Unplug. If every London household unplugged their mobile-phone chargers when not in use, we could save 31,000 tonnes of CO2 and £7.75m per year.” london.gov.uk/diy/

[image: ]

Further reading: Kuehr (2003).







The BBC News has been warning us … unplug your mobile-phone charger. The BBC News article from 2005 said: “the nuclear power stations will all be switched off in a few years. How can we keep Britain’s lights on? Here’s three ways you can save energy: switch off video recorders when they’re not in use; don’t leave televisions on standby; and unplug your mobile-phone charger when it’s not in use.”



Modern phone chargers, when left plugged in with no phone attached, use about half a watt. The Maplin power meter in figure 11.2 is not accurate enough to measure this sort of power. I am grateful to Sven Weier and Richard McMahon of Cambridge University Engineering Department who measured a standard Nokia charger in an accurate calorimeter; they found that, when not connected to the mobile, it wastes 0.472 W. They made additional interesting measurements: the charger, when connected to a fully-charged mobile phone, wastes 0.845 W; and when the charger is doing what it’s meant to do, charging a partly-charged Nokia mobile, it wastes 4.146 W as heat. Pedants sometimes ask “what about the reactive power of the charger?” This is a technical niggle, not really worth our time. For the record, I measured the reactive power (with a crummy meter) and found it to be about 2 VA per charger. Given that the power loss in the national grid is 8% of the delivered power, I reckon that the power loss associated with the reactive power is at most 0.16 W. When actually making a phone-call, the mobile uses 1 W.



Chapter 11a, “The machines behind the screen”, gives the current figures and their sources.





11a The machines behind the screen

Editor’s note: this chapter is new in the 2026 revision. It is not David MacKay’s writing. Added by Örjan Lundberg.

Chapter 11 has a short section called “Powering the hidden tendrils of the information age”. It reports Jonathan Koomey’s finding that in 2005 the servers in American data centres, with their cooling and backup power, used 0.4 kWh per day per person — “just over 1% of US electricity consumption” — and notes that this had doubled since 2000 as the server count went from 5.6 to 10 million.

MacKay put that in a chapter about gadgets, and in 2005 he was right to. A percent of national electricity is a rounding error next to heating and driving. This chapter exists because the tendrils stopped being hidden.


What the number is now




	
	Data centre electricity
	Share of that grid





	World, 2024
	415 TWh
	1.5%



	United States, 2023
	176 TWh
	4.4%



	European Union, 2024
	68 TWh
	2.5%



	United Kingdom, 2025
	7 to 17 TWh
	2.5 to 6%



	Sweden, 2025
	4.0 to 4.4 TWh
	3%



	Ireland, 2024
	about 7 TWh
	22%





In this book’s units, an American’s share of data-centre electricity is about 1.4 kWh/d, against MacKay’s 0.4 twenty years ago. A citizen of the world averages 0.14. A citizen of the European Union averages 0.41 — MacKay’s own figure, as though nothing had happened — and the Commission, quoting the IEA, expects that to reach 0.7 by 2030, when data centres would take 3.2% of the Union’s electricity.1 A British person’s share is between 0.3 and 0.7 kWh/d, the range reflecting a genuine disagreement about what counts. An Irish person’s share is about 3.6 kWh/d — which is close to the 5 kWh/d that chapter 11 offers as the figure for a whole houseful of gadgets left on all the time. A Swede’s is about 1.1 kWh/d, above the British figure and not far below the American, because Sweden has a great many data centres and not many people to divide them among.2,3

The British range needs explaining, because it is wide. The lower figure, about 2.5% of national electricity, is the one usually quoted for data centres proper. A 2026 assessment put the United Kingdom and the United States both near 6%, which is roughly double. The gap is boundary: whether telecoms and networking equipment count, whether enterprise server rooms inside ordinary offices count, and whether cryptocurrency mining counts. National Grid’s Future Energy Scenarios projects 5.2 GW and just over 20 TWh a year by 2030, which would be about 7% of British electricity and roughly a fourfold rise.4

Ireland is the case worth staring at, because it is the future arriving early in a small country. Data centres took 5% of Irish electricity in 2015 and 22% in 2024, more than quadrupling in nine years. No other consumer of electricity has ever grown like that inside a developed grid, and Ireland now has more of its power going into computation than into all its homes’ lighting, cooking and appliances combined.

Sweden is worth a paragraph of its own, because it is the case this chapter’s later sections keep returning to, and because its projected trajectory is among the steepest in Europe. The Swedish Energy Agency puts Swedish data centres at 4.0 to 4.4 TWh in 2025, about 3% of national electricity — and notes that its own estimate predates the AI build-out, so it is likely to be low. Svenskt Näringsliv, the employers’ confederation, projects 14 to 15 TWh by 2030, which would be 10% of Swedish electricity and about 3.6 to 3.9 kWh/d per person.

That projection is not a forecast of something new. It is the same order as Ireland’s present, which this chapter gives as about 3.6 kWh/d — so the question is not whether such a share is possible but what happens to a grid when it arrives in five years rather than fifteen.

The connection queue says it is arriving fast, and the section on grid position below gives the national figure: about 9000 MW applied for in 2025, roughly half of it data centres.5

There is a second way to size the fleet, and it puts the countries in a different order. Instead of asking what share of a country’s electricity goes into computation, ask how large the machines are next to the grid they plug into: total data-centre IT capacity, in megawatts, against the highest load that grid has to meet. That is the question a system operator asks, because a peak is what the network is built for.

[image: Data centre IT capacity as a share of 2025 national peak electricity load, for sixteen European countries, in 2025 and as forecast for 2031. Ireland is at 29.1% now and 46.4% by 2031; Portugal goes from 0.6% to 16.4%, Denmark 7.2% to 14.6%, the Netherlands 6.8% to 12.8%, Sweden 2.5% to 7.0%, Germany 2.3% to 5.9% and France, lowest by 2031, 0.9% to 2.1%.]

Figure 11a.1. Total data-centre IT capacity, colocation and hyperscale-owned together, as a percentage of 2025 national peak electricity load. Both dots are measured against the same 2025 peak, so the 2031 dot is capacity over today’s peak rather than a forecast of the 2031 ratio. Installed capacity is not consumption: no facility draws its nameplate. The United Kingdom is not in the source.6

The chart and the table at the head of this chapter are measuring different things, and the gap between them is instructive. Ireland’s data centres are 29.1% of peak load as capacity, and 22% of metered electricity in 2024 as energy; Sweden’s are 2.5% and about 3%. A fleet running flat out would show an energy share well above its capacity share, because a national grid spends most of the year below its peak — at a load factor near 0.6, which is typical for Europe, Ireland’s 29.1% would meter as something near 48% and Sweden’s 2.5% as 4%. Both countries meter less than that. The chart shows what has been built and the table shows what it drew, and the distance between them is however much of the installed capacity is idle at any moment.

Which is why the multiples are the part to read, and Sweden’s is the check this chapter needs. Swedish capacity goes from 2.5% of peak to 7.0%, a 2.8-fold rise over the six years to 2031, or about 19% a year. Svenskt Näringsliv’s projection, arrived at from market forecasts rather than from installed hardware, takes Swedish data centres from 3% of electricity to 10% by 2030 — 3.3-fold over five years, or about 27% a year. Those are not the same number, and the horizons differ; what they share is the order, and two methods with no inputs in common agreeing to within a third is about as much agreement as this subject offers. Ireland’s multiple is 1.6, the smallest of the sixteen: its growth is behind it, and the countries with the steep arms are the ones that have not yet had the argument. Portugal, which has almost no data centres today at 0.6% of peak, is forecast at 16.4% — a 27-fold rise, and second only to Ireland by 2031.



The growth rate is the whole story

Absolute numbers understate this, because the interesting quantity is the exponent.

American data-centre demand grew at about 7% a year from 2014 to 2018, then 18% a year from 2018 to 2023, and is projected at 13 to 27% a year to 2028, reaching 325 to 580 TWh, or 6.7 to 12% of American electricity. Globally the IEA expects 485 TWh in 2025 to become about 950 TWh in 2030, roughly 3% of world electricity.7

Notice what the 2018 inflection is. Between 2010 and 2018 data-centre computing rose enormously while electricity barely moved, because efficiency — better chips, virtualisation, hyperscale facilities replacing cupboards full of servers — absorbed the growth. That is the same story as chapter 9’s light bulb: the service expanded and the energy did not.

Then it stopped working. The efficiency gains ran out at roughly the moment demand for AI training and inference began, and since 2018 the curve has followed demand rather than efficiency. Servers for artificial intelligence were 24% of server electricity and 15% of total data-centre energy in 2024, and are projected at 35 to 50% of data-centre power by 2030.

This is the shape MacKay’s method is built to expose. A quantity growing at 18% a year doubles in four years. Applied to something that is already 4% of a national grid, four more doublings reaches the whole grid. The exponent cannot continue, and the interesting question is what stops it.



How much for one answer?

Chapter 11 is built out of small measurements: a phone charger at less than a watt, a laptop at 20, a stereo left on all night. The same question can be put to the machines this chapter is about. What does one answer cost?

Google published a figure in August 2025, and it is the only one from an operator that states its method. The median Gemini Apps text prompt uses 0.24 Wh of electricity, emits 0.03 g of CO2e and consumes 0.26 ml of water — five drops. The boundary covers the accelerator chips, the host machine around them, idle capacity held ready, and the data centre’s own overhead. Google also reports that the same median prompt fell 33-fold in energy and 44-fold in carbon over the preceding twelve months, which is the efficiency curve of the section above arriving at the scale of a single query.

Set beside it, Stephen Witt’s estimate in the New Yorker for a longer piece of work: an AI writing a college term paper produces about 5000 tokens and uses roughly what a microwave oven at full power uses in three minutes. Call that 40 to 60 Wh, depending on whether you take the oven’s rated output or its draw at the wall, and it is around 200 median Gemini prompts.8

The gap between the two is mostly a difference of question. A median prompt is short, and half of all prompts are shorter still. Five thousand tokens is a long answer, and a reasoning model that thinks before it writes can spend several times its visible output. Google’s boundary also leaves out training, a fixed cost spread over every query the model ever answers, which nobody outside the labs can apportion.

Now do MacKay’s check, which is to see whether the small number and the big number meet. An American’s share of data-centre electricity is 1.4 kWh/d. Servers for artificial intelligence were 15% of data-centre energy in 2024, so the AI part is roughly 0.21 kWh/d, or 210 Wh a day for every American. At Google’s 0.24 Wh that is about 900 median prompts a day each. At Witt’s rate for a long answer it is four.

Nobody sends 900 prompts a day. Plenty of people get through four long answers. Two things account for the distance, and both are worth having. American data centres serve users everywhere, so dividing their electricity by the American population overstates what an American uses. And most of the electricity is not median text prompts at all: it is training runs, image and video generation, and the tail of heavy inference that a median hides by construction.

The lesson is the one MacKay draws whenever a bottom-up estimate and a top-down measurement fail to meet. Trust the meter. A per-prompt figure answers “what did this cost?” honestly and makes a poor basis for a national total, because the median user is not where the electricity goes.



What is hidden

Four costs sit outside the electricity meter, and every one of them is the sort MacKay would have insisted on counting.

The first is water. Cooling evaporates it. The industry average is about 1.8 litres per kWh of electricity used, though the best operators are far better — Amazon reports a fleet average of 0.19 L/kWh, nearly ten times lower. Virginia’s data centres consumed over 2.1 billion gallons in 2023, about 8 million cubic metres, with Loudoun County alone at 900 million gallons.9 At 1.8 L/kWh the world’s 415 TWh implies something like 750 million cubic metres — and unlike electricity, water is consumed where it is drawn, in places increasingly chosen for cheap power rather than plentiful rivers.

The second is land. The Homer City Energy Campus in Pennsylvania, the largest such project announced so far, pairs up to 4.4 GW of generation with the computing to absorb it on a site of more than 3200 acres — 13 km2. Run at the 85% of the time this chapter assumes elsewhere, that averages about 290 W/m2 of site. Chapter 4 gives British onshore wind 2 W/m2 and chapter 6 gives Cleve Hill in Kent, the largest solar farm in Britain, about 11 W/m2 — both of them average delivered power rather than peak capacity, which is the basis used here throughout. The campus therefore uses power at roughly 145 times the density at which a wind farm makes it, and 26 times a solar farm’s. Supplying it from onshore wind at MacKay’s figure would take 1900 km2, which at Britain’s 4000 m2 of land per person is the whole national land share of 470 000 people, for one campus. That arithmetic is why gas is winning these sites: gas matches the density on the spot, and renewables have to be bought somewhere else and carried. What the ground itself costs is less reversible than it looks — Witt reports a farmer watching six to ten feet of topsoil, kept in condition by four generations of crop rotation, taken out in a day.10

The third is grid position. A data centre is a large, constant, inflexible load that wants to be built quickly. It is therefore the opposite of what chapters 26 and 28a say a renewable-heavy system needs. Where it lands, it competes for connection capacity with everything else, and because it can pay more per kilowatt-hour than a smelter or a housing estate, it wins. Ireland’s grid operator has had to refuse or defer connections in Dublin for exactly this reason.

The fourth is the rebound that did not happen. Chapter 9 concludes that Britain kept its lighting efficiency gain because demand for light saturated. Computation has not saturated and shows no sign of it. Every efficiency improvement in computing since 1950 has been met by doing more computing, which is Jevons in its purest available form, and the AI build-out is the largest instance yet.


And Brussels asked to see the meter

A section added in the 2026 revision. On 21 September 2026 the European Commission adopted a common rating scheme for data centres: a label for every facility with more than 500 kW of IT load, showing how efficiently it uses power and water, how much of its energy is low-carbon, whether it is ready to hand its waste heat to someone else, what it offers the grid, and whether it has paid for new clean generation rather than bought certificates from old plants. The first labels are due in 2027. A consultation on minimum performance standards — actual limits, for new and refitted sites — closes on 14 December. The same announcement repeats that the Union wants to triple its data-centre capacity within five to seven years.11

The interesting document is not the label but the report published beside it, because it is the first look at what the 2024 reporting obligation actually produced. Four findings, each of which bears on something this chapter has already argued.

Start with who answered. 770 data centres reported in the first round, about 36% of those legally obliged to. Six member states reported none at all. The European picture of this industry is, so far, a picture of the third of it that chose to fill in the form.

On water, the reporting sites averaged 0.58 litres per kWh, against the industry average of about 1.8 used above, and ranged across countries from 0.07 to 1.28. That is a real finding in the industry’s favour, with the caveat that the sites that answer are unlikely to be the worst.

On heat, the press release and the report disagree, and the disagreement is instructive. The press release says reusing about half of the waste heat from European data centres would heat four million homes — which is right: half of 68 TWh is 34 TWh, about 8.5 MWh per household, a plausible heating demand. The report says what is actually reused: about 1.8%, from 67 sites. Practically every kilowatt-hour a data centre draws leaves as heat, but it leaves at the temperature of warm bathwater, in summer as much as in winter, and usually nowhere near a heat network. Chapter 7’s heat pumps can lift it; somebody has to build the pipe to the houses first.

On clean energy, the reported sites average 86% renewable, and over 70% claim to match all their electricity with renewables across a year. The report then says, in as many words, that much of this comes from power purchase agreements and guarantees of origin “not necessarily connected to local production or new additions”. That is the additionality question from the section below on what the electricity is made of, raised by the regulator rather than by a critic, and it is why the new label reports separately whether a data centre has contracted plants less than ten years old.

A label measures and does not limit, and this chapter’s argument is that the binding constraint on data centres is the grid connection, not the efficiency of the building. What the scheme changes is that the queue will now be argued about with numbers. The limit, if it comes, is in the December consultation — which is the same move MacKay proposes for cars in chapter 20, a ceiling rather than a price, and which chapter 20 finds the market reaching partly on its own.




Why the data centre wins the electron

The section above says a data centre “can pay more per kilowatt-hour than a smelter”. The elmix model puts a number on that, and the number is the whole explanation.

An electron does not know what it is for, but the buyers do. A power-intensive industry — an aluminium smelter, an ammonia plant, a silicon works — turns a kilowatt-hour into a few kronor of product. Electricity is a large share of its cost, which is why chapter 28a’s industrial price is existential for it. A hyperscale data centre running AI workloads turns the same kilowatt-hour into something on the order of 80 to 100 kronor — roughly £6.50 to £8, or €7.50 to €9.50 — of revenue. One reported arrangement, Anthropic renting about 300 MW of xAI compute for roughly $1.25 billion a month, works out near $5.70 per kWh: about £4.50, €5.30, or 53 kronor.12

That is roughly an order of magnitude above what heavy industry earns from the same electricity. In any auction for the same connection, at any plausible price, the data centre wins — not because it is favoured but because electricity is a rounding error in its cost structure and the dominant term in the smelter’s.

The consequence is visible where the market prices capacity explicitly rather than only energy. In the American PJM market, data-centre demand drove capacity auction prices up roughly tenfold, and accounted for 63% of the 2025/26 increase.


The fork

The elmix model calls the result a demand fork, and the two arms are very different lengths.


	Data centres in the EU: about 70 TWh in 2024 rising to 115 TWh by 2030, growing near 15% a year — more than four times faster than all other sectors combined, though still under a tenth of global demand growth.

	Electrified industrial heat: a technical potential of about 600 TWh in the EU — nearly nine times larger, and the thing this book has been arguing for since chapter 7.



Both arms want the same scarce grid capacity and the same clean generation. One of them can pay eighty kronor — about £6.50 — a kilowatt-hour and be built in eighteen months. The other cannot and takes a decade.

That is the awkward finding, and it is not a technical one. Every chapter of this book that argues for electrification — heat pumps in chapter 7, industrial heat in chapter 28a, transport in chapter 3 — is arguing for loads that lose a bidding war against computation. Nothing in the physics decides this. The connection queue does.



West London, where the losing arm was housing

Britain has already run this experiment, and the arm that lost was not industry but housing.

In summer 2022 the Greater London Authority found that three west London boroughs — Ealing, Hillingdon and Hounslow — had effectively run out of electrical connection capacity, with the constraint reaching outward to Slough and Egham. Developers were told that new housing in the area might not be connectable until 2035. The proximate cause was that data centres along the M4 corridor had taken the available headroom.13

Two things should be said fairly. The data-centre sector disputes the blame, pointing out that the distribution network was under-invested for decades and that any large load arriving at once would have exposed it. And the position has improved: from March 2024 a capacity-allocation study by the network operator unlocked 3315 permitted homes, and City Hall reports at least 11 690 permitted homes since released.

But the shape of the episode is the point, and it is the demand fork with a British postcode. A load that earns tens of pounds per kilowatt-hour arrived quickly and was connected. Loads that earn nothing per kilowatt-hour — houses — waited, and needed a public body to intervene on their behalf. No price signal produced that outcome. A queue did.

Sweden shows the same thing at national scale: connection applications in 2025 totalled about 9000 MW, roughly half of it data centres, concentrated in Mälardalen, Stockholm, Uppsala and Gävleborg — and Microsoft’s Sandviken project was paused in the resulting crunch. A country that spent a decade arguing about whether it had enough electricity for its industry now finds the question settled by a different bidder.14



And the queue rule is being rewritten

The section above says a queue decided the outcome and no price signal did. That is a statement about a rule, and rules get changed. In April 2026 Svenska kraftnät reported to the Swedish government on the connection process, and the finding at the centre of it is the one this chapter has been circling — translated here from the report’s Swedish, with the emphasis added:


The connection process for the transmission network today contains no explicit valuation of how a connection affects different forms of system benefit, despite such effects having direct significance for both the electricity system’s total costs and its security of supply.



The operator’s own conclusion is that system benefit — systemnytta — needs integrating into the connection decision, through capacity zones that would admit connections on what they contribute rather than on when they applied. It is careful to say the design is unfinished: introducing such a zone “requires further work before a finished proposal can be presented and a first zone established”, covering both continued internal development of the process and deeper dialogue with the regional network companies and the industry.

Two things in that report bear directly on this chapter, and they pull in different directions.

The first confirms the demand fork from an unexpected quarter. Svenska kraftnät observes that some of the new electricity-intensive demand — naming certain categories of data centre — appears “considerably less dependent on the electricity price to generate a good economic return, and can therefore be assumed less inclined to adapt its electricity use”. That is this chapter’s argument, made by the system operator: a load for which electricity is a rounding error will neither be priced away nor asked to move. It is the flexibility problem stated as a procurement problem.

The second is a caution against reading the European position too neatly. In December 2025 the Commission issued guidance on faster grid connections, and Svenska kraftnät reads it as broadly supportive of prioritisation frameworks. But among the legitimate bases for prioritising that the report has the Commission naming are “electrification of transport, industry or the establishment of data centres” — provided the framework is well motivated, transparent and consistent with European network-access principles. That phrase is Svenska kraftnät’s summary of the guidance rather than the Commission’s own words, and this edition has not obtained the notice’s English text to set beside it; but the summary is the thing Swedish policy will be built on. Brussels is not ranking industry above computation. It is saying a member state may rank, and leaving the ranking to the member state.15

Which is the honest shape of the thing. The constraint was never physical, and it is now explicitly a policy variable: somebody will decide what a connection queue is for. This chapter’s contribution is only to insist that whoever decides should be able to say what each applicant returns per megawatt-hour — of jobs, of tax, of system benefit — because the queue will hand out the electricity whether or not anyone has done that arithmetic.



And in America they stopped the queue instead

Svenska kraftnät’s answer to a queue that cannot choose is to teach it to choose. Three American states, in five weeks of the summer of 2026, tried the blunter thing.

On 14 July the Governor of New York signed Executive Order 62, pausing state environmental permits for new hyperscale data centres — those drawing 50 MW or more — for up to a year, while the state prepares a generic environmental impact statement covering energy demand, water use and air quality. On 3 August the Governor of Texas directed the Public Utility Commission and ERCOT to audit every data-centre project in the interconnection queue before any more advance, and ERCOT paused interconnections in response. There were about 1800 projects in that queue, and BloombergNEF put the load at risk of delay at 49.8 GW, near a fifth of the American development pipeline. On 18 August the Governor of Pennsylvania signed Executive Order 2026-05, which takes data centres out of the state’s fast-track permitting route, sets requirements on electricity and water use, requires local approval, and forbids the non-disclosure agreements that had kept the terms of these projects out of public view.16

Behind all three is a poll. Gallup asked 1000 Americans in March 2026 whether they would favour an AI data centre being built in their local area. 71% were opposed and 48% strongly opposed, against 25% in favour. Majorities of every party group opposed it. In the same survey, 53% opposed a local nuclear power plant — a technology that has spent fifty years as the standard example of the thing nobody wants nearby. Water and energy use was the reason given by half of those opposed.17

At federal level, Senator Sanders introduced S.4214 on 25 March 2026 and Representative Ocasio-Cortez the companion H.R.9442 on 24 June, which would halt construction of covered AI data centres until Congress had legislated on their effect on bills, emissions and employment. Neither is likely to pass.18

The Swedish and the American response look like opposites and carry the same admission. One would rank the queue by what each applicant returns; the other stops the queue until somebody has worked out what to ask. Both concede that a rule which hands out the largest new load on the grid in order of arrival was never built to make that choice, and is now being asked to.



And Poland put a price on the place in line

Between ranking the queue and stopping it there is a cheaper option, which is to charge for a place in it. Poland took it.

Until the spring of 2026 a data centre paid nothing to ask Polskie Sieci Elektroenergetyczne, the transmission operator, for a connection, and the applications that piled up asked for 150 to 200 GW. Poland’s peak demand is under 30 GW. The queue was asking for five to seven times the country’s entire peak load, and the operator’s own spokesman said what nobody doubted: many of the applications were filed to resell the connection conditions, not to build. An amendment to the Energy Law, in force from 30 April 2026, added a fee for filing an application and an advance on the connection fee of 60 złoty per kilowatt, capped at 6 million złoty per connection, and applications already in the queue had to pay or drop out. By the end of September the operator’s register showed about 9 GW of data centres holding connection conditions and 2 GW still being assessed. More than nine-tenths of the queue had left, and no planner had judged a single application.

The sums show why it worked. The cap is about €1.4 million, which is nothing to a company that means to build a 100 MW data centre and a great deal to one that holds forty speculative applications. It is also worth setting the survivors beside the operator’s own plans. The network development plan it sent to the regulator in April 2026 assumes about 3.5 GW of data centres by 2036 and 5 GW by 2040, so the 11 GW that paid is still two to three times what the people who run the grid expect to be built. It is also, by coincidence, about the size of Sweden’s whole connection queue in 2025. A deposit sorts people who are serious from those who are not, but it says nothing about which serious applicant should be connected first, and that is the question Svenska kraftnät is trying to answer. Conditions granted before the reform faced the same test on 30 October 2026, when the advance fell due or the conditions lapsed by law, and the register that follows will show how much of the 9 GW was real.19



And Britain asked what the rules were insuring against

Sweden would teach the queue to choose, America stopped it and Poland priced it. In September 2026 a British review asked a third question, which is not about the queue at all: not who should get the connection, but whether the grid needs as much headroom as its own rules insist on.

The Grid We Need Now, Lucy Yu’s independent review of AI deployment in the electricity networks, was commissioned by the Department for Energy Security and Net Zero and reports that Great Britain runs its grid on deterministic standards — rules that insure against pre-specified worst cases whatever the conditions actually are, rather than measuring risk continuously. The review’s verdict on that is the sentence worth keeping: the approach “hardcodes higher than necessary costs into how the grid is run.” Its first recommendation is that government commit to full probabilistic, risk-based operation by 2035 and planning by 2036.

The reason the rules have started to hurt is chapter 26’s subject arriving in the statistics. The proportion of British half-hours in which weather-dependent renewables supplied more than 30% of generation went from about 2% in 2015 to 64% in 2025; the share above 50% was negligible until 2019 and reached 24%. A rule that insures against the worst case grows more expensive as the worst case grows more severe, and it has: balancing costs rose from £1.2 billion in 2018/19 to £2.7 billion in 2024/25, with constraint costs alone going from £0.4 billion to £1.7 billion, and the review’s forecast is £3.4 to £4.9 billion a year in 2031–35 even after the network build planned for 2030. Per person that is £39 a year now and £50 to £72 then — small beside a household bill, and it is the price of running the system rather than of the electricity in it.

Two things in the review bear on this chapter directly.

The first is a cross-check. The review has British data-centre electricity demand rising four-fold by 2030, on a House of Commons Library source, alongside compute demand more than doubling. That is a second route to the multiple this chapter already quotes from National Grid’s Future Energy Scenarios — 5.2 GW and just over 20 TWh by 2030, “roughly a fourfold rise” — and the two do not share a method. It also sets the load in company: British electricity demand is forecast to grow more than 30% by 2035, with “housing, transport, industry and data centres all being dependent on increased availability of power”. Four claimants, one queue.

The second is the arithmetic, and it is the reason this section is here. AI appears on both sides of the grid’s ledger, and the two sides are nowhere near the same size. Set out the savings the review can actually quantify: Dynamic Line Ratings across 275 km of transmission line, about £20 million a year, with a further £50 million over five years as the rollout reaches 900 km; Dynamic Reserve Setting, which in trial held 380 MW less reserve, about £30 million a year; better solar forecasting, about £30 million a year. Call it £90 million a year of demonstrated saving, against a balancing bill of £2700 million — about 3%, and between a twentieth and an eighth of the increase the review forecasts for the 2030s.

That is not an argument that the tools are worthless. The review is careful to say the full value of probabilistic operation is “extremely difficult to quantify” for a real grid, and cites an academic study finding operating costs 11% lower on a 24-bus theoretical system — which would be some £300 million a year here, if it generalised, and the review says it cannot be relied on to. The point is narrower and harder to argue with: the demonstrated savings from putting AI into the grid are some thirty times smaller than the balancing bill it is meant to reduce, while the demand from putting AI into data centres is set to quadruple in the same five years. Both numbers are British, both are from the same government-commissioned document, and only one of them is growing at the rate this chapter’s second section describes.

The review is honest about the boundary that produces that asymmetry. Its foreword says the siting and energy use of data centres was out of scope — while adding that the sustainability of the infrastructure needed to build and run AI should not be dismissed, and cannot be left entirely to industry. A review of what artificial intelligence can do for the electricity network was not asked what artificial intelligence will do to it. This chapter is the other half.20




Who pays for the winning bid

The sections above establish that a data centre outbids everything else for a connection. They do not say who pays for that, and the answer is not the data centre.

A wholesale electricity market sets one price for everyone at the same place and time, and it sets it at the cost of the last generator needed. A buyer that can afford almost any price wins its own megawatt-hour and raises the price of everyone else’s at the same node. Bloomberg examined wholesale prices at tens of thousands of nodal pricing points across American grids and found increases of up to 267% between April 2020 and April 2025, with more than 70% of the nodes that rose lying within 50 miles of significant data-centre activity.

The retail side has moved with it. PowerLines, which tracks rate cases, counted about $31 billion of requested rate increases across American utilities in 2025, roughly double 2024; through the first three quarters, requests and approvals together came to over $34 billion, reaching 124 million billpayers.21

Read both numbers carefully, because they are routinely overstated. The 267% is the largest increase at any node, not an average and not a bill; retail rates rose by nothing like that, and fact-checkers have said so of politicians who implied otherwise. Rate cases have several causes running at once — replacing old wires, storm and wildfire costs, gas prices — and data centres are one term among them. In some places the new load has spread fixed network costs over more kilowatt-hours and pushed bills down.

What survives the caveats is structural, and it is the sequel to this chapter’s central claim. A buyer for whom electricity is a rounding error will pay whatever clears the market, and everyone standing at the same node pays it too. The data centre is bidding honestly in a market built for buyers who care about the price. It creates a cost it does not carry. West London’s queue made that transfer visible as houses that could not be connected; an American node makes it visible as a bill.



The jobs behind the machines

The section on why the data centre wins the electron explains that it turns a kilowatt-hour into more revenue than any competing buyer. The same property has a second consequence, and it points the other way. Of all the large loads on a grid, the data centre returns the least of that kilowatt-hour as local wages. Both facts have one cause, which is that the machine is enormously capital-intensive and barely staffed.

Put the staffing on a per-megawatt basis, since that is how the electricity arrives. Industry surveys give a small facility of 1 to 5 MW around 2 to 3 staff per MW, one of 5 to 20 MW around 1.75 to 2.5, a large one of 20 MW and up between 1 and 1.5, and an ultra-hyperscale campus above 100 MW between 0.2 and 0.3. Google’s Kansas City campus, at 500 MW, employs about 200 permanent staff: 0.4 jobs per MW.22

Now convert to energy, which is the unit this book uses. A megawatt running at 85% of the time delivers 7.45 GWh in a year. At 1.5 jobs per MW that is about 5000 MWh of electricity per job-year; at Kansas City’s 0.4 it is about 19 000; at 0.2 it is about 37 000. Take 5000 to 37 000 MWh per job-year as the range, and note two things about it. It applies to facilities of 20 MW and up, which is what this chapter means by a large load on a grid; the halls below 20 MW are about twice as well staffed and land at 2500 to 4300, which as the next paragraph shows is smelter territory. And within the range, the newest and largest sites sit at the wrong end.

Two comparisons give that number a scale. Kubikenborg Aluminium at Sundsvall, the most electricity-hungry single plant in Sweden, employs about 470 people and uses roughly 1.6 TWh a year — about 3400 MWh per job-year, and that is a smelter, the traditional emblem of a lot of power for few jobs. The Swedish and American economies as a whole each use about 25 MWh of electricity per job-year. So a hyperscale data centre consumes somewhere between 200 and 1500 times as much electricity per job as the economy it sits in, and between about one and a half and eleven times as much as an aluminium smelter. A small data hall, by the same arithmetic, is roughly the smelter’s equal. The finding is about scale, not about computation as such, which is worth holding onto, because it is the large sites that are being built.23

The aggregate check agrees with the arithmetic. Food & Water Watch, working from Bureau of Labor Statistics data and Virginia’s capacity, estimates that as few as 23 000 people held a permanent data-centre job in the United States in 2024 — 0.01% of American employment, against 4.4% of American electricity. The industry’s own figure, from a PricewaterhouseCoopers report for the Data Center Coalition, is 603 000. The gap is definitional rather than dishonest: PwC counts the whole of industry classification 518210, “data processing, hosting, and related services”, which also holds web hosting, cyber security and data-labelling firms; it counts posts rather than full-time equivalents; and it applies an indirect multiplier. The tell is geographic. Virginia has about a third of American data-centre capacity and 4% of the 518210 jobs.24

In Sweden the arithmetic reaches the public finances through a specific mechanism. Municipalities are funded by kommunalskatt, a tax on the wages of people who live there. Corporation tax and energy tax go to the state. A load can therefore produce a great deal of value added and very little municipal revenue, because the municipality is paid in jobs and this load does not have many. The energy-tax reduction that data centres had enjoyed since 2017 was abolished on 1 July 2023, so the state now collects full energy tax on them, though sites in the northern municipalities may still take the standing Norrland deduction. That closed a subsidy. It did not change which level of government gets paid.25

The displacement argument needs stating carefully, because it is conditional. Where grid capacity is not scarce, a data centre takes nothing from anyone. Where it is scarce — the regime this chapter has already described in west London and in the Swedish connection queue — a megawatt allocated to computation is a megawatt not allocated to something else, and the arithmetic above says what the something else would have employed. That is an opportunity cost under a binding constraint, not a general claim, and it depends on the displaced load actually having been built. Connection queues are full of projects that never are.

Against all of this sits the best evidence on the other side, and it is good evidence. Brookings, comparing 93 American counties that received their first large data centre between 2008 and 2024 against some 3000 control counties, found total private employment 4 to 5% higher within five to six years, construction up 11%, information-sector work up 22%, and wages 3 to 4% higher. Three qualifications come with it. Naive before-and-after comparisons overstate the effect roughly threefold. The gains fall to hyperscale counties and not to colocation ones, which showed no significant information-sector growth at all — that, rather than the 23% in counties with four or more facilities, is where the concentration shows, since 23% against a 22% average is barely a difference. And construction is the largest employer a data centre ever has, for the two or three years it lasts. None of that is unique to computation: Swedish industry generates about 1.1 indirect jobs for every direct one, so a smelter’s 470 employees stand for something closer to 1000 — a figure that belongs beside the data centre’s own indirect employment, which nobody in this section has counted, and not divided back into the 1.6 TWh.26



What the electricity is made of

Almost nothing in this chapter so far has been about carbon at the scale of a power station — the per-prompt section gives a figure for one query and nothing since — and it needs to be, because what a kilowatt-hour emits depends on what got built to supply it.

Two projects mark out the range. Constellation is restarting the undamaged reactor at Three Mile Island, closed in 2019 as uneconomic and renamed the Crane Clean Energy Center: 835 MW, back in service in 2027, under a twenty-year power purchase agreement with Microsoft and a $1 billion federal loan. That is about as clean a megawatt-hour as exists, and it is genuinely additional, because the plant would otherwise have stayed shut.

The other is on the site of Pennsylvania’s largest coal station, which closed in July 2023. Homer City Redevelopment is putting up to 4.4 GW of gas turbines there to serve a data-centre campus, with the first turbines arriving in 2026. The developer says the plant will emit 60 to 65% less CO2 per megawatt-hour than the coal station it replaces, which is what switching from coal to a modern combined cycle does.

Put that saving next to the capacity and it disappears. The coal station was about 1.9 GW net. The gas campus is 4.4. At round figures of 900 g of CO2 per kWh for the coal plant and 350 for the gas, both flat out, the coal station put about 1700 tonnes of CO2 into the air an hour and the gas campus will put about 1500. The gain per unit very nearly cancels against a plant 2.3 times the size. The two will also not run alike: the coal station closed because it could not sell its output, while a plant contracted to a data centre runs continuously. Over a year at 85% of the time, 4.4 GW makes 33 TWh and about 11 million tonnes of CO2 — more electricity than National Grid projects for the whole of British data-centre demand in 2030, and eight times what Swedish data centres use today, out of one campus.

The per-person arithmetic is milder, as it usually is. At the American grid’s 2023 average of 368 g of CO2 per kWh, an American’s 1.4 kWh/d of data-centre electricity carries about 0.5 kg of CO2 a day, or 190 kg a year.27

The two projects together are the honest picture. Demand on this scale gets served by whatever can be built at the density and the speed it wants, and the section on land gives the density: about 290 W/m2. Gas meets it on the site. Nuclear meets it where a mothballed reactor happens to be standing with a grid connection already attached. Wind at 2 W/m2 and solar at 11 cannot, so they have to be bought elsewhere and carried — which puts the problem back in the connection queue.


Europe: the offtaker who keeps the reactor open

On 9 September 2026 Google announced €13 billion over two years for data centres at four Finnish sites — Hamina, where it has been since 2009, and new ones at Kajaani, Muhos and Vaala — and on the same day what it had bought to run them. A 22-year power purchase agreement with Fortum for the Loviisa nuclear plant, taking 50% of its capacity from 2030 to 2049; 629 MW of new-to-grid onshore wind, from Valorem and Suomen Hyötytuuli; and a 94 MW battery near Kajaani from late 2027.

Loviisa is two VVER-440 reactors of 507 MW net each, 1014 MW together. It made 8.2 TWh in 2021 and is about 10% of Finland’s electricity. The announcement says the plant would otherwise have ceased operating in 2030, and that wants one correction. The regulatory permission to run to 2050 has existed since February 2023, when the Finnish government granted new operating licences replacing ones that expired in 2027 and 2030. What did not exist was the money: the licence is conditional on a €1 billion refurbishment programme, and Fortum’s position is that it could not commit to that spending without long-term revenue. The 2030 shutdown the deal averts was a commercial prospect, not a legal deadline — which makes the agreement more interesting rather than less, because it is a clean case of capital, and not permitting, being the binding constraint on keeping a working reactor alive.

Read what the money does, because it is not quite what the announcement sounds like. Google is not building a power station. Fortum is spending the €1 billion; Google is promising to buy half the output for twenty years. What the wealth buys is not plant but certainty, and certainty was the input the plant was short of. A life extension is a large cost paid now against revenue spread over two decades, which is the shape of investment a merchant market with Nordic price volatility finances badly and a twenty-year contract finances well. It did not add a megawatt of capacity. It prevented the subtraction of 1014 of them — worth as much, and a different sentence.

Now the arithmetic, which is the part the announcement leaves to the reader.


	Half of Loviisa is about 4.1 TWh a year.

	629 MW of onshore wind at a capacity factor of 35%, fair for modern Finnish turbines, is about 1.9 TWh a year.

	Together, about 6 TWh a year: 680 MW running continuously, 7% of Finnish electricity, and 2.9 kWh/d for every Finn — twice what the table at the head of this chapter gives an American for the entire American data-centre fleet, contracted by one company in one country.



Set that against the load. The study Google commissioned alongside the announcement models a hypothetical 1 GW of demand sited in the Oulu–Kajaani region, and finds it would save Finnish consumers €520 million over twenty years by sitting where the grid is strong. A gigawatt run at the 85% this chapter uses elsewhere eats 7.4 TWh a year. The contracted supply covers about 80% of it, which is close enough to Ireland’s new legal minimum to be worth the next section.

The battery is the one number that shrinks on inspection. 94 MW is a power, not a store, and no energy capacity was published; at a typical two hours it would hold 188 MWh, which is eleven minutes of a 1 GW campus and 0.08% of a Finnish day’s electricity. It is a device for riding through a frequency event and arbitraging an evening, not for carrying a data centre through a windless week. Chapter 26’s arithmetic is unmoved by it.

The land is the number that behaves better in Finland than anywhere else in this chapter. The wind farms average about 220 MW, which at chapter 4’s 2 W/m2 wants roughly 110 km2. Finland has about 60 000 m2 of land per person against Britain’s 4000, so 110 km2 is a fifteenth of what the same power costs in British land shares. That, and not the tax rate, is what “smart siting” mostly means.28



Finland committed more than its own scenarios assumed

That was one company. Put it next to the country, and the country turns out to have committed more computing than its own official arithmetic ever assumed it would.

[image: Finnish data-centre electricity capacity in megawatts. Four cumulative bars on the left: 285 MW operating in September 2025, plus 1300 MW decided or under construction at August 2025, plus an estimated 1300 MW for Google's four sites announced in September 2026, giving 2885 MW committed. Three separate scenario bars on the right: AFRY's strong-growth case for 2030 at 2500 MW, KEITO's assumption for 2050 at 1900 MW, and Luke's electrification pathway for 2055 at 7000 MW. A dashed line carries the 2885 MW across the two scenarios it has already passed.]

Figure 11a.2. Finnish data-centre electricity capacity, in megawatts of grid connection rather than the IT capacity figure 11a.1 counts. The four bars on the left are one running total: what was operating in September 2025, what had an investment decision or was under construction at the end of August 2025, and an estimate of the four sites Google announced in September 2026. The three on the right are separate scenarios, the last two being annual energy converted to power at 60% utilisation. The committed total excludes a further 2500 MW at planning and feasibility stage. Redrawn after a chart by Ilkka Hannula (Carbon Economics, 2026, CC BY 4.0), with four of the seven bars since checked against their own sources.29

Finland had 33 data centres and 285 MW between them in September 2025 — the census in the government rapporteur’s report, counting facilities above 1 MW and leaving cryptocurrency mining out. The Confederation of Finnish Industries’ investment dashboard, read at the end of that August, held 1300 MW with an investment decision or already starting up, about €8 billion, due for completion by 2027; behind it stood another 2500 MW and €21 billion at planning or feasibility stage, which is in no total here. Google’s four sites are in neither number. The company does not publish their capacity, and the 1300 MW in the figure is Helsingin Sanomat’s estimate from the €13 billion — a bar inferred from a price, and the softest one in the chart.

That makes 2885 MW committed, and the scenarios written to bound it have been passed already. AFRY’s strong-development case, run for the same rapporteur, puts Finnish data centres at 2500 MW in 2030 against a baseline of 1200. The KEITO scenarios underneath Finnish energy and climate policy assume the fleet reaches about 10 TWh a year by 2050, which is 1900 MW at the utilisation this figure converts by. The high case for 2030 was passed in 2026 and the assumption for 2050 by half as much again, with 2500 MW more in planning that nobody has counted. Only Luke’s pathway, in which Finland has electrified everything by 2055, is larger.

Now the conversion this chapter keeps insisting on, because capacity is not consumption. Finnish tax records put data-centre electricity at 1.3 TWh in 2024, and 285 MW running all year would be 2.5 TWh. The built fleet draws about half its nameplate — 52%, near enough the 60% the figure uses for the scenarios and a long way under the 85% this chapter uses for a campus built to train models. Which one you pick decides the answer. At 52% the committed 2885 MW would meter 13 TWh, 16% of Finnish electricity, 6.4 kWh/d for every Finn; at 85%, 21.5 TWh, 26%, and 10.5 kWh/d. Both ends are above the 3.6 kWh/d this chapter gives Ireland, the country it calls the future arriving early — and Ireland and Finland have almost exactly the same number of people to divide by.

Figure 11a.1’s forecast for Finland can be checked against this, and it does not hold. That chart has Finnish capacity at 2.7% of the national peak now and 9.0% by 2031. The peak is 15 553 MW, met on the evening of 8 January 2026 at a consumption-weighted −19 °C, a Finnish record and a larger denominator than the 2025 peak that chart divides by. The committed 2885 MW is 19% of it — twice the forecast for 2031, five years early, on the reading that flatters the forecast. The two are not quite the same quantity, because that chart counts IT capacity and this one counts the connection the building is wrapped around, which is larger by the cooling and the losses, perhaps a fifth. Take the fifth off and it is 15%, still well past a forecast for 2031.

Two things follow for the deal above. The first is that the “about 80%” is softer than it looked. It sets 6 TWh of contract against a modelled gigawatt run at 85%. If Google’s Finnish sites are the 1300 MW Helsingin Sanomat estimates, the same 85% wants 9.7 TWh and the contract covers 62%; at the 52% the existing Finnish fleet runs at, it wants 5.9 TWh and the contract covers all of it. The coverage ratio is an artefact of an assumption about utilisation rather than a measurement, and nobody outside the company can settle it.

The second is the price. AFRY’s analysis assumed new onshore wind built to match the data centres’ annual energy demand — precisely the annual matching this chapter’s closing section is about — and still found that going from 1200 to 2500 MW raises Finland’s average annual electricity price by more than 10%, with price spikes higher and more frequent. A year’s worth of wind does not buy a windless Tuesday. The same report asked what the machines might give back, and answered it: some Finnish data centres already sell fast frequency reserve to Fingrid, which is flexibility measured in seconds and minutes, and they cannot provide flexibility over days or weeks. That is the last section of this chapter, answered in advance and in the negative.30



Ireland turned it into a rule

What Google did voluntarily in Finland, Ireland now requires. The Commission for Regulation of Utilities published its Large Energy User connection policy in December 2025: a data centre seeking a connection of 1 MVA or more must procure new, additional renewable generation in Ireland equal to at least 80% of its annual demand, reached on a glide-up within six years of energisation, with the system operators to publish the process by 31 March 2026.31

Ireland is the country in this chapter’s table at 22% of national electricity and the one whose grid operator had to stop connecting Dublin. It has arrived, by regulation, at the position an offtaker in Finland reached by contract: if you want the electrons, bring the plant.

The gap between the rule and the deals is the thing to look at. Amazon, the most active corporate clean-power buyer in Europe, has contracted about 310 MW of Irish generation against a stated ambition of 800 MW; Microsoft has signed for three Irish onshore wind farms totalling about 80 MW. At a 30% capacity factor those are 0.8 TWh and 0.2 TWh a year, against the roughly 7 TWh Irish data centres already meter. Twelve per cent and three per cent. The rule binds new connections rather than the installed fleet, so this is not a charge of non-compliance; it is the distance between what has been announced and what a fleet of this size would need, and it is more than a factor of five.



Britain got the same site and gave a different answer

The paragraphs above described Homer City: a dead Pennsylvania coal station, its grid connection still attached, being rebuilt as up to 4.4 GW of gas turbines with the computing to absorb them. Britain has the identical starting condition and has so far chosen differently.

At Cottam in Nottinghamshire, another closed coal station, Holtec International, EDF UK and Tritax have a memorandum of understanding to build a 1 GW data centre on about 900 acres, powered mainly by renewables at first and by Holtec SMR-300 reactors in the 2030s. Run at 85%, a gigawatt over 3.6 km2 is about 230 W/m2 — against Homer City’s 290, on the same basis. The density is the same to within a quarter; the carbon is not. Both projects are doing what the section above says demand at this density forces: taking a site where the wires already are. The difference is only what gets connected to them, and in Britain’s case the thing that gets connected does not exist yet — Rolls-Royce SMR, the other British programme, will not deliver before 2030, and OpenAI paused its Stargate UK project in April 2026 citing regulation and the cost of energy.32



What the deals add up to

Corporations contracted 55.9 GW of clean power worldwide in 2025 — the second-largest year on record and 10% below 2024, the first fall in nearly a decade. EMEA fell 13%, to 17 GW. Meta, Amazon, Google and Microsoft were 49% of the global total between them, Meta at 10.24 GW and Amazon at 10.22 GW, with Amazon the most active buyer in Europe.33

Do MacKay’s check on that. Half of 55.9 GW is about 27 GW of nameplate, which at a blended 30% is roughly 72 TWh a year of output — against the 415 TWh this chapter gives for world data centres in 2024. One year of buying by four companies is of the order of a sixth of the fleet’s electricity. Four or five such years would cover it, if every megawatt were additional and every one of them landed on the grid that needed it.

Neither condition holds, and the second is the one this book keeps returning to. A wind farm contracted in Finland does not run a server in Ireland at three in the morning in a windless week. Annual matching — buying as many megawatt-hours over a year as you consume — is the standard these figures are reported against, and chapter 26 is one long argument that annual totals are the wrong unit. Which is exactly why the Loviisa agreement is the interesting one in this section. A reactor delivers at three in the morning. An offtaker that wants power at every hour and can pay for two decades of it will end up paying for the kind of plant that runs at every hour, whatever it says in its renewable-energy reporting — and in Finland it did.




What it means for the balance sheet

MacKay’s summary figure for chapter 11 is 5 kWh/d for a houseful of gadgets. Data centres are not in that number in any meaningful way — his 0.4 kWh/d for America was a footnote.

On today’s American figures they would add about 1.4 kWh/d per person, and on the 2028 projection something between 2 and 4. That is not enormous beside heating’s 37 or driving’s 40. But it is new demand, arriving fast, in the one form the system finds hardest to accommodate: electricity, constant, and inflexible.

And it changes an argument the book makes elsewhere, in the way the grid-position note under What is hidden describes. Chapters 26 and 28a are about a system where the difficulty is that supply fluctuates and demand does not follow. A data centre is demand that could follow — computation can in principle be moved in time and space more easily than heat or transport can — but is currently built to run flat out because the capital cost of the hardware dwarfs the electricity. If that ever changes, the largest new load on the grid becomes the largest new source of flexibility. Nothing in the physics forbids it. The economics, so far, point the other way.



Notes and further reading







The European Union row is the Commission’s report COM(2026) 500, On the energy efficiency of data centres in the EU, 21 September 2026, which gives 68 TWh for 2024 and 114 TWh, 3.2% of Union electricity, for 2030, both from the International Energy Agency. The 2.5% share for 2024 is this edition’s, against EU electricity demand of 2727 TWh in 2024 from Ember’s European Electricity Review 2025; the per-person figures use an EU population of 449.2 million, which gives 0.415 kWh/d for 2024 and about 0.70 for 2030 at an unchanged population. The IEA’s boundary for “data centre” is not the same as the reporting scheme’s, and neither is the same as the British boundary argued over above.



Global data-centre electricity of 415 TWh in 2024, about 1.5% of world electricity, is from the International Energy Agency’s Energy and AI (2025). The American figure of 176 TWh and 4.4% of national consumption in 2023, excluding cryptocurrency mining, is from Lawrence Berkeley National Laboratory’s 2024 United States Data Center Energy Usage Report, prepared for the Department of Energy. Irish figures are from the Central Statistics Office: data centres took 22% of metered electricity in 2024, against 5% in 2015. Per-person figures here are computed by dividing by populations of roughly 8.2 billion, 335 million and 5.4 million; they are shares of national consumption, not a claim about what any individual uses, since much of the computation serves users in other countries. That last point matters for Ireland especially, where the data centres largely serve Europe rather than Ireland, so the electricity is Irish and the service is not.



Swedish data-centre electricity of 4.0 to 4.4 TWh in 2025 is the Swedish Energy Agency’s (Energimyndigheten), with the agency’s own caveat that the estimate was made before demand for AI hardware accelerated and may therefore be low. The projection of 14 to 15 TWh by 2030 is Svenskt Näringsliv’s, the Confederation of Swedish Enterprise. A figure circulating for SE3 alone — 1310 MW of AI-data-centre applications in 2024 against 6692 MW in 2025 — is not used here, because a single bidding zone counting only AI facilities cannot exceed the national all-data-centre total of about 4500 MW that the queue section gives, on the authority of the connection-queue note below, and this edition could not establish which of the two bases the SE3 number is on. It is recorded in this note rather than the text so that a reader who meets it elsewhere knows it was considered and set aside. Shares and per-person figures are computed here against Swedish electricity consumption of about 140 TWh and a population of 10.6 million, the 140 TWh being the figure this chapter’s jobs section also uses, and the population from Statistics Sweden. Three cautions. Svenskt Näringsliv is an employers’ organisation with a position on electricity supply, and a 2030 projection made during a construction boom is the least reliable class of number in this chapter — the same caution the growth section applies to the American projections applies here with more force, since the Swedish series is shorter. Connection applications are not commitments, as the later section on the queue says at more length: a large share of any queue is speculative or duplicated, so the 9000 MW measures interest rather than plant. And the Irish comparison in the text is between a measured present and a projected future, which is a comparison of two different kinds of number even though both are expressed in kWh/d.



British estimates differ by more than a factor of two, and the difference is definitional rather than empirical. The commonly quoted figure is about 2.5% of UK electricity for data centres proper; a 2026 assessment reported in the engineering press put the UK and US both near 6%, on a boundary that includes more of the wider digital infrastructure. Neither is wrong; they are answering different questions, and this edition quotes the range rather than choosing. National Grid’s Future Energy Scenarios 2025 gives a ten-year forecast of 5.2 GW and just over 20 TWh a year by 2030. Per-person figures use a population of 68.4 million and UK electricity consumption of roughly 280 TWh. Note that the American 4.4% figure excludes cryptocurrency mining while some British figures may not, which is part of the gap.



Swedish connection-application figures are from Dagens Infrastruktur, 17 June 2026, as compiled in section 8 of the elmix references: about 9000 MW applied for in 2025, roughly half of it data centres, concentrated in Mälardalen, Stockholm, Uppsala and Gävleborg, with Microsoft’s Sandviken project paused. Applications are not commitments — a large share of any connection queue never gets built, and queues are known to contain speculative and duplicate requests — so the figure indicates pressure on the queue rather than load that will certainly arrive.



Figure 11a.1 is drawn from values read off a published chart, “How material could data centres become for Europe’s power systems?”, circulated by ARdS in 2026, which states its sources as the EUDCA European Data Centre Market Monitor 2025 for capacity and the ENTSO-E Statistical Factsheet 2025 for peak load. This edition has not seen the Market Monitor itself, so these numbers are quoted at second hand and the note says so rather than presenting them as read from the primary source. The quantity is total data-centre IT capacity, colocation plus hyperscale-owned, as a percentage of 2025 national peak electricity load, with both years measured against the 2025 peak. Three cautions. Nameplate IT capacity is not electricity consumed and is not spare capacity, which the source chart says in its own note; the conversion between the two needs national peak load, the fraction of installed capacity actually running, and the facility’s own overhead, and those are not published together for any of these countries. The load-factor arithmetic in the body is this edition’s, using a round 0.6 for a European grid’s ratio of average to peak load, and is meant to show the direction of the gap rather than to size it. The 2031 column is a forecast made during a construction boom, and the queue sections below give the reasons a pipeline overstates what gets built — the same caution this chapter applies to the American and Swedish projections. And the United Kingdom is absent from the source. National Grid’s 5.2 GW by 2030, quoted above, is grid connection capacity rather than IT capacity and would sit on a different denominator, so it is not filled in here.



Growth rates and the 2028 range are from the Berkeley Lab report: about 7% a year 2014–2018, about 18% a year 2018–2023, and 13–27% a year projected 2023–2028, giving 325–580 TWh or 6.7–12% of US electricity. The global 2030 projection of about 950 TWh, roughly 3% of world electricity, and the AI shares — 24% of server electricity and 15% of data-centre energy in 2024, rising to 35–50% of data-centre power by 2030 — are the IEA’s. All of these are projections made during a capital-investment boom, and projections made during booms have a poor record; the 2028 range spanning nearly a factor of two is the honest reflection of that. The claim that efficiency absorbed growth until about 2018 is the standard reading of the Berkeley Lab series and of Masanet et al. (2020), which found global data-centre energy roughly flat from 2010 to 2018 despite a sixfold rise in compute.



Google’s per-prompt figures are from “Measuring the environmental impact of AI inference”, Google Cloud blog, 21 August 2025, and the technical paper behind it: a median Gemini Apps text prompt at 0.24 Wh of energy, 0.03 gCO2e and 0.26 ml of water, with a stated 33-fold fall in energy and 44-fold fall in total carbon footprint over the preceding twelve months. Three things about that boundary. It counts the accelerators, the host system, idle capacity held in reserve and data-centre overhead, which is wider than most published estimates and is why the figure can be set against national totals at all. It excludes training. And “median” is doing real work: the distribution of prompt cost is long-tailed, so the median sits far below the mean, and Google has not published the mean. The comparison figure is Stephen Witt’s, “Inside the Data Centers That Train A.I. and Drain the Electrical Grid”, The New Yorker, 27 October 2025, https://www.newyorker.com/magazine/2025/11/03/inside-the-data-centers-that-train-ai-and-drain-the-electrical-grid: about 5000 tokens for a college term paper, using “enough electricity to run a microwave oven at full power for about three minutes”. The conversion to watt-hours is this edition’s, not Witt’s: a domestic microwave is rated near 800 W of output and draws roughly 1.2 kW at the wall, giving 40 to 60 Wh for three minutes. Witt states no method, so this is a journalist’s order-of-magnitude figure set beside an operator’s measured one rather than two competing measurements. The consistency check in the body uses this chapter’s own 1.4 kWh/d and the Berkeley Lab 15% AI share, both of which carry their own uncertainty; what the check is good for is the direction of the gap, not its size.



Water usage effectiveness figures: an industry average near 1.8 litres per kWh, against Amazon Web Services’ reported global fleet average of 0.19 L/kWh. Virginia consumption of over 2.1 billion US gallons in 2023, with Loudoun County near 900 million, is from state and county reporting compiled by the Center for Secure Water at the University of Illinois and others. Two cautions. WUE varies by more than an order of magnitude with cooling design and climate, so a single global multiplication is indicative only — the 750 million cubic metre figure in the text should be read as an order of magnitude, not an estimate. And water withdrawn is not water consumed: evaporative cooling consumes most of what it takes, while some designs return most of it, and public reporting rarely distinguishes the two.



Homer City site area of more than 3200 acres and capacity are from Homer City Redevelopment’s own project overview, which gives “up to 4.4 GW”; the April 2025 announcement with Kiewit and GE Vernova gives 4.5 GW from seven GE Vernova 7HA.02 turbines, and trade reporting a capital cost near $10 billion. This edition uses the developer’s current 4.4 GW and records the discrepancy. 3200 acres is 12.95 km2. Basis matters here and the body states it: 4.4 GW over the whole site is 340 W/m2 of capacity, which is not comparable with chapter 4’s 2 W/m2 or chapter 6’s 11, both of which are average delivered power. At the 85% capacity factor used elsewhere in this chapter the campus averages 3.74 GW, or about 290 W/m2, and that is the figure the body compares and the one the 1900 km2 and 470 000 people are derived from. Comparing the capacity figure instead would inflate every one of those by about a fifth. The 290 is also the density of a paired plant and campus, not of a data hall: the site carries the generation as well as the computing, and not all of it will be built on. The comparisons are with this book’s own figures — chapter 4’s 2 W/m2 for British onshore wind, chapter 6’s derived 11 W/m2 for Cleve Hill in Kent, and chapter 4’s 4000 m2 of British land per person. The topsoil account is one farmer’s, reported by Witt in the New Yorker piece cited above, and stands here as testimony rather than measurement.



European Commission, “Commission enhances energy efficiency and sustainability of data centres in the EU”, press release IP/26/1667, 21 September 2026, with the accompanying questions and answers of the same date. The rating scheme is a delegated regulation under the Energy Efficiency Directive (EU) 2023/1791, complementing the reporting scheme of Delegated Regulation (EU) 2024/1364; it is subject to two months’ scrutiny by the European Parliament and the Council, which may object but not amend, and a first review is foreseen by the end of 2028. The 500 kW threshold is that of Article 12 of the Directive, which obliges operators above it to report. Its dimensions, per the Commission’s questions and answers: power use efficiency, water use efficiency, use of low-emission sources, grid functions and waste-heat reuse readiness, and whether the operator has contracted new clean generation — power purchase agreements with renewable or nuclear plants not older than ten years or substantially refurbished within them. The label is to be produced automatically from the European database, which is to say from the operator’s own reported figures. The consultation on minimum performance standards closes 14 December 2026. The findings in the text are from COM(2026) 500 and the technical study behind it (AIT, Borderstep and EY, 2025), covering the first reporting period, May to September 2024: 770 reporting sites, about 36% of the estimated total under the obligation, with six member states reporting none and five fewer than three; 70.1% of the reported data judged reliable; energy-weighted average PUE 1.36 across 681 sites with reliable values (1.64 for sites of 500 to 1000 kW); WUE 0.58 L/kWh across 458 sites, national averages 0.07 to 1.28; energy reused about 1.8%, from 67 sites reporting any reuse, a figure the report itself flags as possibly unrepresentative in both directions; renewable energy factor 0.86 across 584 sites. The Commission notes it has preliminary data from at least 30% more sites for the second period, which will change these averages, probably upward in water and downward in renewables, since late reporters are unlikely to be the leaders. The four-million-homes arithmetic is this book’s check on the press release: 34 TWh over four million households is 8.5 MWh each.



The price channel and the demand fork are set out with sources in the elmix cannibalization model, section 2 of https://oluies.github.io/elmix/modell/referenser.html. The argument that data centres outbid industry because electricity is a small share of their cost is Pär Holmberg’s; the revenue-per-kilowatt-hour comparison, roughly 80–100 SEK/kWh for hyperscale AI against a few SEK/kWh for power-intensive industry, is Jonas Kristiansen Nøland’s. The Anthropic–xAI figure is derived from a reported commercial arrangement — roughly 300 MW for about $1.25 billion a month — which is $5.71 per kWh if the capacity runs continuously, and should be treated as an order-of-magnitude indication from a single reported deal rather than an industry rate. Currency conversions throughout this section use approximate mid-2026 rates of 9.6 SEK, 0.79 GBP and 0.92 EUR to the US dollar, rounded to two significant figures; they are given so the reader can weigh the number against prices in their own currency, not as precise valuations, and the SEK figures in the underlying Swedish analysis are the primary ones there. PJM capacity auction figures, a roughly tenfold rise with data centres accounting for 63% of the 2025/26 increase, are from the same section. The EU demand figures — data centres about 70 TWh in 2024 rising to about 115 TWh by 2030 at roughly 15% a year, against a technical potential near 600 TWh for electrified industrial heat — are likewise sourced there.



The west London constraint was identified by the Greater London Authority in summer 2022 across Ealing, Hillingdon and Hounslow, with effects extending to Slough and Egham, and reported as potentially blocking new housing connections until 2035. Subsequent progress — 3315 permitted homes unlocked from March 2024 through the network operator’s capacity-allocation study, and at least 11 690 permitted homes released in total with City Hall involvement — is from the GLA’s own reporting on west London electricity capacity constraints. The data-centre industry has publicly contested the attribution, arguing that long-run under-investment in distribution networks is the underlying cause and that data centres were simply the first large load to expose it. That argument has force: the episode shows a queue allocating scarce capacity, not a technology consuming more than its share.



Swedish connection-application figures are from Dagens Infrastruktur, 17 June 2026, as compiled in section 8 of the elmix references: about 9000 MW applied for in 2025, roughly half of it data centres, concentrated in Mälardalen, Stockholm, Uppsala and Gävleborg, with Microsoft’s Sandviken project paused. Applications are not commitments — a large share of any connection queue never gets built, and queues are known to contain speculative and duplicate requests — so the figure indicates pressure on the queue rather than load that will certainly arrive.



Svenska kraftnät, Se över anslutningsprocessen till elsystemet och tillträdet till elmarknaden, report on a government assignment, ärendenummer Svk 2025/5008, dated 29 April 2026 and delivered to the Ministry of Climate and Enterprise on 30 April, 57 pp., https://www.svk.se/4992b2/siteassets/om-oss/rapporter/2026/rapport_-regeringsuppdrag-om-att-se-over-anslutningsprocessen-till-elsystemet-och-tilltradet-till-elmarknaden-.pdf. All translations here are this edition’s, and all emphasis in the quoted matter is added. The finding in the blockquote is the report’s own: the transmission connection process “innehåller inte någon uttrycklig värdering av hur en anslutning påverkar olika former av systemnytta, trots att sådana effekter har direkt betydelse för både elsystemets totala kostnader och dess leveranssäkerhet”. The capacity-zone proposal appears in two forms, for particular customer categories and for system benefit, and of each the report says the same thing: introducing it “kräver ytterligare arbete innan ett färdigt förslag kan presenteras och en första zon kan etableras. Detta omfattar både fortsatt intern utveckling av processens utformning och fördjupad dialog med regionnätsföretag och branschens aktörer” — so this is a direction of travel rather than a rule in force. The observation about data centres is likewise the report’s: certain categories appear “betydligt mindre beroende av elpriset för att generera en god ekonomisk avkastning och kan därmed antas vara mindre benägna att anpassa sin elanvändning”. The European guidance is the Commission notice Guidance on efficient and timely grid connections, adopted as C(2025) 8473 final on 10 December 2025 as part of the European grids package and published in the Official Journal as C/2025/6703; the Swedish report dates it 19 December 2025, which is the publication rather than the adoption. It is not legally binding, and the report says so — it exists to support consistent application of rules that are. One caution on how this is often summarised, and one on chain of custody. It is tempting to read the guidance as putting system benefit ahead of data centres, and the report does not say that: it renders the Commission’s examples of frameworks that may prioritise on economic or political grounds as “elektrifiering av transport, industri eller etablering av datacenter”, with data centres named as a permissible target rather than a disfavoured one. That Swedish phrase is Svenska kraftnät’s own summary — the report introduces it with “Kommissionen pekar vidare på att”, the Commission points out that — and is not presented by the report as a quotation. This edition has not obtained the notice’s English text, so the English in the body is a translation of a summary and is marked as such rather than attributed to the Commission as its wording. What is being licensed, on either reading, is prioritisation itself.



New York: Executive Order No. 62, “Establishing a Temporary Moratorium on Data Centers in New York While the State Develops Higher Standards for Data Center Development and Benefits Blueprint to Support Localities”, signed 14 July 2026, https://www.governor.ny.gov/executive-order/no-62-establishing-temporary-moratorium-data-centers-new-york-while-state-develops; it pauses state environmental permits for facilities of 50 MW and above for up to one year while a generic environmental impact statement is prepared. Texas: Governor Abbott’s direction of 3 August 2026 to the Public Utility Commission of Texas and ERCOT to carry out a verification and audit of data-centre projects in the interconnection process, in response to which ERCOT paused interconnections; the figure of about 1800 projects in the queue and BloombergNEF’s estimate of 49.8 GW at risk of delay, near a fifth of the American pipeline, are from contemporaneous trade reporting rather than from the order itself. Pennsylvania: Executive Order 2026-05, signed 18 August 2026, https://www.pa.gov/governor/newsroom/2026-press-releases/governor-shapiro-signs-executive-order-on-data-center-developmen. Two cautions. All three are executive actions rather than legislation and can be undone by the same means. And all three were days or weeks old when this was written, so what is recorded here is what was done, not what it turned out to cause.



Gallup, “Americans Oppose AI Data Centers in Their Area”, fieldwork 2–18 March 2026, 1000 US adults, margin of error ±4 percentage points, https://news.gallup.com/poll/709772/americans-oppose-data-centers-area.aspx. 71% opposed construction of an AI data centre in their local area and 48% were strongly opposed, against 25% in favour and 7% strongly in favour. Strong opposition ran at 56% among Democrats, 48% among independents and 39% among Republicans, with majorities opposed in every group. Opposition to a local nuclear power plant was 53% in the same survey. Half of those opposed cited water and energy use; 16% cited pollution. Note what the question asks. It is about a facility in the respondent’s own area, which is a different question from whether such facilities should be built anywhere, and the answers are not comparable with polling on data centres in general. The federal bills are S.4214, introduced by Senator Sanders on 25 March 2026, and H.R.9442, introduced by Representative Ocasio-Cortez on 24 June 2026 with nine cosponsors.



Gallup, “Americans Oppose AI Data Centers in Their Area”, fieldwork 2–18 March 2026, 1000 US adults, margin of error ±4 percentage points, https://news.gallup.com/poll/709772/americans-oppose-data-centers-area.aspx. 71% opposed construction of an AI data centre in their local area and 48% were strongly opposed, against 25% in favour and 7% strongly in favour. Strong opposition ran at 56% among Democrats, 48% among independents and 39% among Republicans, with majorities opposed in every group. Opposition to a local nuclear power plant was 53% in the same survey. Half of those opposed cited water and energy use; 16% cited pollution. Note what the question asks. It is about a facility in the respondent’s own area, which is a different question from whether such facilities should be built anywhere, and the answers are not comparable with polling on data centres in general. The federal bills are S.4214, introduced by Senator Sanders on 25 March 2026, and H.R.9442, introduced by Representative Ocasio-Cortez on 24 June 2026 with nine cosponsors.



Ustawa z dnia 13 marca 2026 r. o zmianie ustawy – Prawo energetyczne oraz niektórych innych ustaw, Dz.U. 2026 poz. 516. PSE, “Komunikat dotyczący obowiązków wynikających z art. 9 oraz art. 11 ustawy z dnia 13 marca 2026 r. …”, 15 October 2026, https://www.pse.pl/-/komunikat-dotyczacy-obowiazkow-wynikajacych-z-art-9-oraz-art-11-ustawy-z-dnia-13-marca-2026-r-o-zmianie-ustawy-prawo-energetyczne-oraz-niektorych-inny, for the advance of 60 zł/kW capped at 6 000 000 zł per connection, the 30 October 2026 deadline, and lapse by operation of law; the act’s entry into force on 30 April 2026 is inferred from the dates the notice runs from it. P. Rapacka, “Prawdziwych chętnych na centra danych w Polsce jest kilkanaście, nie setki”, Gramwzielone.pl, 24 August 2026, https://www.gramwzielone.pl/trendy/20373693/prawdziwych-chetnych-na-centra-danych-w-polsce-jest-kilkanascie-nie-setki, for the 150–200 GW of applications, the spokesman’s remark, and PSE’s planning figures of about 3.5 GW in 2036 and 5 GW in 2040. The 9 GW and 2.1 GW figures as of 30 September 2026 are Ornaq’s reading of the PSE register of planned connections; Gramwzielone reported conditions exceeding 6 GW in August. The euro conversion is at about 4.25 zł/€.



Lucy Yu, The Grid We Need Now: Independent Review of AI Deployment in the Electricity Networks, September 2026, commissioned by the Department for Energy Security and Net Zero, with a review team drawn from the Energy Systems Catapult, Digital Catapult and the Alan Turing Institute; © Crown copyright 2026, Open Government Licence v3.0. The quoted phrase about hardcoding costs and the 2035/2036 dates are from the executive summary and Core Recommendation 1. The renewable-share figures are the review’s Figure 1, from NESO’s Historic GB Generation Mix: settlement periods per year in which wind and solar together exceeded 30% and 50% of GB generation, read here off the published chart, which also shows a dip in 2021 that the caption attributes to low wind speeds rather than to less plant. Balancing costs of £1.2 billion in 2018/19 and £2.7 billion in 2024/25, the £3.4–4.9 billion forecast for 2031–35 under two NESO Future Energy Scenarios, and constraint costs of £0.4 billion in 2019/20 and £1.7 billion in 2024/25 are the review’s, sourced there to NESO’s 2025 Annual Balancing Costs Report. The per-person conversion is this edition’s, at a population of 68.4 million, the same figure used elsewhere in this chapter. The four-fold rise in British data-centre electricity demand by 2030 is the review’s, citing Clark, Burnett, Stewart and Woodhouse, Data centres: planning policy, sustainability, and resilience, House of Commons Library, 27 May 2026, alongside an Oxford Economics estimate that compute demand more than doubles in the same period; the 30% growth in total British demand by 2035 is likewise the review’s. The £90 million is this edition’s addition of the review’s own worked examples and is not a figure the review states: about £20 million a year from Dynamic Line Ratings on 275 km of National Grid transmission line, a further £50 million over five years at 900 km (taken here as £10 million a year), about £30 million a year from NESO’s Dynamic Reserve Setting, and about £30 million a year in reserve costs from Open Climate Fix’s solar forecasting for NESO. Three cautions on that sum. These are the savings the review chose to quantify, not an inventory of AI’s value in the grid, and the review says explicitly that the full scale of savings from probabilistic operation is “extremely difficult to quantify” for a complex real-world grid. The items are on different bases — some are constraint costs, some reserve costs — and adding them is a rough indication of order rather than an accounting. And the 11% comes from Heylen, Ovaere, Proost, Deconinck and Van Hertem, A multi-dimensional analysis of reliability criteria, Electric Power Systems Research 167 (2019), on a 24-bus theoretical grid; the review cites it while stating that it cannot be reliably generalised to the GB grid, and it is repeated here with that caveat attached rather than as a British estimate. The out-of-scope statement is from the reviewer’s foreword.



The nodal price analysis is Bloomberg’s, “How AI Data Centers Are Sending Your Power Bill Soaring” (2025): wholesale prices at some nodes up to 267% higher in April 2025 than in April 2020, with more than 70% of the nodes that rose lying within 50 miles of significant data-centre activity. Rate-case totals are from PowerLines, which tracks American rate filings: about $31 billion requested across 2025, roughly double 2024. A second PowerLines figure is on a different boundary and the two should not be read as a series: more than $34 billion through the first three quarters counts requests plus approvals, and reaches 124 million billpayers. A request is not an increase, since regulators grant part of what is asked for; the body uses the annual requested figure and the approvals total is given only to show the number of households a rate case touches. The 267% is the maximum at any node. It is not an average, and it is not a retail rate. PolitiFact examined a claim by Senator Warren in June 2026 that data centres had raised American electricity bills by that much and found the figure did not support it. Utility rate increases have several drivers, studies disagree about how much of them data centres explain, and NPR has reported places where new large load reduced bills by spreading fixed network costs over more sales. The argument in the body does not turn on the size of the effect, only on marginal pricing being common to every buyer at a node.



Staffing ratios per megawatt are from iRecruit’s 2026 survey of data-centre staffing: 2.0–3.0 per MW at 1–5 MW, 1.75–2.5 at 5–20 MW, 1.0–1.5 at 20 MW and above, and 0.2–0.3 for ultra-hyperscale sites above 100 MW. The Google Kansas City campus, 200 permanent staff for 500 MW, is from the same source, which puts it at 0.4 jobs per MW — above the ultra-hyperscale band rather than inside it, and quoted here at its own figure. Staffing ratios are a weak statistic in one specific way: they count people employed at the site, and a hyperscale operator’s monitoring, security and software staff may sit in another country or another company. The direction of that bias is unknown, since it removes some jobs from the site’s count and adds others that a smelter would have contracted out too. The 85% load factor used to convert megawatts to energy is a round figure for facilities built to run flat out; the text of this chapter explains why they are.



Kubikenborg Aluminium’s workforce of about 470 and its annual production of about 135 000 tonnes of primary aluminium are from Sveriges Television. Its electricity use is not published directly; it is derived from the company’s own statement that one öre per kilowatt-hour costs it 16 million kronor a year, which implies 1.6 TWh, and cross-checked against its separate claim to use about 1% of Swedish electricity. A third check, 135 000 tonnes at the 13–15 MWh per tonne typical of a modern smelter, gives 1.8–2.0 TWh, so the derived figure may be somewhat low and the resulting 3400 MWh per job-year somewhat generous to the smelter. The economy-wide figure of about 25 MWh per job-year is electricity consumption divided by total employment: roughly 140 TWh across 5.2 million employed in Sweden, and roughly 4000 TWh across 160 million in the United States, which land within a couple of MWh of each other. These are ratios of two aggregates, not a measure of any job’s electricity use, and the comparison is only meaningful because all three are computed the same way. The pulp and paper industry is deliberately left out: the 18 TWh figure commonly quoted covers the whole forest industry including sawmills, while the 19 000 employees commonly quoted alongside it covers pulp and paper alone, and dividing one by the other mixes two boundaries.



The 23 000 estimate, its share of American employment, and the critique of the industry figure are from Food & Water Watch, Artificial Jobs: The Illusion of Big Tech’s Data Center Employment Claims, January 2026. The 4.4% electricity share is the Berkeley Lab figure for 2023 cited there, while the employment estimate is for 2024. Food & Water Watch is a campaigning organisation calling for a moratorium on data-centre construction, and the PricewaterhouseCoopers report was commissioned by the Data Center Coalition, an industry body; neither is disinterested, which is why the definitional point rather than either total is what this section rests on. The Virginia comparison — about a third of national capacity against 4% of national 518210 employment — is the part of the argument that does not depend on trusting either side’s total. The separate figure of 1.12 jobs per MW comes from Virginia’s growth in 518210 employment of 2148 against 1910 MW of data-centre capacity connected by Dominion Energy in 2023 and 2024.



The energy-tax reduction for datorhallar, introduced in 2017, was abolished with effect from 1 July 2023, decided by the Riksdag in December 2022 on the government’s proposal in the budget bill for 2023 (prop. 2022/23:1); see Skatteverket, “Slopad skattenedsättning för datorhallar”. The stated reason was to give data centres an incentive to use electricity more efficiently under changed European market conditions. The Norrlandsavdraget, a standing reduction for electricity consumed in certain northern municipalities, is separate and continues to apply. The description of municipal finance here is the ordinary Swedish arrangement — kommunalskatt is levied on the income of residents, while corporation tax and energy tax accrue to the state — and is given because it explains why a municipality’s interest in a large employer differs from the state’s interest in a large investment.



Employment effects are from Brookings, “New evidence on data center employment effects”, which links about 770 American facilities to county employment data for 2003–2024 and applies the synthetic control method to 93 counties receiving their first large facility between 2008 and 2024, against roughly 3000 controls. The stated caution that naive comparisons overstate the effect about threefold matters, because data-centre counties were already growing faster than their neighbours before the facilities arrived. The Swedish employment multiplier of 1.1 indirect jobs per direct job, giving a total multiplier of 2.1, is from Industriarbetsgivarna’s 2023 analysis by Industriekonomerna. It is not applied to either side of the MWh-per-job-year comparison: every such figure in this section, for the data centre and for the smelter alike, counts direct employment only. The ~1000 in the text shows what the multiplier would do to one side if it were applied, and is not to be divided back into the smelter’s 1.6 TWh. No published equivalent for data centres was found, which is itself a reason to leave both sides direct. Two of these findings are in tension and the tension is not resolved here: county-level employment rises where data centres are built, while the facilities themselves employ very few people. Construction, the information-sector cluster effect, and the ordinary economic activity of a large capital investment are the candidate explanations, and the Brookings authors favour the cluster effect. What the per-megawatt arithmetic establishes is narrower than the county result contradicts: it is a statement about operating employment per unit of electricity, not about the total economic effect of building the thing.



Crane Clean Energy Center: 835 MW, restart expected in 2027, from Constellation’s own page, https://www.constellationenergy.com/about/locations/crane-clean-energy-center.html; the twenty-year power purchase agreement with Microsoft was announced in September 2024 and a $1 billion Department of Energy loan followed in 2025. The unit is Three Mile Island Unit 1, which shut in 2019 for economic reasons; it is not the unit damaged in 1979, which stays dormant. Homer City Generating Station’s coal capacity is reported variously as 2022 MW nameplate and about 1884 MW net across three units, and it closed in July 2023. The emission arithmetic is this edition’s. It uses round figures of 900 g CO2/kWh for a subcritical coal station and 350 g/kWh for a modern combined cycle; the ratio of those two reproduces the developer’s own claim of a 60 to 65% reduction per megawatt-hour, which is a check on the assumptions rather than an independent source for them. The hourly figures assume both plants at full output. The annual figure assumes the gas campus at 85% capacity factor, which is what a plant contracted to a data centre would be expected to run at and is well above what the coal station managed in its last years. It is a ceiling twice over, since the developer says “up to” 4.4 GW and 85% is a high load factor, so 33 TWh and 11 Mt should be read as what the campus could do rather than what it will. The American grid average of 368 g CO2/kWh is derived from the EIA’s 0.81 pounds of CO2 per kWh for 2023 — 1.53 billion tonnes from 4.18 trillion kWh — at https://www.eia.gov/tools/faqs/faq.php?id=74&t=11. Applying a national average to data-centre consumption simplifies in both directions: hyperscale operators contract for more clean power than the average buyer, while the gas plants being built to serve them are dirtier than the grid they join.



Google, “Google Deepens Commitment to Finland with Two-Year €13 Billion investment in AI Infrastructure”, 9 September 2026, https://blog.google/innovation-and-ai/infrastructure-and-cloud/global-network/clean-energy-finland/, with the terms of the Fortum agreement — 22 years, an offtake of 50% of Loviisa’s capacity from 2030 to 2049, in support of a life extension to 2050 — from contemporaneous trade reporting of the same announcement, including World Nuclear News and DataCenterDynamics. Loviisa’s two VVER-440 units at 507 MW net each, 1014 MW together, and output of 8.2 TWh in 2021 are Fortum’s and STUK’s; the €1 billion lifetime-extension programme is Fortum’s own figure, given as investment to 2050. The correction in the body is this edition’s and matters, because the announcement does not make it. The Finnish government granted new operating licences for both units on 16 February 2023, valid to the end of 2050, replacing licences that expired at the end of 2027 for Loviisa 1 and the end of 2030 for Loviisa 2, on a positive safety statement from STUK; see the Ministry of Economic Affairs and Employment, https://tem.fi/en/-/fortum-granted-licence-to-operate-loviisa-power-plant-units-until-end-of-2050. So the 2030 date that appears in the announcement is the horizon Fortum’s own investment decision faced, not the expiry of a permission, and this edition has not seen a Fortum statement putting it more strongly than that. All the arithmetic in this subsection is this edition’s, and each step carries an assumption worth stating. The 4.1 TWh is half of a recent annual output, not half of a contracted quantity: Google’s share is stated as capacity, and neither the plant’s future availability nor the terms of the power uprate are public. The 1.9 TWh from 629 MW uses a 35% capacity factor, which is toward the upper end for onshore wind and reflects modern Finnish turbines on good northern sites; at 30% the figure would be 1.65 TWh and the combined total 5.8 rather than 6.0. Shares and per-person figures use Finnish electricity consumption of about 82 TWh and a population of 5.6 million. The 1 GW and the €520 million over twenty years are from a study Google commissioned, which is a fact about the study’s sponsor as much as about Finnish transmission, and the 1 GW is explicitly hypothetical rather than a statement of what Google will draw — the “about 80%” in the body is therefore a comparison of a real contract against a modelled load, and should be read as a sense of scale rather than a coverage ratio. The battery’s energy capacity was not published; the two-hour assumption behind 188 MWh is this edition’s and is the usual duration for a grid battery of that size, but a four-hour system would double it and change nothing about the conclusion. The 110 km2 uses chapter 4’s 2 W/m2 for onshore wind, which is a British figure applied to Finland for want of a Finnish one; Finnish land area per person is derived from 338 000 km2 and the same population.



Figure 11a.2 redraws a chart by Ilkka Hannula, “Finland’s data centre pipeline has outrun its scenarios” (Carbon Economics, 2026, CC BY 4.0), which is where this edition met the comparison. Four of its seven bars have since been read in their own sources and two have not; the seventh is the sum of the first three, so it is only as sound as the softest of them — which is the Helsingin Sanomat estimate below. The 285 MW is 33 data centres in September 2025, from Veli-Matti Mattila’s rapporteur report Datakeskusten kansallinen tiekartta (Valtioneuvoston julkaisuja 2025:94; the English translation, National Roadmap for Data Centres, is 2025:95), which takes it from a Ramboll census counting only facilities above 1 MW and excluding cryptocurrency mining. The 1300 MW decided or starting up, the €8 billion behind it and the 2500 MW and €21 billion at planning or feasibility stage are the Confederation of Finnish Industries’ green-transition investment dashboard at the end of August 2025, quoted in the same report — which adds both that unannounced projects would raise the figures and that not all plans will materialise. AFRY’s 2500 MW is the strong-development case of the price analysis in that report, against a 1200 MW baseline that assumes every project holding an investment decision is finished by 2030; the “more than 10%” on price and the finding on flexibility are AFRY’s, and the report itself calls the analysis indicative. The 1900 MW is this edition’s conversion, at the source chart’s 60%, of the KEITO scenarios’ assumption that data-centre electricity rises from about 1.3 TWh in 2024 — a figure KEITO takes from tax records — to about 10 TWh by 2050, in Koljonen, Soimakallio, Silfver and Kivinen (eds.), Kansallisen energia- ja ilmastopolitiikan uudet toimet ja skenaariot (KEITO), VTT Technology 442 (2025). The two taken at second hand are Luke’s 7000 MW for 2055 and Google’s 1300 MW: the first is read off the source chart, this edition not having seen the Luke publication; the second is Helsingin Sanomat’s estimate from the €13 billion rather than a disclosure, since Google publishes no capacity for the four sites, and every total here moves with it if it is wrong. Three cautions. The baseline may be low, and two independent counts say so. An independent census dated the same September verified 379.5 MW across 22 of 40 Finnish sites and put the likely total “on the order of 1 GW” on a wider definition; and figure 11a.1’s 2.7% of a Finnish peak somewhere between 14 and 15.5 GW implies 380 to 420 MW of IT capacity, which ought to be smaller than a connection figure rather than larger. Both point the same way, and a higher baseline raises the committed total rather than lowering it. The 52% utilisation is this edition’s, 1.3 TWh over 285 MW held for a year, and the two series need not cover the same set of facilities. And a decided project is firmer than a place in a connection queue but it is still not a building, so the cautions in this chapter’s queue sections apply here as well. The peak load of 15 553 MW on 8 January 2026 is Fingrid’s, a national record set at a consumption-weighted −19 °C and beating the 15 164 MW of January 2016. Finnish electricity consumption of 82 TWh and a population of 5.6 million are as in the Loviisa arithmetic above.
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Commission for Regulation of Utilities, Large Energy User connection policy decision paper, CRU2025236, published December 2025, https://www.cru.ie/about-us/news/the-cru-publishes-its-decision-on-new-electricity-connection-policy-for-data-centres/. The requirement described here is that a large energy user with a maximum import capacity of 1 MVA or more procure new and additional renewable electricity generated in the Republic of Ireland equal to at least 80% of its annual demand, reached on a “glide up” within six years of energisation, with related requirements on onsite or proximate dispatchable generation and storage, and with the system operators to publish a connection process by 31 March 2026. It supersedes the 2021 arrangements under which Dublin connections were refused or deferred. This edition has read the decision through law-firm summaries rather than the full paper, and the note says so; the summaries agree on the 80%, the 1 MVA threshold and the six years. Amazon’s Irish contracting — about 310 MW against a stated ambition near 800 MW, including the Derrinlough project with Bord na Móna — and Microsoft’s three onshore wind agreements with Energia, of about 25, 25 and 30 MW, are from Irish press and trade reporting; the individual sites are not listed here because the reporting disagrees about which counties they are in. The conversion to TWh is this edition’s, at a 30% capacity factor for Irish onshore wind, and the comparison is with the roughly 7 TWh of Irish data-centre electricity given at the head of this chapter. Two cautions. These are the publicly announced deals of two companies, not the whole of Irish data-centre procurement, so the 12% and 3% are floors on what has been contracted rather than measurements of what has. And the CRU policy binds new connections, so no inference about compliance follows from the gap.



Holtec International, EDF UK and Tritax, joint announcement on the Cottam site, Nottinghamshire, https://www.edfenergy.com/media-centre/holtec-international-edf-uk-and-tritax-announce-plans-develop-cottam-site-data-centres-and: a memorandum of understanding to develop a 1 GW data centre on the former coal station’s site, about 900 acres, powered principally by renewable generation until Holtec SMR-300 units enter service in the 2030s. A memorandum of understanding is not a project, and this one is at an earlier stage than Homer City, which has turbines ordered. The density comparison is this edition’s and is on the same basis as the Homer City figure earlier in this chapter: 900 acres is 3.64 km2, and 1 GW at the 85% load factor used throughout gives 850 MW average, or about 230 W/m2. Note that the two figures are not quite the same quantity — Homer City’s 290 W/m2 is generation averaged over its site, Cottam’s 230 is computing load averaged over its own — and they are comparable only because in both cases the generation and the computing are meant to sit on the same ground. The Rolls-Royce SMR programme, contracted with Great British Energy – Nuclear in April 2026 for three units at Wylfa, is a separate undertaking and is not tied to a data centre; it is mentioned only for its date. The pause of OpenAI’s Stargate UK project in April 2026, attributed in reporting to regulation and the cost of energy, is included because it is the counterweight: British electricity prices are the reason the same demand that is bidding for Finnish and Irish connections is not straightforwardly bidding for British ones.



BloombergNEF, Corporate Energy Market Outlook, reported February 2026: 55.9 GW of clean power contracted globally by corporations in 2025, 10% below the 2024 record and the first annual fall in nearly a decade, with EMEA down 13% to about 17 GW; Meta, Amazon, Google and Microsoft together 49% of global volume, Meta at 10.24 GW and Amazon at 10.22 GW, and Amazon the most active buyer in Europe and Asia-Pacific. The conversion to energy is this edition’s and is deliberately crude: 49% of 55.9 GW at a blended 30% capacity factor gives about 72 TWh a year, set against the IEA’s 415 TWh for world data centres in 2024 given at the head of this chapter. Three things that arithmetic does not capture. Announced capacity is not delivered capacity, and a contract signed in 2025 delivers over the following decade if the project is built at all. The comparison mixes a global procurement figure with a global consumption figure, but the procurement is heavily concentrated in the United States while the consumption is not, so the sixth is not a sixth of any particular grid. And these four companies buy clean power for everything they do, not only for data centres, though data centres are most of their load. The 24/7 argument in the body is the standard critique of annual matching and is Google’s own stated reason for its hourly carbon-free-energy target; nothing in this chapter’s sources measures how well any operator meets it.





12 Wave

[image: ]

If wave power offers hope to any country, then it must offer hope to the United Kingdom and Ireland – flanked on the one side by the Atlantic Ocean, and on the other by the North Sea.

First, let’s clarify where waves come from: sun makes wind and wind makes waves.

Most of the sunlight that hits our planet warms the oceans. The warmed water warms the air above it, and produces water vapour. The warmed air rises; as it rises it cools, and the water eventually re-condenses, forming clouds and rain. At its highest point, the air is cooled down further by the freezing blackness of space. The cold air sinks again. This great solarpowered pump drives air round and round in great convection rolls. From our point of view on the surface, these convection rolls produce the winds. Wind is second-hand solar energy. As wind rushes across open water, it generates waves. Waves are thus third-hand solar energy. (The waves that crash on a beach are nothing to do with the tides.)

In open water, waves are generated whenever the wind speed is greater than about 0.5 m/s. The wave crests move at about the speed of the wind that creates them, and in the same direction. 1 The wavelength of the waves (the distance between crests) and the period (the time between crests) depend on the speed of the wind. The longer the wind blows for, and the greater the expanse of water over which the wind blows, the greater the height of the waves stroked up by the wind. Thus since the prevailing winds over the Atlantic go from west to east, the waves arriving on the Atlantic coast of Europe are often especially big. (The waves on the east coast of the British Isles are usually much smaller, 2 so my estimates of potential wave power will focus on the resource in the Atlantic Ocean.)

Waves have long memory and will keep going in the same direction for days after the wind stopped blowing, until they bump into something. In seas where the direction of the wind changes frequently, waves born on different days form a superposed jumble, travelling in different directions.

If waves travelling in a particular direction encounter objects that absorb energy from the waves – for example, a row of islands with sandy beaches – then the seas beyond the object are calmer. The objects cast a shadow, and there’s less energy in the waves that get by. So, whereas sunlight delivers a power per unit area, waves deliver a power per unit length of coastline. You can’t have your cake and eat it. You can’t collect wave energy two miles off-shore and one mile off-shore. Or rather, you can try, but the two-mile facility will absorb energy that would have gone to the one-mile facility, and it won’t be replaced. The fetch required for wind to stroke up big waves is thousands of miles.

We can find an upper bound on the maximum conceivable power that could be obtained from wave power by estimating the incoming power per unit length of exposed coastline, and multiplying by the length of coastline. We ignore the question of what mechanism could collect all this power, and start by working out how much power it is.

The power of Atlantic waves has been measured: it’s about 40 kW per metre of exposed coastline. 3 That sounds like a lot of power! If everyone owned a metre of coastline and could harness their whole 40 kW, that would be plenty of power to cover modern consumption. However, our population is too big. There is not enough Atlantic-facing coastline for everyone to have their own metre.
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As the map shows, Britannia rules about 1000 km of Atlantic coastline (one million metres), which is 1⁄60 m per person. So the total raw incoming power is 16 kWh per day per person. If we extracted all this power, the Atlantic, at the seaside, would be as flat as a millpond. Practical systems won’t manage to extract all the power, and some of the power will inevitably be lost during conversion from mechanical energy to electricity. 4 Let’s assume that brilliant wave-machines are 50%-efficient at turning the incoming wave power into electricity, and that we are able to pack wavemachines along 500 km of Atlantic-facing coastline. That would mean we could deliver 25% of this theoretical bound. That’s 4 kWh per day per person. As usual, I’m intentionally making pretty extreme assumptions to boost the green stack – I expect the assumption that we could line half of the Atlantic coastline with wave absorbers will sound bananas to many readers.
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Figure 12.1. A Pelamis wave energy collector is a sea snake made of four sections. It faces nose-on towards the incoming waves. The waves make the snake flex, and these motions are resisted by hydraulic generators. The peak power from one snake is 750 kW; in the best Atlantic location one snake would deliver 300 kW on average. Photo from Pelamis wave power www.pelamiswave.com.

How do the numbers assumed in this calculation compare with today’s technology? As I write, there are just three wave machines working in deep water: three Pelamis wave energy collectors (figure 12.1) built in Scotland and deployed off Portugal. No actual performance results have been published, but the makers of the Pelamis (“designed with survival as the key objective before power capture efficiency”) predict that a two-kilometre long wave-farm consisting of 40 of their sea-snakes would deliver 6 kW per metre of wave-farm. Using this number in the previous calculation, the power delivered by 500 kilometres of wave-farm is reduced to 1.2 kWh per day per person. While wave power may be useful for small communities on remote islands, I suspect it can’t play a significant role in the solution to Britain’s sustainable energy problem.

What’s the weight of a Pelamis, and how much steel does it contain? One snake with a maximum power of 750 kW weighs 700 tons, including 350 tons of ballast. So it has about 350 tons of steel. That’s a weight-to-power ratio of roughly 500 kg per kW (peak). We can compare this with the steel requirements for offshore wind: an offshore wind-turbine with a maximum power of 3 MW weighs 500 tons, including its foundation. That’s a weight-to-power ratio of about 170 kg per kW, one third of the wave machine’s. The Pelamis is a first prototype; presumably with further investment and development in wave technology, the weight-to-power ratio would fall.

[image: Figure 12.2]

Figure 12.2. Wave.


What became of the wave machines

A section added in the 2026 revision. Few passages in this book can be checked as sharply as this one, because MacKay names the entire world industry: “As I write, there are just three wave machines working in deep water.”


The three machines

Those three Pelamis units at Aguçadoura, off Portugal, began generating in July 2008 and were towed back to dry dock in November 2008, four months later, with technical problems. They never returned. Babcock & Brown, the infrastructure company behind the project, went into voluntary administration in March 2009.

Pelamis Wave Power itself went into administration in November 2014 and ceased trading; its intellectual property was bought in January 2015 by Wave Energy Scotland, a body created by the Scottish Government for the purpose. Aquamarine Power, whose Oyster device was the other great British hope of the period, folded the same year.5



The number that settles it

Global installed wave energy capacity is about 2.3 MW.

The three Pelamis machines MacKay was describing were rated at 750 kW each: 2.25 MW. Eighteen years later, the entire world wave industry is the size of the snapshot he took of it. Ocean energy as a whole runs to roughly 513 MW, but almost all of that is tidal; wave added a fraction of a megawatt a year through the 2020s.

For scale, a single turbine at Dogger Bank, described in chapter 10, is 13 to 14.7 MW — about six times the world’s entire wave fleet.



Why: the machine must survive what it cannot use

The reason is the one MacKay’s own quotation hints at. He notes that Pelamis was “designed with survival as the key objective before power capture efficiency” — the designers put survival first, and it still was not enough.

Wave power scales with the square of wave height. A machine sized to harvest a two-metre sea must survive the storm that arrives once a century, and a device with a twenty-year design life is required to withstand a hundred-year return-period wave. The load that matters is not even the biggest wave but the breaking one: plunging breakers govern survivability and raise peak loads by 6 to 29% even when their crests are lower, because the damage is done by the impact mechanism rather than by height.

Underneath that sits a mismatch that no amount of engineering removes. Wave energy arrives at about 0.1 Hz with forces of the order of a meganewton — very slow, very large, and reversing. Electrical generators want the opposite: fast, small, and one-directional. Everything in between is hydraulics, seals and bearings, in salt water, unattended, for decades. That is the thing that breaks, and it is why measured conversion efficiencies end up well below 50% once every step is counted.

A wind turbine has the same problem and solves it by feathering. Above about 25 m/s it turns its blades edge-on and stops, shedding the load. A wave machine cannot shed the sea. It is in the water, and the water arrives whatever it does.



And nobody converged

There is a second reason, structural rather than physical, and it explains why eighteen years of effort produced so little.

Wind converged. By about 1990 the industry had settled on the three-bladed upwind horizontal-axis turbine, and everything since has been refinement — which is precisely why chapter 4 can describe a straight line from 1 MW machines to 14 MW ones. Every failure taught everybody.

Wave never converged. Attenuators, point absorbers, oscillating water columns, overtopping devices, bottom-hinged surge flaps: the concepts are not variations on a design but genuinely different machines, so a design load established for one is not reliable for another and each failure teaches only its own developer. The literature calls the result the wave energy paradox — too little deployment to generate learning, too little learning to attract investment, and so round again.



Was he right?

MacKay’s arithmetic gave 4 kWh/d per person as a deliberately extreme upper bound, requiring wave machines along half of Britain’s Atlantic coast, and 1.2 kWh/d using the developer’s own predicted performance. His conclusion was that “while wave power may be useful for small communities on remote islands, I suspect it can’t play a significant role in the solution to Britain’s sustainable energy problem.”

The figure Britain actually gets from wave power today is indistinguishable from zero at the precision this book works in. He was right, and if anything his 1.2 kWh/d was generous.

It is not quite dead. Wave Energy Scotland has kept development funded, Sweden’s CorPower Ocean and others continue to test, and the oscillating-water-column plant at Mutriku in Spain has been running since 2011. But the honest reading of eighteen years is that this chapter’s scepticism was the correct call, and that the reason was not the resource — the Atlantic really does deliver 40 kW per metre — but the machine’s inability to stay in the sea.






Notes and further reading


(Figure omitted from this edition: third-party rights.)
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(Figure omitted from this edition: third-party rights.)









Waves are generated whenever the wind speed is greater than about 0.5 m/s. The wave crests move at about the speed of the wind that creates them. The simplest theory of wave-production (Faber, 1995, p. 337) suggests that (for small waves) the wave crests move at about half the speed of the wind that creates them. It’s found empirically however that, the longer the wind blows for, the longer the wavelength of the dominant waves present, and the greater their velocity. The characteristic speed of fully-developed seas is almost exactly equal to the wind-speed 20 metres above the sea surface (Mollison, 1986).



The waves on the east coast of the British Isles are usually much smaller. Whereas the wave power at Lewis (Atlantic) is 42 kW/m, the powers at the east-coast sites are: Peterhead: 4 kW/m; Scarborough: 8 kW/m; Cromer: 5 kW/m. Source: Sinden (2005). Sinden says: “The North Sea Region experiences a very low energy wave environment.”



Atlantic wave power is 40 kW per metre of exposed coastline. (Chapter F explains how we can estimate this power using a few facts about waves.) This number has a firm basis in the literature on Atlantic wave power (Mollison et al., 1976; Mollison, 1986, 1991). From Mollison (1986), for example: “the large scale resource of the NE Atlantic, from Iceland to North Portugal, has a net resource of 40–50 MW/km, of which 20–30 MW/km is potentially economically extractable.” At any point in the open ocean, three powers per unit length can be distinguished: the total power passing through that point in all directions (63 kW/m on average at the Isles of Scilly and 67 kW/m off Uist); the net power intercepted by a directional collecting device oriented in the optimal direction (47 kW/m and 45 kW/m respectively); and the power per unit coastline, which takes into account the misalignment between the optimal orientation of a directional collector and the coastline (for example in Portugal the optimal orientation faces northwest and the coastline faces west).



Practical systems won’t manage to extract all the power, and some of the power will inevitably be lost during conversion from mechanical energy to electricity. The UK’s first grid-connected wave machine, the Limpet on Islay, provides a striking example of these losses. When it was designed its conversion efficiency from wave power to grid power was estimated to be 48%, and the average power output was predicted to be 200 kW. However losses in the capture system, flywheels and electrical components mean the actual average output is 21 kW – just 10% of the predicted output (Wavegen, 2002).



The Aguçadoura sequence — generation from July 2008, the three P1 units towed to dry dock in November 2008, Babcock & Brown into voluntary administration in March 2009 — and the later collapses of Pelamis Wave Power in November 2014 and Aquamarine Power in 2015, with Pelamis’s intellectual property passing to the Scottish Government’s Wave Energy Scotland in January 2015, are drawn from contemporaneous trade and news reporting and from the European Marine Energy Centre’s records of its own clients. Global installed wave capacity of about 2.3 MW, against roughly 513 MW for ocean energy as a whole including tidal, is from Ocean Energy Europe’s Ocean Energy Stats and Trends and REN21’s Global Status Report. The survivability figures — a hundred-year return period as the design condition for a twenty-year device, and breaking waves raising peak loads by 6–29% — are from the CFD survivability literature; note that these are modelled loads rather than measured failures, and that no public database records why individual deployed devices failed, which is itself part of the problem the text describes. The characterisation of the wave energy paradox follows the review literature on the sector’s commercial history.





13 Food and farming
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Figure 13.1. A salad Niçoise.


Modern agriculture is the use of land to convert petroleum into food.

Albert Bartlett
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Figure 13.2. Minimum energy requirement of one person.
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Figure 13.3. Milk and cheese.

We’ve already discussed in Chapter 6 how much sustainable power could be produced through greenery; in this chapter we discuss how much power is currently consumed in giving us our daily bread.

A moderately active person with a weight of 65 kg consumes food with a chemical energy content of about 2600 “Calories” per day. A “Calorie,” in food circles, is actually 1000 chemist’s calories (1 kcal). 2600 “Calories” per day is about 3 kWh per day. Most of this energy eventually escapes from the body as heat, so one function of a typical person is to act as a space heater with an output of a little over 100 W, a medium-power lightbulb. Put 10 people in a small cold room, and you can switch off the 1 kW convection heater.

How much energy do we actually consume in order to get our 3 kWh per day? If we enlarge our viewpoint to include the inevitable upstream costs of food production, then we may find that our energy footprint is substantially bigger. It depends if we are vegan, vegetarian or carnivore.

The vegan has the smallest inevitable footprint: 3 kWh per day of energy from the plants he eats.


The energy cost of drinking milk

I love milk. If I drinka-pinta-milka-day, what energy does that require? A typical dairy cow produces 16 litres of milk per day. 1 So my one pint per day (half a litre per day) requires that I employ 1⁄32 of a cow. Oh, hang on – I love cheese too. And to make 1 kg of Irish Cheddar takes about 9 kg of milk. So consuming 50 g of cheese per day requires the production of an extra 450 g of milk. OK: my milk and cheese habit requires that I employ 1⁄16 of a cow. And how much power does it take to run a cow? Well, if a cow weighing 450 kg has similar energy requirements per kilogram to a human (whose 65 kg burns 3 kWh per day) then the cow must be using about 21 kWh/d. Does this extrapolation from human to cow make you uneasy? Let’s check these numbers: www.dairyaustralia.com.au says that a suckling cow of weight 450 kg needs 85 MJ/d, which is 24 kWh/d. Great, our guess wasn’t far off! So my 1⁄16 share of a cow has an energy consumption of about 1.5 kWh per day. This figure ignores other energy costs involved in persuading the cow to make milk and the milk to turn to cheese, and of getting the milk and cheese to travel from her to me. We’ll cover some of these costs when we discuss freight and supermarkets in Chapter 15.



Eggs

A “layer” (a chicken that lays eggs) eats about 110 g of chicken feed per day. Assuming that chicken feed has a metabolizable energy content of 3.3 kWh per kg, that’s a power consumption of 0.4 kWh per day per chicken. Layers yield on average 290 eggs per year. So eating two eggs a day requires a power of 1 kWh per day. Each egg itself contains 80 kcal, which is about 0.1 kWh. So from an energy point of view, egg production is 20% efficient.
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Figure 13.4. Two eggs per day.
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Figure 13.5. Eating meat requires extra power because we have to feed the queue of animals lining up to be eaten by the human.



The energy cost of eating meat

Let’s say an enthusiastic meat-eater eats about half a pound a day (227 g). (This is the average meat consumption of Americans.) To work out the power required to maintain the meat-eater’s animals as they mature and wait for the chop, we need to know for how long the animals are around, consuming energy. Chicken, pork, or beef?

Chicken, sir? Every chicken you eat was clucking around being a chicken for roughly 50 days. So the steady consumption of half a pound a day of chicken requires about 25 pounds of chicken to be alive, preparing to be eaten. And those 25 pounds of chicken consume energy.

Pork, madam? Pigs are around for longer – maybe 400 days from birth to bacon – so the steady consumption of half a pound a day of pork requires about 200 pounds of pork to be alive, preparing to be eaten.

Cow? Beef production involves the longest lead times. It takes about 1000 days of cow-time to create a steak. 2 So the steady consumption of half a pound a day of beef requires about 500 pounds of beef to be alive, preparing to be eaten.

To condense all these ideas down to a single number, let’s assume you eat half a pound (227 g) per day of meat, made up of equal quantities of chicken, pork, and beef. 3 This meat habit requires the perpetual sustenance of 8 pounds of chicken meat, 70 pounds of pork meat, and 170 pounds of cow meat. That’s a total of 110 kg of meat, or 170 kg of animal (since about two thirds of the animal gets turned into meat). And if the 170 kg of animal has similar power requirements to a human (whose 65 kg burns 3 kWh/d) then the power required to fuel the meat habit is

170 kg×3 kWh/d65 kg≃8 kWh/d
\text{170\ kg} \times \frac{\left. \text{3\ kWh}/\text{d} \right.}{\text{65\ kg}} \simeq \left. \text{8\ kWh}/\text{d} \right.


I’ve again taken the physiological liberty of assuming “animals are like humans;” a more accurate estimate of the energy to make chicken is in this chapter’s endnotes. 4 No matter, I only want a ballpark estimate, and here it is. The power required to make the food for a typical consumer of vegetables, dairy, eggs, and meat is 1.5 + 1.5 + 1 + 8 = 12 kWh per day. (The daily calorific balance of this rough diet is 1.5 kWh from vegetables; 0.7 kWh from dairy; 0.2 kWh from eggs; and 0.5 kWh from meat – a total of 2.9 kWh per day.)
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Figure 13.6. Will harvest energy crops for food.

This number does not include any of the power costs associated with farming, fertilizing, processing, refrigerating, and transporting the food. We’ll estimate some of those costs below, and some in Chapter 15.

Do these calculations give an argument in favour of vegetarianism, on the grounds of lower energy consumption? It depends on where the animals feed. Take the steep hills and mountains of Wales, for example. Could the land be used for anything other than grazing? Either these rocky pasturelands are used to sustain sheep, or they are not used to help feed humans. You can think of these natural green slopes as maintenance-free biofuel plantations, and the sheep as automated self-replicating biofuel harvesting machines. The energy losses between sunlight and mutton are substantial, but there is probably no better way of capturing solar power in such places. (I’m not sure whether this argument for sheep-farming in Wales actually adds up: during the worst weather, Welsh sheep are moved to lower fields where their diet is supplemented with soya feed and other food grown with the help of energy-intensive fertilizers; what’s the true energy cost? I don’t know.) Similar arguments can be made in favour of carnivory for places such as the scrublands of Africa and the grasslands of Australia; and in favour of dairy consumption in India, where millions of cows are fed on by-products of rice and maize farming.

On the other hand, where animals are reared in cages and fed grain that humans could have eaten, there’s no question that it would be more energy-efficient to cut out the middlehen or middlesow, and feed the grain directly to humans.
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Figure 13.7. The power required for animal companions’ food.



Fertilizer and other energy costs in farming

The embodied energy in Europe’s fertilizers is about 2 kWh per day per person. 5 According to a report to DEFRA by the University of Warwick, farming in the UK in 2005 used an energy of 0.9 kWh per day per person 6 for farm vehicles, machinery, heating (especially greenhouses), lighting, ventilation, and refrigeration.



The meat assumption, and the gas inside the fertilizer

A section added in the 2026 revision. Two numbers in this chapter deserve revisiting: one that was wrong when it was written, and one that turned out to mean far more than it appeared to.


He assumed more than twice the meat anyone eats

The chapter’s largest single food item is meat, at 8 kWh/d, and it rests on one sentence: “let’s assume you eat half a pound (227 g) per day of meat”.

In the same year the book was published, the National Diet and Nutrition Survey measured what British people actually ate. The average was 103.7 g per day — less than half MacKay’s assumed consumer. By 2018–19 it had fallen to 86.3 g per day, a drop of 17.4 g or about 17%, made up of red meat down 13.7 g and processed meat down 7.0 g, against white meat up 3.2 g.7

Rescaling his own arithmetic to the measured figure gives about 3 kWh/d for meat rather than 8, and brings this chapter’s food total from 12 kWh/d down to roughly 7.

Two things are worth saying about that. The first is that it is a correction to an input, not to the method — the calculation is sound and the assumption was simply generous, which is the direction MacKay deliberately errs in throughout the book.

The second is that the composition of the fall matters more than its size, and his own numbers show why. He notes that 227 g a day of equal parts chicken, pork and beef requires the perpetual sustenance of 8 pounds of chicken, 70 pounds of pork and 170 pounds of cow — beef needs about twenty times the standing animal mass that chicken does. So a shift of a few grams a day from red meat to white saves considerably more energy than the change in weight suggests. Britain has been making exactly that substitution, and the energy saving is larger than the 17% headline.



The 2 kWh/d of fertilizer turned out to be gas

The chapter records, in a single line, that “the embodied energy in Europe’s fertilizers is about 2 kWh per day per person”. It does not say what that energy is made of. It is natural gas: nitrogen fertilizer is made by the Haber–Bosch process, and in the summer of 2022 gas accounted for up to 90% of the variable cost of producing ammonia in the EU.

That stopped being an accounting abstraction when the gas price rose after the invasion of Ukraine. By August 2022, about 70% of European ammonia capacity had been shut down because production had become unprofitable; the consultancy CRU put roughly half of European ammonia plant and a third of nitrogen fertilizer plant as closed. Yara cut to 35% of normal capacity. CF Fertilisers halted ammonia production at Billingham in the United Kingdom, with marginal costs above £2000 a tonne against a world ammonia price around half that.8

So the 2 kWh/d in this chapter is not a separate energy account alongside heating and electricity. It is the same gas, bidding against them, and in 2022 it lost. A country that cannot afford to heat its houses also cannot afford to make its nitrogen, and it discovers the second fact about eighteen months after the first, when the harvest comes in.

This is where chapter N’s closing argument attaches. That chapter records that up to 30% of internationally traded fertilizer passes through the Strait of Hormuz, and gives the fertilizer more weight than the oil. The reason is in this chapter: food’s energy cost is largely gas, and the gas is largely somewhere else. MacKay could express fertilizer as a tidy 2 kWh per day per person because in 2008 it could be assumed. The years since have shown what the number looks like when it has to be bought.



Drones and electric tractors: the input, not the traction

This chapter carries two separate farm numbers, and the distinction between them decides which new machinery matters. Fertilizer is 2 kWh/d per person; everything the farm actually burns and runs — vehicles, machinery, greenhouse heating, lighting, ventilation, refrigeration — is 0.9. The inputs are more than twice the operations.

That is worth holding onto, because the two obvious electrifications land on different sides of it.

Electric tractors attack the smaller number, and cannot yet do it. The Fendt e100 Vario carries a 100 kWh battery and runs four to seven hours at partial load — mechanical weeding, not ploughing — recharging 20 to 80% in about 45 minutes. John Deere’s EPower prototype, shown in 2025, matches a 130 hp diesel using up to five 39 kWh packs, and is likewise described as good for several hours of light work: spraying, tedding, raking.

The reason they stop there is the calculation MacKay would have made. Diesel carries roughly a hundred times the energy per kilogram that a battery does. Take a 620 hp John Deere 9R, whose 400-gallon tank weighs about 2800 lb: electrifying it outright would need something like sixty battery packs weighing close to 67 000 lb — more than twenty thousand pounds heavier than the tractor itself. A diesel tractor works sixteen hours on a tank; a battery one manages three to fourteen depending entirely on load, and pulling tillage is the load that empties it fastest.

So the electric tractors that exist are sold into vineyards, orchards, greenhouses, livestock yards and municipal work — light duty, short windows, close to a charger. This is the same boundary chapter 3 finds for cars and chapter 5 finds for planes, arriving in a third place: batteries do well where the work is intermittent and light, and badly where it is sustained and heavy. A tractor dragging a plough all day is agriculture’s aeroplane.

Drones attack the bigger number, and are doing it now. More than 500 000 agricultural drones made by one manufacturer alone are in use across 100 countries and 300 crop types, up from 400 000 in late 2024. Their contribution is not that they fly on electricity — the energy to lift a sprayer is trivial either way — but that they place chemicals precisely. Spot-spraying weed patches rather than whole fields cuts herbicide use by up to 35%, and drone application is reported to use 30 to 50% less pesticide than conventional spraying, with variable-rate application driven by multispectral maps of where the crop is actually stressed.9

That is the point worth taking away. A saving of a third on applied chemicals bites into the 2 kWh/d of embodied input energy — which the previous section showed is mostly natural gas. Electrifying the tractor bites into the 0.9, and cannot yet manage the heavy half of it.

In a chapter about the energy cost of food, the machine that flies and carries almost nothing is doing more than the machine that pulls.

Except in Britain, where it is illegal.

Pesticide application from a drone counts as aerial spraying, which is prohibited under the retained Sustainable Use Directive except under a permit issued by the Health and Safety Executive against an approved Application Plan; the Civil Aviation Authority separately requires an Operational Authorisation to drop anything from an unmanned aircraft. The HSE’s position is that there are no commercial authorisations for pesticide application by drone in the United Kingdom, outside a few Extrapolated Trials Permits.10

British dealers sell the machines. They are used for mapping, for spotting crop stress, for counting livestock. The thing that produces the 35% saving — putting the chemical only where the weed is — cannot be done commercially here.

This is the fourth time this revision has met the same shape. Chapter 7 finds heat pumps blocked by a price ratio rather than by physics; chapter 9 finds street lighting waiting on twenty-nine separate council capital programmes; chapter 11a finds houses in west London waiting behind data centres in a connection queue. Here it is a regulation written for crop-dusting aircraft, applied to a machine that did not exist when it was drafted.

MacKay’s method measures what the laws of physics permit. Its great virtue is that it stops arguments about what is possible. What this edition keeps finding is that the binding constraint has moved: in almost every chapter, the thing standing between Britain and the physics is now a queue, a tariff, a permit or a procurement cycle. None of those appear in a balance sheet denominated in kilowatt-hours, and all of them are now doing more work than the joules.



What pulls the plough, then?

The section above leaves a question open. If a battery cannot drag tillage for sixteen hours, and this chapter’s own arithmetic says it cannot, what does? The answer being adopted is not an electrofuel, and the reason is worth following, because what is unusual here is not that the cheap answer wins but that it scales, and it scales because the demand is tiny.

The drop-in liquid already exists and is not made from electricity. Hydrotreated vegetable oil — HVO — is chemically close enough to diesel to go into an existing tank with no change to the engine, and it is approved by John Deere, CLAAS, Kubota, Deutz, Caterpillar and Kioti among others, which matters commercially because it keeps the warranty. A tractor bench test measured particulate number down 44% and nitrogen oxides down 20% against ordinary diesel. Nothing has to be invented and nothing has to be bought twice.11

An electrofuel would do the same job at a much worse exchange rate. Chapter 20 puts the cost of synthetic liquid fuel at about 1.7 kWh of electricity for every kWh of fuel, which makes it a multiplier on the renewable-generation problem rather than a way round it. That chapter concludes electrofuel is the right answer for aviation and the wrong one for almost everything else, and a tractor is not an aeroplane: it does not have to carry its fuel into the sky, and weight is a virtue in a machine whose job is traction.

HVO’s real constraint is supply, and this is where the farm is the exception. Made from genuine waste fats and used cooking oil it takes no land at all; what limits it is simply how much of the stuff exists, and aviation and shipping want the same barrels for the same drop-in reason. Made from virgin vegetable oil it is limited by land instead, and chapter 6’s arithmetic applies in full. Either way there is nowhere near enough to run a country’s cars. But look at the size of the problem. All of British farming’s direct energy is 0.9 kWh per day per person, against roughly 40 kWh/d for a car driver — about one part in forty, on two figures that are not on the same basis and whose corrections pull opposite ways. Traction is only a share of the 0.9, which pushes farming’s share down; the 40 is a driver rather than a per-capita average, which pushes it up. A few per cent either way, which is all the argument needs. A fuel with no prospect of covering road transport can comfortably cover ploughing. That is the whole argument, and it is about size rather than difficulty: the tractor is awkward to electrify, but its demand is small enough that an expensive liquid is affordable for it and would never be affordable for cars.

Where the electric machines are going, the world has split on how to refill them. In China the answer is to change the battery rather than charge it. Swapping now accounts for about a third of battery-electric heavy-truck sales, CATL has standardised a swappable pack for heavy trucks, and its network exchanges a pack in around five minutes. In Europe and North America the answer has been to charge harder: the Megawatt Charging System, standardised in 2026, is specified to 3.75 MW — 3000 amps at 1250 volts — and aims at 80% in under half an hour. The two answers address the same problem, which is that a heavy vehicle’s working day does not have a two-hour gap in it; chapter 20 follows the trucks themselves.12

Neither has reached the tractor, and the tractor’s duty cycle is not the truck’s. It is tempting to say a farm machine comes home every night and can charge slowly in its own yard. For most of the year that is true and it is the easy case. It is false in exactly the weeks that decide the question. When the weather window opens at harvest or for silage, machines work round the clock — night combining is ordinary practice, and in a hot summer it is often preferred, because a crop that has gone brittle in the day shatters less once it has taken up a little moisture after dark. Beyond that the moisture works against you: grain much above 15% has to be dried, and dew is one of the commonest reasons to stop. Contractors run shifts and change drivers, not machines.13 There is no overnight gap to charge in, because the night is when the work is happening.

That is what settles it, and the deciding constraint is delivery rather than density. Density explains why the pack cannot be carried, which is the calculation above; delivery explains why charging cannot stand in for a fuel tank. During the window, fuel goes to the machine: a bowser drives out to the field and the combine barely stops. Electricity cannot be delivered that way. You can run a cable to a field corner, or you can carry a charged battery out to the machine and take the flat one back — which is swapping. So the strongest agricultural argument is for the approach Europe has been slowest to build, and it is worth saying that this is changing: in June 2026 CATL and Octopus Energy announced a joint venture to build a heavy-truck swap network in Britain, with demonstration stations in 2027 and more than thirty by 2035. Set that against the three hundred stations CATL said it would have running on Chinese freight corridors by the end of 2025 and the gap is about a decade and an order of magnitude. Both figures are announcements rather than counts, which is the honest way to read them; what has changed is the direction, and the claim that Europe rejected swapping is no longer true.14

The forest is the same argument in a stronger form. A forwarder carrying fifteen tonnes of logs to a roadside landing works further from a grid connection than any field, often in two shifts, and is refuelled the way a combine is — by a vehicle that brings the diesel to it. The machines that exist show where the battery runs out. Ponsse’s EV1 forwarder, a prototype shown in 2022, carries 31.5 kWh and works for 30 to 45 minutes on the battery alone before a 150 kW diesel generator cuts in: a hybrid, in which the battery smooths the crane’s peaks and the diesel still does the work. Malwa’s electric combi, a small harvester-forwarder for urban forestry, runs about two hours on a charge. And Malwa, bought by Komatsu Forest in April 2026, built it inside a Swedish research project whose purpose was swapping. That project, led by RISE and funded by Vinnova from 2021 to 2023, built modular packs about the size of a pallet and an automatic swap station, and demonstrated them in an electric forestry machine and an autonomous electric farm machine. It is a demonstrator and not a product. But it means the argument above is no longer only this book’s inference: someone has built the thing, for exactly the machines that cannot stop to charge.15

Even so, almost none of it is aimed at a field or a forest. The truck networks run along motorways, and the one swap station built for a work machine is a research rig. Until that changes, the liquid keeps winning for a reason simpler than chemistry: a tank can be refilled anywhere by a vehicle that brings the energy with it, and for about a fortnight a year that is the only property that matters.



The energy cost of Tiddles, Fido, and Shadowfax

Animal companions! Are you the servant of a dog, a cat, or a horse?

There are perhaps 8 million cats in Britain. Let’s assume you look after one of them. The energy cost of Tiddles? If she eats 50 g of meat per day (chicken, pork, and beef), then the last section’s calculation says that the power required to make Tiddles’ food is just shy of 2 kWh per day. A vegetarian cat would require less.

Similarly if your dog Fido eats 200 g of meat per day, and carbohydrates amounting to 1 kWh per day, then the power required to make his food is about 9 kWh per day.

[image: Figure 13.8]

Figure 13.8. Food and farming.

Shadowfax the horse weighs about 400 kg and consumes 17 kWh per day.



Mythconceptions


I heard that the energy footprint of food is so big that “it’s better to drive than to walk.”

Whether this is true depends on your diet. It’s certainly possible to find food whose fossil-fuel energy footprint is bigger than the energy delivered to the human. A bag of crisps, for example, has an embodied energy of 1.4 kWh of fossil fuel per kWh of chemical energy eaten. 16 The embodied energy of meat is higher. According to a study from the University of Exeter, the typical diet has an embodied energy of roughly 6 kWh per kWh eaten. 17 To figure out whether driving a car or walking uses less energy, we need to know the transport efficiency of each mode. For the typical car of Chapter 3, the energy cost was 80 kWh per 100 km. Walking uses a net energy of 3.6 kWh per 100 km 18 – 22 times less. So if you live entirely on food whose footprint is greater than 22 kWh per kWh then, yes, the energy cost of getting you from A to B in a fossil-fuel-powered vehicle is less than if you go under your own steam. But if you have a typical diet (6 kWh per kWh) then “it’s better to drive than to walk” is a myth. Walking uses one quarter as much energy.





Notes and further reading

If I’d used this number instead of my rough guess, the energy contribution of the chicken would have been bumped up a little. But given that the mixed-meat diet’s energy footprint is dominated by the beef, it really doesn’t matter that I underestimated the chickens. Sources: Subcommittee on Poultry Nutrition, National Research Council (1994), www.nap.edu/ openbook.php?isbn=0309048923, MacDonald (2008), and www.statistics. gov.uk/statbase/datasets2.asp.

Further reading: Weber and Matthews (2008).







A typical dairy cow produces 16 litres of milk per day. There are 2.3 million dairy cows in the UK, each producing around 5900 litres per year. Half of all milk produced by cows is sold as liquid milk. www.ukagriculture.com, www.vegsoc.org/info/cattle.html



It takes about 1000 days of cow-time to create a steak. 33 months from conception to slaughterhouse: 9 months’ gestation and 24 months’ rearing. www.shabdenparkfarm.com/farming/cattle.htm



let’s assume you eat half a pound (227 g) a day of meat, made up of equal quantities of chicken, pork, and beef. This is close to the average meat consumption in America, which is 251 g per day – made up of 108 g chicken, 81 g beef, and 62 g pork (MacDonald, 2008).



Chicken. A full-grown (20-week old) layer weighs 1.5 or 1.6 kg. Its feed has an energy content of 2850 kcal per kg, which is 3.3 kWh per kg, and its feed consumption rises to 340 g per week when 6 weeks old, and to 500 g per week when aged 20 weeks. Once laying, the typical feed required is 110 g per day. Meat chickens’ feed has an energy content of 3.7 kWh per kg. Energy consumption is 400–450 kcal per day per hen (0.5 kWh/d per hen), with 2 kg being a typical body weight. A meat chicken weighing 2.95 kg consumes a total of 5.32 kg of feed [5h69fm]. So the embodied energy of a meat chicken is about 6.7 kWh per kg of animal, or 10 kWh per kg of eaten meat.



The embodied energy in Europe’s fertilizers is about 2 kWh per day per person. In 1998–9, Western Europe used 17.6 Mt per year of fertilizers: 10Mt of nitrates, 3.5 Mt of phosphate and 4.1 Mt potash. These fertilizers have energy footprints of 21.7, 4.9, and 3.8 kWh per kg respectively. Sharing this energy out between 375 million people, we find a total footprint of 1.8 kWh per day per person. Sources: Gellings and Parmenter (2004), International Fertilizer Industry Association [5pwojp].



Farming in the UK in 2005 used an energy of 0.9 kWh per day per person. Source: Warwick HRI (2007).



Cristina Stewart and colleagues, “Trends in UK meat consumption: analysis of data from years 1–11 (2008–09 to 2018–19) of the National Diet and Nutrition Survey rolling programme”, The Lancet Planetary Health, 2021: mean consumption falling from 103.7 g per capita per day in 2008–09 to 86.3 g in 2018–19, with red meat down 13.7 g, processed meat down 7.0 g and white meat up 3.2 g. Two cautions on comparing this with MacKay’s figure. The survey measures meat as eaten, from four-day diaries, while carcass-weight and supply-side statistics run considerably higher because they include bone, waste and what is never eaten — so part of the gap between 227 g and 103.7 g is definitional rather than an error. And self-reported dietary diaries are known to under-record. The rescaling in the text applies the ratio to MacKay’s own calculation and inherits all of its assumptions, including the “animals are like humans” energy shortcut he flags himself. The National Food Strategy target of a 30% cut in meat intake is not met by the observed 17%.



Figures for the 2022 European ammonia curtailment: gas accounting for up to 90% of the variable cost of EU ammonia production; roughly 70% of European ammonia capacity halted by August 2022; CRU Group’s estimate that about half of European ammonia plant and a third of nitrogen fertilizer plant had closed; Yara International reducing to about 35% of normal ammonia capacity; and CF Fertilisers UK suspending ammonia production at Billingham with marginal costs above £2000 per tonne against world prices near half that. These are producer announcements and consultancy estimates made during a fast-moving crisis, and capacity “halted” was in many cases restarted within months, so they describe the depth of the shock rather than a permanent loss. The relationship they demonstrate — that nitrogen fertilizer is gas in another form — is the durable point.



Electric tractor specifications are manufacturers’ own: the Fendt e100 Vario at 100 kWh giving roughly four to seven hours at partial load with a 20–80% recharge in about 45 minutes, and John Deere’s EPower prototype shown at Agritechnica 2025 matching a 130 hp diesel with up to five 39 kWh packs. The 620 hp 9R electrification comparison — about sixty packs at close to 67 000 lb against a 400-gallon tank at about 2800 lb — is an illustrative calculation from the farm trade press rather than a manufacturer proposal, and no one is attempting it; it is quoted to show the scale of the mass penalty, not a real design. Deployment and input-saving figures for agricultural drones are DJI’s own — more than 500 000 units across 100 countries and 300 crop types by mid-2025, against 400 000 in late 2024 — together with reported herbicide reductions of up to 35% from spot spraying and 30–50% less pesticide from drone application. Manufacturer-reported savings are measured against conventional broadcast spraying under conditions the manufacturer selects, and independent field verification is thin; the direction is well established, the magnitude less so. Note also that the saving is in the chemical applied, not directly in energy, and converting one to the other depends on the embodied energy of the particular product.



Pesticide application by drone is treated as aerial spraying in the United Kingdom and is prohibited under the retained Sustainable Use Directive unless carried out under an Aerial Spraying Permit issued by the Health and Safety Executive against an approved Application Plan, with the Civil Aviation Authority separately requiring an Operational Authorisation for dropping articles from an unmanned aircraft. The HSE’s stated position is that no commercial authorisations for drone pesticide application exist, outside limited Extrapolated Trials Permits. Regulatory review is under way in both the EU and the UK and the position may change; readers should check current HSE guidance rather than rely on this note. Note the restriction is on applying pesticides: mapping, crop-stress detection, livestock monitoring and — subject to the same CAA authorisation — spreading solid materials such as fertilizer or seed are governed differently, so drones are in ordinary British agricultural use for everything except the spraying that produces the input savings described above.



HVO — hydrotreated vegetable oil, sold as renewable diesel — is a hydrocarbon rather than an ester, which is why it drops into a diesel engine where older biodiesel (FAME) does not; approvals across agricultural machinery include John Deere, CLAAS, Kubota, Kohler, Deutz, Caterpillar and Kioti, the last of which approved its whole tractor, UTV and mower range with no mechanical conversion. The approval list is compiled from the manufacturers’ own statements as reported by fuel suppliers and the farm trade press rather than from a single published register, and any operator should check the current position for their own engine. The emissions figures — particle number down 44%, nitrogen oxides down 20% — are from one engine-bench assessment of HVO as a drop-in renewable diesel reported in 2026, whose full reference this edition has not been able to resolve; they should be read as a single reported measurement rather than a fleet average; tailpipe results for HVO vary with engine and duty cycle, and the well-to-tank saving depends entirely on the feedstock, which is the part that matters most and is not measured at the exhaust. Two cautions on the supply. HVO made from genuine waste fats and used cooking oil is a small and contested resource, and demand for it from aviation and shipping is rising for the same drop-in reason; where the feedstock is instead virgin vegetable oil, chapter 6’s land arithmetic applies in full and the saving can approach nothing. And a fuel that is scarce enough to be rationed by price will go to whoever values it most, which chapter 11a’s demand fork suggests is not the farmer. The comparison of 0.9 kWh/d for all British farming against about 40 for driving uses this chapter’s own figure from Warwick HRI (2007) and MacKay’s chapter 3. The two are not on the same basis, and the two corrections run in opposite directions. The 0.9 is a national total spread over the whole population, while MacKay’s 40 kWh/d is a typical car driver rather than a per-capita average, so the ratio of one part in forty overstates the driving side and is an upper bound on it. Traction is in turn only a share of the 0.9 — the figure also carries greenhouse heating, lighting, ventilation and refrigeration — and this chapter has no breakdown of it, which is why the text settles on a few per cent either way rather than defending a single figure.



Battery swapping accounted for roughly a third of battery-electric heavy-truck sales in China through 2025, in a market where new-energy heavy trucks passed 30% of all heavy-truck sales in November 2025 after rising 178% year on year. CATL’s subsidiary Qiji Energy standardised a swappable heavy-truck pack in May 2025 and opened a swap network along freight corridors, exchanging a pack in about five minutes. The Megawatt Charging System is CharIN’s connector standard for heavy vehicles, rated to 3.75 MW (3000 A at 1250 V), with pilot corridors in Germany and North America and publication in 2026. The contrast should not be drawn too hard. China is building megawatt charging as well, Europe has swap trials, and the Chinese figures come substantially from CATL, which sells the swapping. What is solid is the direction of the two standardisation efforts, and that both are aimed at long-haul road freight rather than at agriculture — no manufacturer has brought either to a field tractor. The electric machines discussed above charge from an ordinary socket, which suits the light, intermittent duty they are actually sold for and not the round-the-clock harvest window described above. The swap-for-agriculture argument in the text began as this book’s inference from the duty cycle; the Swedish project in the note that follows shows it has since been built and demonstrated, though not sold.



Night combining is ordinary practice rather than an exception, and the reason is the weather window: when the crop is fit and the forecast is short, the machines run until dew or breakdown stops them, and contractors change drivers rather than machines. The hot-summer preference for working after dark is about handling loss — a crop that has dried to brittleness through the day shatters at the header, and a little moisture picked up overnight reduces that. It should not be read as a general claim that damper grain is better: above roughly 15% moisture the grain has to be dried before storage, which costs energy of its own, and dew is one of the commonest reasons a combine stops. The two effects pull in opposite directions and which one dominates depends on the crop, the hour and the season, which is why the text claims only that night work happens and not that it is always preferable.



The joint venture between CATL and Octopus Energy, since named Swaptopus, was announced on 22 June 2026: a 50-50 company to build battery swapping for electric heavy trucks in the United Kingdom, prioritising trunk roads and logistics ports, with the first demonstration stations in 2027, expansion into Scotland and Wales, and more than thirty stations by 2035 serving a projected fleet of over 300 000 electric trucks; the partners put the potential private investment across Europe at more than £30 billion. Read the dates before the ambition. This is an announcement of intent with a signed corporate structure behind it, not infrastructure that exists — nothing is built until 2027, the 2035 figure is a plan, and the £30 billion is a projection of what others might spend rather than a commitment by either party. Both sides of the comparison in the text are announced targets rather than verified station counts, and should be read that way. It is included because it falsifies a tidier claim this section could otherwise have made, that Europe had settled on charging and rejected swapping; on the evidence of the last two months it did the first but not the second.



Ponsse EV1: a hybrid forwarder prototype in the 15-tonne class, shown in 2022 after three years’ development, with a 31.5 kWh battery, 30 to 45 minutes of battery-only work depending on ground, and a 150 kW diesel driving a 100 kW generator that starts when the battery falls to 40% and restores it to 80% in 15 to 20 minutes; the engine runs about half the working day. Figures are Ponsse’s as reported by Forest Machine Magazine. Malwa Electric Combi: about two running hours, shown at Elmia Wood in 2022 and described there as part of a RISE-led project to develop a battery-swap system for agriculture and forestry, as reported by Nordic Wood Journal; Komatsu Forest completed its acquisition of Malwa Forest on 1 April 2026. The project is Modular battery swap system as an enabler for fossil-free mobile work machines, Vinnova reference 2021-01781, coordinated by RISE Research Institutes of Sweden, July 2021 to October 2023, with SEK 5.2 million from Vinnova under the fossil-free work machines programme; its reported results are modular packs, an automatic swap station, an autonomous electric agricultural prototype and a forestry machine converted to electric drive. Partners named by RISE include Malwa Forest, Micropower Group, HydraSpecma, Traktorarvid and Regal Components; the farm machine was the Drever 120, shown at Borgeby Fältdagar in June 2023. None of these sources gives the pack capacity, the swap time or a working day achieved, and this edition has not found them, so the text claims only that the thing was built and shown working. The trucks, which is where swapping has actually reached scale, are in chapter 20.



A bag of crisps has an embodied energy of 1.4 kWh of fossil fuel per kWh of chemical energy eaten. I estimated this energy from the carbon footprint of a bag of crisps: 75 g CO2 for a standard 35 g bag [5bj8k3]. Of this footprint, 44% is associated with farming, 30% with processing, 15% packaging, and 11% transport and disposal. The chemical energy delivered to the consumer is 770 kJ. So this food has a carbon footprint of 350 g per kWh. Assuming that most of this carbon footprint is from fossil fuels at 250 g CO2 per kWh, the energy footprint of the crisps is 1.4 kWh of fossil fuel per kWh of chemical energy eaten.



The typical diet has an embodied energy of roughly 6 kWh per kWh eaten. Coley (2001) estimates the embodied energy in a typical diet is 5.75 times the derived energy. Walking has a CO2 footprint of 42 g/km; cycling, 30 g/km. For comparison, driving an average car emits 183 g/km.



Walking uses 3.6 kWh per 100 km. A walking human uses a total of 6.6 kWh per 100 km [3s576h]; we subtract off the resting energy to get the energy footprint of walking (Coley, 2001).





14 Tide

The moon and earth are in a whirling, pirouetting dance around the sun. Together they tour the sun once every year, at the same time whirling around each other once every 28 days. The moon also turns around once every 28 days so that she always shows the same face to her dancing partner, the earth. The prima donna earth doesn’t return the compliment; she pirouettes once every day. This dance is held together by the force of gravity: every bit of the earth, moon, and sun is pulled towards every other bit of earth, moon, and sun. The sum of all these forces is almost exactly what’s required to keep the whirling dance on course. But there are very slight imbalances between the gravitational forces and the forces required to maintain the dance. It is these imbalances that give rise to the tides.
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Figure 14.1. An ocean covering a billiard-ball earth. We’re looking down on the North pole, and the moon is 60 cm off the page to the right. The earth spins once per day inside a rugby-ball-shaped shell of water. The oceans are stretched towards and away from the moon because the gravitational forces supplied by the moon don’t perfectly match the required centripetal force to keep the earth and moon whirling around their common centre of gravity. Someone standing on the equator (rotating as indicated by the arrow) will experience two high waters and two low waters per day.

The imbalances associated with the whirling of the moon and earth around each other are about three times as big as the imbalances associated with the earth’s slower dance around the sun, so the size of the tides varies with the phase of the moon, as the moon and sun pass in and out of alignment. At full moon and new moon (when the moon and sun are in line with each other) the imbalances reinforce each other, and the resulting big tides are called spring tides. (Spring tides are not “tides that occur at spring-time;” spring tides happen every two weeks like clockwork.) At the intervening half moons, the imbalances partly cancel and the tides are smaller; these smaller tides are called neap tides. Spring tides have roughly twice the amplitude of neap tides: the spring high tides are twice as high above mean sea level as neap high tides, the spring low tides are twice as low as neap low tides, and the tidal currents are twice as big at springs as at neaps.

Why are there two high tides and two low tides per day? Well, if the earth were a perfect sphere, a smooth billiard ball covered by oceans, the tidal effect of the earth-moon whirling would be to deform the water slightly towards and away from the moon, making the water slightly rugby-ball shaped (figure 14.1). Someone living on the equator of this billiard-ball earth, spinning round once per day within the water cocoon, would notice the water level going up and down twice per day: up once as he passed under the nose of the rugby-ball, and up a second time as he passed under its tail. This cartoon explanation is some way from reality. In reality, the earth is not smooth, and it is not uniformly covered by water (as you may have noticed). Two humps of water cannot whoosh round the earth once per day because the continents get in the way. The true behaviour of the tides is thus more complicated. In a large body of water such as the Atlantic Ocean, tidal crests and troughs form but, unable to whoosh round the earth, they do the next best thing: they whoosh around the perimeter of the Ocean. In the North Atlantic there are two crests and two troughs, all circling the Atlantic in an anticlockwise direction once a day. Here in Britain we don’t directly see these Atlantic crests and troughs – we are set back from the Atlantic proper, separated from it by a few hundred miles of paddling pool called the continental shelf. Each time one of the crests whooshes by in the Atlantic proper, it sends a crest up our paddling pool. Similarly each Atlantic trough sends a trough up the paddling pool. Consecutive crests and troughs are separated by six hours. Or to be more precise, by six and a quarter hours, since the time between moon-rises is about 25, not 24 hours.
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Figure 14.2. Woodbridge tide-pool and tide-mill. Photos kindly provided by Ted Evans.

[image: Figure 14.3]

Figure 14.3. An artificial tide-pool. The pool was filled at high tide, and now it’s low tide. We let the water out through the electricity generator to turn the water’s potential energy into electricity. 1

The speed at which the crests and troughs travel varies with the depth of the paddling pool. The shallower the paddling pool gets, the slower the crests and troughs travel and the larger they get. Out in the ocean, the tides are just a foot or two in height. Arriving in European estuaries, the tidal range is often as big as four metres. In the northern hemisphere, the Coriolis force (a force, associated with the rotation of the earth, that acts only on moving objects) makes all tidal crests and troughs tend to hug the right-hand bank as they go. For example, the tides in the English channel are bigger on the French side. Similarly, the crests and troughs entering the North Sea around the Orkneys hug the British side, travelling down to the Thames Estuary then turning left at the Netherlands to pay their respects to Denmark.

Tidal energy is sometimes called lunar energy, since it’s mainly thanks to the moon that the water sloshes around so. Much of the tidal energy, however, is really coming from the rotational energy of the spinning earth. The earth is very gradually slowing down.

So, how can we put tidal energy to use, and how much power could we extract?


Rough estimates of tidal power

When you think of tidal power, you might think of an artificial pool next to the sea, with a water-wheel that is turned as the pool fills or empties (figures 14.2 and 14.3). Chapter G shows how to estimate the power available from such tide-pools. Assuming a range of 4 m, a typical range in many European estuaries, the maximum power of an artificial tide-pool that’s filled rapidly at high tide and emptied rapidly at low tide, generating power from both flow directions, is about 3 W/m2. This is the same as the power per unit area of an offshore wind farm. And we already know how big offshore wind farms need to be to make a difference. They need to be country-sized. So similarly, to make tide-pools capable of producing power comparable to Britain’s total consumption, we’d need the total area of the tide-pools to be similar to the area of Britain.




	tidal range
	power density





	2 m
	1 W/m2



	4 m
	3 W/m2



	6 m
	7 W/m2



	8 m
	13 W/m2





Table 14.4. Power density (power per unit area) of tide-pools, assuming generation from both the rising and the falling tide.

Amazingly, Britain is already supplied with a natural tide-pool of just the required dimensions. 2 This tide-pool is known as the North Sea (figure 14.5). If we simply insert generators in appropriate spots, significant power can be extracted. The generators might look like underwater wind
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Figure 14.5. The British Isles are in a fortunate position: the North Sea forms a natural tide-pool, in and out of which great sloshes of water pour twice a day.

mills. Because the density of water is roughly 1000 times that of air, the power of water flow is 1000 times greater than the power of wind at the same speed. We’ll come back to tide farms in a moment, but first let’s discuss how much raw tidal energy rolls around Britain every day.




Raw incoming tidal power

[image: Figure 14.6]

Figure 14.6. The average incoming power of lunar tidal waves crossing these two lines has been measured to be 250 GW. This raw power, shared between 60 million people, is 100 kWh per day per person.

The tides around Britain are genuine tidal waves – unlike tsunamis, which are called “tidal waves,” but are nothing to do with tides. Follow a high tide as it rolls in from the Atlantic. The time of high tide becomes progressively later as we move east up the English channel from the Isles of Scilly to Portsmouth and on to Dover. The crest of the tidal wave progresses up the channel at about 70 km/h. (The crest of the wave moves much faster than the water itself, just as ordinary waves on the sea move faster than the water.) Similarly, a high tide moves clockwise round Scotland, rolling down the North Sea from Wick to Berwick and on to Hull at a speed of about 100 km/h. These two high tides converge on the Thames Estuary. By coincidence, the Scottish crest arrives about 12 hours later than the crest that came via Dover, so it arrives in near-synchrony with the next high tide via Dover, and London receives the normal two high tides per day.

The power we can extract from tides can never be more than the total power of these tidal waves from the Atlantic. The total power crossing the lines in figure 14.6 has been measured; on average it amounts to 100 kWh per day per person. 3 If we imagine extracting 10% of this incident energy, and if the conversion and transmission processes are 50% efficient, the average power delivered would be 5 kWh per day per person.

This is a tentative first guess, made without specifying any technical details. Now let’s estimate the power that could be delivered by three specific solutions: tide farms, barrages, and offshore tidal lagoons.




Tidal stream farms

One way to extract tidal energy would be to build tide farms, just like wind farms. The first such underwater windmill, or “tidal-stream” generator, to be connected to the grid was a “300 kW” turbine, installed in 2003 near the northerly city of Hammerfest, Norway. Detailed power production results have not been published, and no-one has yet built a tide farm with more than one turbine, so we’re going to have to rely on physics and guesswork to predict how much power tide farms could produce. Assuming that the rules for laying out a sensible tide farm are similar to those for wind farms, and that the efficiency of the tide turbines will be like that of the best wind turbines, table 14.7 shows the power of a tide farm for a few tidal currents.




	speed (m/s)
	speed (knots)
	power density (W/m2)





	0.5
	1
	1



	1
	2
	8



	2
	4
	60



	3
	6
	200



	4
	8
	500



	5
	10
	1000





Table 14.7. Tide farm power density (in watts per square metre of sea-floor) as a function of flow speed. (1 knot = 1 nautical mile per hour = 0.514 m/s.)

Given that tidal currents of 2 to 3 knots are common, there are many places around the British Isles where the power per unit area of tide farm would be 6 W/m2 or more. This power per unit area can be compared to our estimates for wind farms (2–3 W/m2) and for photovoltaic solar farms (5–10 W/m2).

Tide power is not to be sneezed at! How would it add up, if we assume that there are no economic obstacles to the exploitation of tidal power at all the hot spots around the UK? Chapter G lists the flow speeds in the best areas around the UK, and estimates that 9 kWh/d per person could be extracted.



Barrages

Tidal barrages are a proven technology. The famous barrage at La Rance in France, 4 where the tidal range is a whopping 8 metres on average, has produced an average power of 60 MW since 1966. The tidal range in the Severn Estuary is also unusually large. At Cardiff the range is 11.3 m at spring tides, and 5.8 m at neaps. If a barrage were put across the mouth of the Severn Estuary (from Weston-super-Mare to Cardiff), it would make a 500 km2 tide-pool (figure 14.8). Notice how much bigger this pool is than the estuary at La Rance. What power could this tide-pool deliver, if we let the water in and out at the ideal times, generating on both the flood and the ebb? According to the theoretical numbers from table 14.4, when the range is 11.3 m, the average power contributed by the barrage (at 30 W/m2) would be at most 14.5 GW, or 5.8 kWh/d per person. When the range is 5.8 m, the average power contributed by the barrage (at 8 W/m2) would be at most 3.9 GW, or 1.6 kWh/d per person. These numbers assume that the water is let in in a single pulse at the peak of high tide, and let out in a single pulse at low tide. In practice, the in-flow and out-flow would be spread over a few hours, which would reduce the power delivered a little.
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Figure 14.8. The Severn barrage proposals (bottom left), and Strangford Lough, Northern Ireland (top left), shown on the same scale as the barrage at La Rance (bottom right). The map shows two proposed locations for a Severn barrage. A barrage at Weston-super-Mare would deliver an average power of 2 GW (0.8 kWh/d per person). The outer alternative would deliver twice as much. There is a big tidal resource in Northern Ireland at Strangford Lough. Strangford Lough’s area is 150 km2; the tidal range in the Irish Sea outside is 4.5 m at springs and 1.5 m at neaps – sadly not as big as the range at La Rance or the Severn. The raw power of the natural tide-pool at Strangford Lough is roughly 150 MW, which, shared between the 1.7 million people of Northern Ireland, comes to 2 kWh/d per person. Strangford Lough is the location of the first grid-connected tidal stream generator in the UK.

The current proposals for the barrage will generate power in one direction only. This reduces the power delivered by another 50%. The engineers’ reports on the proposed Severn barrage 5 say that, generating on the ebb alone, it would contribute 0.8 kWh/d per person on average. The barrage would also provide protection from flooding valued at about £120M per year.



Tidal lagoons
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Figure 14.9. Two tidal lagoons, each with an area of 400 km2, one off Blackpool, and one in the Wash. The Severn estuary is also highlighted for comparison.

Tidal lagoons are created by building walls in the sea; they can then be used like artificial estuaries. The required conditions for building lagoons are that the water must be shallow and the tidal range must be large. Economies of scale apply: big tidal lagoons make cheaper electricity than small ones. The two main locations for large tidal lagoons in Britain are the Wash on the east coast, and the waters off Blackpool on the west coast (figure 14.9). Smaller facilities could be built in north Wales, Lincolnshire, southwest Wales, and east Sussex.

If two lagoons are built in one location, a neat trick can be used to boost the power delivered and to enable the lagoons to deliver power on demand at any time, independent of the state of the tide. One lagoon can be designated the “high” lagoon, and the other the “low” lagoon. At low tide, some power generated by the emptying high lagoon can be used to pump water out of the low lagoon, making its level even lower than low water. The energy required to pump down the level of the low lagoon is then repaid with interest at high tide, when power is generated by letting water into the low lagoon. Similarly, extra water can be pumped into the high lagoon at high tide, using energy generated by the low lagoon. Whatever state the tide is in, one lagoon or the other would be able to generate power. Such a pair of tidal lagoons could also work as a pumped storage facility, storing excess energy from the electricity grid.

The average power per unit area of tidal lagoons in British waters could be 4.5 W/m2, 6 so if tidal lagoons with a total area of 800 km2 were created (as indicated in figure 14.9), the power generated would be 1.5 kWh/d per person.



Beauties of tide

Totting everything up, the barrage, the lagoons, and the tidal stream farms could deliver something like 11 kWh/d per person (figure 14.10).

Tide power has never been used on an industrial scale in Britain, so it’s hard to know what economic and technical challenges will be raised as we build and maintain tide-turbines – corrosion, silt accumulation, entanglement with flotsam? But here are seven reasons for being excited about tidal power in the British Isles. 1. Tidal power is completely predictable; unlike wind and sun, tidal power is a renewable on which one could depend; it works day and night all year round; using tidal lagoons, energy can be stored so that power can be delivered on demand. 2. Successive high and low tides take about 12 hours to progress around the British Isles, so the strongest currents off Anglesey, Islay, Orkney and Dover occur at different times from each other; thus, together, a collection of tide farms could produce a more constant contribution to the electrical grid than one tide farm, albeit a contribution that wanders up and down with the phase of the moon. 3. Tidal power will last for millions of years. 4. It doesn’t require high-cost hardware, in contrast to solar photovoltaic power. 5. Moreover, because the power density of a typical tidal flow is greater than the power density of a typical wind, a 1 MW tide turbine is smaller in size than a 1 MW wind turbine; perhaps tide turbines could therefore be cheaper than wind turbines. 6. Life below the waves is peaceful; there is no such thing as a freak tidal storm; so, unlike wind turbines, which require costly engineering to withstand rare windstorms, underwater tide turbines will not require big safety factors in their design. 7. Humans mostly live on the land, and they can’t see under the sea, so objections to the visual impact of tide turbines should be less strong than the objections to wind turbines.



What got built

A section added in the 2026 revision. This chapter totals 11 kWh/d per person from tide: 9 from tidal stream farms, 1.5 from lagoons, 0.8 from a Severn barrage. Eighteen years on, the three parts have had very different fates, and none of them is the fate MacKay’s arithmetic anticipated.


The barrage and the lagoons: nothing

The Severn barrage was rejected in the late 1980s, again in 2003, and scrapped by the government in 2010 on grounds of cost and environmental risk. It has been revived and set aside repeatedly since. In March 2025 the Severn Estuary Commission concluded that tidal range energy in the estuary is feasible — a finding, not a commitment, and no scheme has been authorised.

The Swansea Bay tidal lagoon was rejected on 25 June 2018, the government judging the £1.3 billion scheme poor value for money despite the Welsh government offering £200 million towards it. The proposal was finally sunk in December 2022 when the developer lost its planning appeal.

MacKay’s 0.8 plus 1.5 kWh/d per person from barrages and lagoons has therefore delivered exactly nothing, and the reason in both cases was cost, not physics.



Tidal stream: real, and very small

Tidal stream is the part that exists. MeyGen in the Pentland Firth became the world’s first tidal array to generate 50 GWh in February 2023, and had passed 84 GWh cumulatively by 2025. In Allocation Round 6, six tidal stream projects across five sites contracted 28 MW at £172/MWh — the lowest price since tidal was given its own budget, and the third consecutive auction in which it has needed one.7

Against this chapter’s 9 kWh/d per person from tidal stream, what Britain actually gets is of the order of 0.004 kWh/d — smaller by a factor of about two thousand.



The seven beauties, marked

MacKay ends the chapter with seven reasons to be excited about tide. Four have held, and two were wrong in a way that is worth being precise about.

Beauty 1, predictability: right, and worth more than he knew. Tidal power is forecastable years ahead. When this chapter was written that was a nice property; chapters 26 and 28a show that in a system dominated by wind and solar the binding constraint is not energy but timing, and a resource whose output is known in advance is exactly what a cannibalised market should pay a premium for. This is the argument for tide that has strengthened since 2008, and it is not the argument MacKay leaned on.

Beauty 4, that tide “doesn’t require high-cost hardware, in contrast to solar photovoltaic”: exactly backwards. Utility-scale solar now costs around £34/MWh worldwide. Tidal stream contracted at £172/MWh. He identified the two technologies correctly and put them the wrong way round, by a factor of five.

Beauty 5, that a tide turbine might be cheaper than a wind turbine: offshore wind cleared AR6 at about £82/MWh in today’s money. Tidal stream cleared the same auction at more than double that.

Beauty 6, that “there is no such thing as a freak tidal storm”, so tide turbines “will not require big safety factors”: the premise is true and the conclusion did not follow. There are no storms below the waves, but chapter 12 shows what the sea does to machinery regardless, and tidal stream has survived only because three consecutive auctions reserved it a budget it could not have won in open competition.

That ring-fence is the single fact that summarises this chapter. Tidal stream is not competing with wind and solar; it is being protected from them.



Why it may still matter

None of this says the resource is not there. The tides are as predictable and as large as MacKay says, the power densities in table 14.7 are sound, and the Severn Estuary Commission’s 2025 finding that tidal range is feasible is a finding about engineering.

What has changed is which of tide’s properties is valuable. In 2008 the case was made on quantity: 11 kWh/d per person, a serious slice of the green stack. In 2026 the case, if there is one, is made on timing — a predictable, dispatchable-by-the-almanac resource in a system that is running short of exactly that, and whose capture price should therefore hold up where wind’s and solar’s fall.

Whether that is worth £172/MWh is a different question, and one this book cannot answer with physics. But it is the right question, and it is not the one this chapter asks.



Mythconceptions


Tidal power, while clean and green, should not be called renewable. Extracting power from the tides slows down the earth’s rotation. We definitely can’t use tidal power long-term.

False. The natural tides already slow down the earth’s rotation. The natural rotational energy loss is roughly 3 TW (Shepherd, 2003). Thanks to natural tidal friction, each century, the day gets longer by 2.3 milliseconds. Many tidal energy extraction systems are just extracting energy that would have been lost anyway in friction. But even if we doubled the power extracted from the earth–moon system, tidal energy would still last more than a billion years.
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Figure 14.10. Tide.





Notes and further reading







The power of an artificial tide-pool. The power per unit area of a tide-pool is derived in Chapter G.



Britain is already supplied with a natural tide-pool . . . known as the North Sea. I should not give the impression that the North Sea fills and empties just like a tide-pool on the English coast. The flows in the North Sea are more complex because the time taken for a bump in water level to propagate across the Sea is similar to the time between tides. Nevertheless, there are whopping tidal currents in and out of the North Sea, and within it too.



The total incoming power of lunar tidal waves crossing these lines has been measured to be 100 kWh per day per person. Source: Cartwright et al. (1980). For readers who like back-of-envelope models, Chapter G shows how to estimate this power from first principles.



La Rance generated 16 TWh over 30 years. That’s an average power of 60 MW. (Its peak power is 240 MW.) The tidal range is up to 13.5 m; the impounded area is 22 km2; the barrage 750 m long. Average power density: 2.7 W/m2. Source: [6xrm5q].



The engineers’ reports on the Severn barrage…say 17 TWh/year. (Taylor, 2002b). This (2 GW) corresponds to 5% of current UK total electricity consumption, on average.



Power per unit area of tidal lagoons could be 4.5 W/m2. MacKay (2007a).



MeyGen generation — first tidal array worldwide to pass 50 GWh in February 2023 and over 84 GWh cumulatively by 2025 — from the project’s own and Low Carbon Contracts Company reporting. Allocation Round 6 contracted six tidal stream projects across five sites totalling 28 MW at £172/MWh; that price is in 2012 money as CfD strike prices are, so the cash figure is higher, and it is the lowest tidal stream price since the technology was given a ring-fenced budget in AR4. The comparison figures are utility-scale solar at roughly £34/MWh from IRENA’s global weighted average and offshore wind at about £82/MWh indexed from AR6, discussed in chapters 6 and 4 respectively; strike prices and levelised costs are not the same measure, as chapter 28a explains, so these comparisons are indicative of the gap rather than exact. The 0.004 kWh/d per person figure assumes the full 28 MW contracted at a 40% capacity factor across 68.4 million people, which flatters the present position considerably since most of that capacity is not yet built. Severn barrage and Swansea Bay dates and decisions are from contemporaneous government announcements and reporting; the Severn Estuary Commission reported in March 2025.





15 Stuff
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Figure 15.1. Selfridges’ rubbish advertisement.

One of the main sinks of energy in the “developed” world is the creation of stuff. In its natural life cycle, stuff passes through three stages. First, a new-born stuff is displayed in shiny packaging on a shelf in a shop. At this stage, stuff is called “goods.” As soon as the stuff is taken home and sheds its packaging, it undergoes a transformation from “goods” to its second form, “clutter.” The clutter lives with its owner for a period of months or years. During this period, the clutter is largely ignored by its owner, who is off at the shops buying more goods. Eventually, by a miracle of modern alchemy, the clutter is transformed into its final form, rubbish. To the untrained eye, it can be difficult to distinguish this “rubbish” from the highly desirable “good” that it used to be. Nonetheless, at this stage the discerning owner pays the dustman to transport the stuff away.

Let’s say we want to understand the full energy-cost of a stuff, perhaps with a view to designing better stuff. This is called life-cycle analysis. It’s conventional to chop the energy-cost of anything from a hair-dryer to a cruise-ship into four chunks:




	Material
	Embodied energy (kWh per kg)





	fossil fuel
	10



	wood
	5



	paper
	10



	glass
	7



	PET plastic
	30



	aluminium
	40



	steel
	6





Table 15.2. Embodied energy of materials.


	Phase R: Making raw materials. This phase involves digging minerals out of the ground, melting them, purifying them, and modifying them into manufacturers’ lego: plastics, glasses, metals, and ceramics, for example. The energy costs of this phase include the transportation costs of trundling the raw materials to their next destination.

	Phase P: Production. In this phase, the raw materials are processed into a manufactured product. The factory where the hair-dryer’s coils are wound, its graceful lines moulded, and its components carefully snapped together, uses heat and light. The energy costs of this phase include packaging and more transportation.

	Phase U: Use. Hair-dryers and cruise-ships both guzzle energy when they’re used as intended.

	Phase D: Disposal. This phase includes the energy cost of putting the stuff back in a hole in the ground (landfill), or of turning the stuff back into raw materials (recycling); and of cleaning up all the pollution associated with the stuff.
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Figure 15.3. Five aluminium cans per day is 3 kWh/d. The embodied energy in other packaging chucked away by the average Brit is 4 kWh/d.

A note added in the 2026 revision. That 3 kWh/d assumes the can is thrown away, and table 15.2 shows why the assumption matters so much: at 40 kWh per kg, aluminium is the most energy-dense material in the table, four times paper or glass and nearly seven times steel. It is also the one where recycling saves most, because remelting scrap aluminium takes roughly a twentieth of the energy of winning the metal from bauxite.

Two countries have made that saving nearly complete, and the mechanism is a deposit rather than an appeal to virtue. Norway’s Infinitum scheme returns over 90% of all cans and bottles sold — 92.5% of cans in 2023, and 1.6 of the 1.7 billion containers sold in 2024. Sweden’s Returpack passed 3 billion containers deposited in 2025 for the first time, at an overall rate of 88.4% and 91% for cans specifically, which is past the national target.1

Put that through this chapter’s arithmetic. If 91% of cans come back and a recycled can costs about a twentieth of a new one to make, five cans a day costs roughly 0.4 kWh/d instead of 3 — a sevenfold reduction in one of the items on the consumption stack, achieved without anyone drinking less. It is the same lesson as the standby regulation in chapter 22: the saving came from changing the system the object moves through, not from persuading the person holding it.

Two honest qualifications. The 40 kWh/kg in table 15.2 is the figure for primary aluminium, so a can already made from recycled metal embodies far less to begin with and the saving is not additional to that. And the deposit covers cans and bottles, not the other 4 kWh/d of packaging in this figure, which has no deposit on it and comes back at nothing like 91%.


(Figure omitted from this edition: third-party rights.)



Figure 15.4. She’s making chips. Photo: ABB. Making one personal computer every two years costs 2.5 kWh per day.

To understand how much energy a stuff’s life requires, we should estimate the energy costs of all four phases and add them up. Usually one of these four phases dominates the total energy cost, so to get a reasonable estimate of the total energy cost we need accurate estimates only of the cost of that dominant phase. If we wish to redesign a stuff so as to reduce its total energy cost, we should usually focus on reducing the cost of the dominant phase, while making sure that energy-savings in that phase aren’t being undone by accompanying increases in the energy costs of the other three phases.

Rather than estimating in detail how much power the perpetual production and transport of all stuff requires, let’s first cover just a few common examples: drink containers, computers, batteries, junk mail, cars, and houses. This chapter focuses on the energy costs of phases R and P. These energy costs are sometimes called the “embodied” or “embedded” energy of the stuff – slightly confusing names, since usually that energy is neither literally embodied nor embedded in the stuff.


Drink containers

Let’s assume you have a coke habit: you drink five cans of multinational chemicals per day, and throw the aluminium cans away. For this stuff, it’s the raw material phase that dominates. The production of metals is energy intensive, especially for aluminium. Making one aluminium drinks-can needs 0.6 kWh. 2 So a five-a-day habit wastes energy at a rate of 3 kWh/d.

As for a 500 ml water bottle made of PET (which weighs 25 g), the embodied energy is 0.7 kWh 3 – just as bad as an aluminium can!



Other packaging

The average Brit throws away 400 g of packaging per day 4 – mainly food packaging. The embodied energy content of packaging ranges from 7 to 20 kWh per kg as we run through the spectrum from glass and paper to plastics and steel 5 cans. Taking the typical embodied energy content to be 10 kWh/kg, we deduce that the energy footprint of packaging is 4 kWh/d. A little of this embodied energy is recoverable by waste incineration, as we’ll discuss in Chapter 27.



Computers

Making a personal computer costs 1800 kWh of energy. 6 So if you buy a new computer every two years, that corresponds to a power consumption of 2.5 kWh per day.



Batteries

The energy cost of making a rechargeable nickel-cadmium AA battery, storing 0.001 kWh of electrical energy and having a mass of 25 g, is 1.4 kWh (phases R and P). 7 If the energy cost of disposable batteries is similar, throwing away two AA batteries per month uses about 0.1 kWh/d. The energy cost of batteries is thus likely to be a minor item in your stack of energy consumption.



Newspapers, magazines, and junk mail

A 36-page newspaper, distributed for free at railway stations, weighs 90 g. The Cambridge Weekly News (56 pages) weighs 150 g. The Independent (56 pages) weighs 200 g. A 56-page property-advertising glossy magazine and Cambridgeshire Pride Magazine (32 pages), both delivered free at home, weigh 100 g and 125 g respectively.
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This river of reading material and advertising junk pouring through our letterboxes contains energy. It also costs energy to make and deliver. Paper has an embodied energy of 10 kWh per kg. 8 So the energy embodied in a typical personal flow of junk mail, magazines, and newspapers, amounting to 200 g of paper per day (that’s equivalent to one Independent per day for example) is about 2 kWh per day.

Paper recycling would save about half of the energy of manufacture; waste incineration or burning the paper in a home fire may make use of some of the contained energy.



Bigger stuff

The largest stuff most people buy is a house.

In Chapter H, I estimate the energy cost of making a new house. Assuming we replace each house every 100 years, the estimated energy cost is 2.3 kWh/d. This is the energy cost of creating the shell of the house only – the foundation, bricks, tiles, and roof beams. If the average house occupancy is 2.3, the average energy expenditure on house building is thus estimated to be 1 kWh per day per person.

What about a car, and a road? Some of us own the former, but we usually share the latter. A new car’s embodied energy is 76 000 kWh 9 – so if you get one every 15 years, that’s an average energy cost of 14 kWh per day. A life-cycle analysis by Treloar, Love, and Crawford estimates that building an Australian road costs 7600 kWh per metre (a continuously reinforced concrete road), and that, including maintenance costs, the total cost over 40 years was 35 000 kWh per metre. Let’s turn this into a ballpark figure for the energy cost of British roads. There are 28 000 miles of trunk roads and class-1 roads in Britain (excluding motorways). Assuming 35 000 kWh per metre per 40 years, those roads cost us 2 kWh/d per person.



The car, recalculated for an electric one

A section added in the 2026 revision. The 76 000 kWh above is the embodied energy of a car of MacKay’s era: a steel body, an engine, and no battery worth speaking of. An electric car is a different object to build, and since chapter 3 now shows a third of new cars in Britain and half in China being electric, the sum is worth redoing.

Almost all of the difference is the battery. Making cells is energy-intensive, and about half of a battery’s manufacturing emissions are simply the electricity consumed in the factory — which means the answer depends on where the plant is and what powers it, and has been falling as those plants move onto cleaner grids. Tesla’s own Impact Report puts the production emissions of a Model 3 at about 49% above a comparable combustion baseline.10

Carry that premium across to MacKay’s units and the arithmetic goes like this. If a combustion car embodies 76 000 kWh, an electric one of similar size embodies roughly 113 000 kWh, which over a 15-year life is about 21 kWh per day rather than 14. Making the car got substantially worse.

Now put that beside chapter 3, which is where the point lands:




	
	making it
	driving it
	total





	Petrol car, 33 mpg
	14 kWh/d
	40 kWh/d
	54 kWh/d



	Electric car, 15 kWh/100 km
	21 kWh/d
	7.5 kWh/d
	28 kWh/d





The electric car is worse to build by about 7 kWh a day and better to drive by about 32, so it wins on the total by roughly a factor of two. Chapter M sharpens that a little, and it is worth doing the arithmetic rather than asserting it.

The “driving it” column above counts the energy in the fuel, not the energy spent making the fuel available — which is exactly the omission chapter 3’s query raises. On the harmonised point-of-use figures, petrol has an EROI of about 4.2, so delivering 40 kWh/d of fuel to a tank costs roughly another 9.5 kWh/d of energy invested along the way. The electricity side barely moves: at a point-of-use EROI of 10 or so, delivering 7.5 kWh/d costs about 0.75 kWh/d, and even if the power came entirely from gas the figure would only reach 1.3.




	
	making it
	driving it
	fuel supply
	total





	Petrol car, 33 mpg
	14
	40
	9.5
	63.5 kWh/d



	Electric car, 15 kWh/100 km
	21
	7.5
	0.8
	29.3 kWh/d





So the factor of two becomes about 2.2. That is a real widening and a modest one, and it is worth resisting the temptation to make more of it. What the correction changes is not the size of the answer but where the asymmetry comes from: the petrol car’s supply chain costs nearly a quarter as much again as the fuel it delivers, while the electric car’s costs a tenth of its much smaller draw.

Two caveats. MacKay’s own source put the well-to-tank ratio at 1.4 units of primary energy per unit of petrol, where the EROI route above gives about 1.24; the two use different bases — Treloar counts the crude itself as an input, the EROI figure does not — and they bracket the correction rather than agreeing on it. And the electricity figure assumes a grid whose sources sit near the harmonised values in chapter M, which is a statement about a national generating mix and not about any particular car. That margin is not delicate: it survives a considerably larger manufacturing penalty than the one assumed here, and it improves every year that battery factories run on cleaner electricity, because half the battery’s burden is the grid behind the plant.

Two warnings about this table. The first is a unit problem, and it is real: the 49% is a carbon dioxide premium, and I have applied it to an energy figure, which is only legitimate if the energy mixes behind the two are similar — they are not exactly, so treat 21 kWh/d as an order-of-magnitude figure rather than a measurement. The second is that the whole comparison is per-year, so it depends on how long cars last. If an electric car lasts twenty years instead of fifteen, its manufacturing column falls to 16 kWh/d; if the battery forces early retirement at ten, it rises to 31 and the advantage narrows sharply. Longevity does more work in this table than any of the engineering.

The wider point is the one this chapter exists to make. Chapter 3 counts only the fuel, and on fuel alone the electric car looks five times better. Counting the stuff as well as the driving, it is about twice as good. Both numbers are true; the second is the honest one, and it is smaller.



Who makes the battery

There is a second question hiding in that table, and it is the one this chapter raises about gizmos generally: not how much energy the battery embodies, but where it is embodied. MacKay notes below that Britain’s imported goods do not appear in its energy accounts, and that a country which used to make its own things now buys them. The battery is that argument’s largest single instance.

The costs are not close. BloombergNEF’s 2025 survey puts the global average lithium-ion pack price at $108/kWh (£85), but the average conceals the thing that matters: China at $84/kWh (£66), Europe 56% higher, North America 44% higher.11 And the gap is widening rather than closing. In the same year, Chinese pack prices fell 13%, European prices 8%, and North American prices 4%. A cost difference that grows while everyone is trying to close it is a structural difference, not a temporary one.

Manufacturing is concentrated to match. Six Chinese firms supplied about 69% of all electric-vehicle batteries installed worldwide in the first ten months of 2025, CATL alone accounting for roughly a third of global cell sales. Estimates of China’s share of total cell capacity run from 75% to 85% depending on what is counted.

The European response has been tariffs. Definitive countervailing duties on Chinese battery-electric cars took effect on 30 October 2024 at rates from 17.0% to 35.3%, on top of the standard 10% car duty — 17.4% for BYD, 19.9% for Geely, 35.3% for SAIC and for anyone who did not cooperate with the investigation, and 9.0% for Tesla exporting from Shanghai.12 Set the arithmetic side by side: the duty is of the same order as the cost gap it is answering. It offsets the advantage without reversing it, and it is a fixed number set against a gap that moved 5 percentage points in China’s favour in a single year.

None of that is an energy calculation, and this book is careful to distinguish what physics settles from what politics does. The physics is settled and unglamorous: a battery embodies roughly what the table above says, wherever it is made. What is not settled is whether the country doing the driving is also the country doing the making — and on present numbers, for most of the world, it is not.



Rocks are not the bottleneck

It is natural to answer all this by looking for the raw materials, and Europe has been doing so. Two cautions are needed before that answer works, and the first is a matter of definition.

Rare earths are not battery materials. The seventeen rare-earth elements go into permanent magnets — the motors that turn the wheels, and the generators inside wind turbines — not into lithium-ion cells. A battery needs lithium, cobalt, nickel, manganese and graphite, which is a different list with a different geography. So when LKAB announced that its Per Geijer deposit at Kiruna is Europe’s largest known rare-earth find, and in 2023 revised it upward by 25% to over 1.3 million tonnes of rare-earth oxides, alongside 734 million tonnes of iron ore and a phosphorus grade of 2.3%, the thing being solved was the magnet, not the cell.13 That is worth having. It is not the battery problem.

The second caution is the more important one, and it applies to both lists. The chokepoint is refining, not mining. On the IEA’s 2025 assessment China holds over 90% of world refining capacity for graphite and for rare earths, and about 60% for lithium and for cobalt. For 19 of the 20 strategic minerals surveyed, China is the leading refiner, with an average share of 70%. Concentration is rising rather than falling: the combined share of the top three refining countries went from about 82% in 2020 to 86% in 2024, with almost all the growth in Chinese capacity.14

That is why a deposit does not settle the question. André Månberger of Lund makes the point precisely: Swedish ore would be exported unprocessed, while China’s position rests on keeping the value chain and exporting the finished magnet, generator or battery. “Rare” describes concentration rather than scarcity, so extraction is marginal by nature and depends on prices that Chinese refining capacity substantially sets. The Swedish state, he notes, would collect very little either way — the returns accrue to the mining company, with modest mineral and corporate taxes behind them. His group also finds that LKAB’s existing mining waste alone could hold rare earths equivalent to about 30% of the EU’s current import needs, which suggests the tailings may matter as much as the new mine.15

Then there is the timescale, which is the sort of thing this book exists to point out. LKAB applied for its extraction concession in June 2023 and says that Swedish permitting takes 10 to 15 years, against an EU expectation of two-year approvals. A mine opening in the late 2030s is a contribution to the 2040s. It does not change what a European battery costs in 2030, and it is not a reply to a pack-price gap that widened by five percentage points last year.

So the honest summary is a stack of three separate problems that are often discussed as one. Europe has some of the rock. It has very little of the refining. And it has less of the cell manufacturing than either. Fixing the first does not touch the other two, and the other two are where the cost difference in the previous section actually comes from.



Transporting the stuff

Up till now I’ve tried to make estimates of personal consumption. “If you chuck away five coke-cans, that’s 3 kWh; if you buy The Independent, that’s 2 kWh.” From here on, however, things are going to get a bit less personal. As we estimate the energy required to transport stuff around the country and around the planet, I’m going to look at national totals and divide them by the population.

[image: Figure 15.5]

Figure 15.5. Food-miles – Pasties, hand-made in Helston, Cornwall, shipped 580 km for consumption in Cambridge.

Freight transport is measured in ton-kilometres (t-km). If one ton of Cornish pasties are transported 580 km (figure 15.5) then we say 580 t-km of freight transport have been achieved. The energy intensity of road transport in the UK is about 1 kWh per t-km. 16


(Figure omitted from this edition: third-party rights.)



Figure 15.6. The container ship Ever Uberty at Thamesport Container Terminal. Photo by Ian Boyle www.simplonpc.co.uk. 17

When the container ship in figure 15.6 transports 50 000 tons of cargo a distance of 10 000 km, it achieves 500 million t-km of freight transport. The energy intensity of freight transport by this container ship is 0.015 kWh per t-km. Notice how much more efficient transport by container-ship is than transport by road. These energy intensities are displayed in figure 15.8.



Transport of stuff by road

In 2006, the total amount of road transport in Britain by heavy goods vehicles was 156 billion t-km. Shared between 60 million, that comes to 7 t-km per day per person, which costs 7 kWh per day per person (assuming an energy intensity of 1 kWh per ton-km). One quarter of this transport, by the way, was of food, drink, and tobacco.
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Figure 15.7. The lorry delivereth and the lorry taketh away. Energy cost of UK road freight: 7 kWh/d per person.



Transport by water

In 2002, 560 million tons of freight passed through British ports. The Tyndall Centre calculated that Britain’s share of the energy cost of international shipping is 4 kWh/d per person. 18
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Figure 15.8. Energy requirements of different forms of freight-transport. The vertical coordinate shows the energy consumed in kWh per net ton-km, (that is, the energy per t-km of freight moved, not including the weight of the vehicle). See also figure 20.23 (energy requirements of passenger transport). Water transport requires energy because boats make waves. Nevertheless, transporting freight by ship is surprisingly energy efficient. 19



Transport of water; taking the pee

Water’s not a very glamorous stuff, but we use a lot of it – about 160 litres per day per person. In turn, we provide about 160 litres per day per person of sewage to the water companies. The cost of pumping water around the country and treating our sewage is about 0.4 kWh per day per person. 20
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Figure 15.9. Water delivery: 0.3 kWh/d; sewage processing: 0.1 kWh/d.





Desalination

At the moment the UK doesn’t spend energy on water desalination. But there’s talk of creating desalination plants in London. What’s the energy cost of turning salt water into drinking water? The least energy-intensive method is reverse osmosis. Take a membrane that lets through only water, put salt water on one side of it, and pressurize the salt water. Water reluctantly oozes through the membrane, producing purer water – reluctantly, because pure water separated from salt has low entropy, and nature prefers high entropy states where everything is mixed up. We must pay high-grade energy to achieve unmixing.

The Island of Jersey has a desalination plant that can produce 6000 m3 of pure water per day (figure 15.10). Including the pumps for bringing the water up from the sea and through a series of filters, the whole plant uses a power of 2 MW. That’s an energy cost of 8 kWh per m3 of water produced. At a cost of 8 kWh per m3, a daily water consumption of 160 litres would require 1.3 kWh per day.

[image: Figure 15.10]

Figure 15.10. Part of the reverse-osmosis facility at Jersey Water’s desalination plant. The pump in the foreground, right, has a power of 355 kW and shoves seawater at a pressure of 65 bar into 39 spiral-wound membranes in the banks of blue horizontal tubes, left, delivering 1500 m3 per day of clean water. The clean water from this facility has a total energy cost of 8 kWh per m3.



Stuff retail

Supermarkets in the UK consume about 11 TWh of energy per year. 21 Shared out equally between 60 million happy shoppers, that’s a power of 0.5 kWh per day per person.
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The significance of imported stuff

In standard accounts of “Britain’s energy consumption” or “Britain’s carbon footprint,” imported goods are not counted. Britain used to make its own gizmos, and our per-capita footprint in 1910 was as big as America’s is today. Now Britain doesn’t manufacture so much (so our energy consumption and carbon emissions have dropped a bit), but we still love gizmos, and we get them made for us by other countries. Should we ignore the energy cost of making the gizmo, because it’s imported? I don’t think so. Dieter Helm and his colleagues in Oxford estimate that under a correct account, allowing for imports and exports, Britain’s carbon footprint is nearly doubled from the official “11 tons CO2e per person” to about 21 tons. This implies that the biggest item in the average British person’s energy footprint is the energy cost of making imported stuff. 22

In Chapter H, I explore this idea further, by looking at the weight of Britain’s imports. Leaving aside our imports of fuels, we import a little over 2 tons per person of stuff every year, of which about 1.3 tons per person are processed and manufactured stuff like vehicles, machinery, white goods, and electrical and electronic equipment. That’s about 4 kg per day per person of processed stuff. Such goods are mainly made of materials whose production required at least 10 kWh of energy per kg of stuff. I thus estimate that this pile of cars, fridges, microwaves, computers, photocopiers and televisions has an embodied energy of at least 40 kWh per day per person.
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Figure 15.11. Making our stuff costs at least 48 kWh/d. Delivering the stuff costs 12 kWh/d.

To summarize all these forms of stuff and stuff-transport, I will put on the consumption stack 48 kWh per day per person for the making of stuff (made up of at least 40 for imports, 2 for a daily newspaper, 2 for roadmaking, 1 for house-making, and 3 for packaging); and another 12 kWh per day per person for the transport of the stuff by sea, by road, and by pipe, and the storing of food in supermarkets.


Work till you shop.

Traditional saying





The imported half, revisited

A section added in the 2026 revision. This chapter’s largest claim is that “the biggest item in the average British person’s energy footprint is the energy cost of making imported stuff”, resting on Dieter Helm’s estimate that Britain’s true footprint was about 21 tonnes of CO2e per person against an official territorial figure of 11.

Both halves of that can now be checked, and they moved in opposite directions.


The footprint halved

Britain’s consumption-based emissions — the official carbon footprint, which counts imports — were 10 tonnes of CO2e per person in 2023, down 5% on the previous year and down 37% from a peak of 16 tonnes in 2004. Against the roughly 21 tonnes Helm estimated when this chapter was written, that is a fall of more than half.23



But the imported share rose

At the same time the composition moved the other way. The imported share of Britain’s consumption-based account rose from 34% in 1990 to about 61% by 2022 — some measures put it nearer 53% for 2023, the difference depending on gas coverage and whether household or total consumption is counted — while imported emissions in absolute terms rose from 138 Mt in 1996 to 182 Mt in 2021.

So MacKay’s qualitative claim did not merely survive. It became more true while the number it rested on got much better. Britain’s footprint is smaller and a larger fraction of it is made somewhere else.



The distinction that matters here

There is a trap in that improvement, and this book is unusually well placed to name it.

A carbon footprint is not an energy footprint. A large part of the fall is that the electricity making the stuff got cleaner rather than that less stuff got made. Britain removed coal from its grid entirely, as chapter 28a records; China added more solar capacity than the world had in total when this book was written, as chapter 6 does. Decarbonising the electricity that builds a fridge reduces the carbon dioxide attached to the fridge without reducing the kilowatt-hours.

This chapter’s 48 kWh/d per person is denominated in energy. The statistic that halved is denominated in carbon. They are not the same improvement, and there is no reason to assume the energy figure has fallen by anything like 37%.

That is the same lesson as chapter M’s, arriving in a different chapter: what you measure decides what you conclude, and two accounts of the same activity can move in opposite directions without either being wrong. MacKay chose energy deliberately, because it is the harder quantity to move and the one the laws of physics constrain. Eighteen years later that choice looks better, not worse — the carbon number has improved considerably faster than the underlying activity, and only one of the two is a measure of how much stuff we make.



The third mechanism: the making left

There is a way of reducing a country’s territorial emissions that involves neither efficiency nor restraint, and Britain has been doing it.

In steel, British production is now the smallest it has been since the 1930s, following the closure of the blast furnaces at Port Talbot in 2024. Primary steelmaking in Britain has largely ended.

In chemicals, the industry body records 25 site closures in five years, and its own survey of members reports weak demand, falling employment and the likelihood of more.

In refining, two of Britain’s six refineries — Grangemouth and Lindsey — have closed since 2019, with about 820 direct jobs; Grangemouth’s closure took the neighbouring Mossmorran ethylene plant with it and another 180.24

None of that reduces demand for steel, chemicals or fuel. It relocates the making of them, and with it the energy and the emissions, which then return as imports and appear in the account described above rather than in the territorial one.

This is the third mechanism behind the halving. The first is genuine efficiency. The second is cleaner electricity making the same goods. The third is not making the goods. Only the first two are improvements, and the accounts as usually published cannot tell them apart.

Chapter 28a supplies the reason, and it is the same number that chapter runs on: of 28 IEA countries reporting industrial electricity prices for 2024, the United Kingdom’s were the highest, at about 25.3p per kWh against an EU-14 median of 11.3p. A smelter, a refinery or a chemical works is a machine for turning electricity and gas into product, and Britain is the most expensive place in the developed world to run one. Germany’s experience, recorded in the same chapter — energy-intensive output settling at about 82% of its 2021 level after its gas price rose — is the same mechanism at a slower speed.

So the answer to whether heavy industry left Britain for cheaper countries is yes, and this chapter’s arithmetic is where it shows up: as a falling territorial number, a rising imported share, and an energy total that did not move nearly as much as either.




Notes and further reading


	Dry cargo vessel 0.08 kWh/t-km. A vessel with a grain capacity of 5200 m3 carries 3360 deadweight tons. (Deadweight tonnage is the mass of cargo that the ship can carry.) It travels at speed 13 kn (24 km/h); its one engine with 2 MW delivered power consumes 186 g of fuel-oil per kWh of delivered energy (42% efficiency). conoship.com/uk/vessels/detailed/page7.htm

	Oil tanker A modern oil tanker uses 0.017 kWh/t-km [6lbrab]. Cargo weight 40 000 t. Capacity: 47 000 m3. Main engine: 11.2 MW maximum delivered power. Speed at 8.2 MW: 15.5 kn (29 km/h). The energy contained in the oil cargo is 520 million kWh. So 1% of the energy in the oil is used in transporting the oil one-quarter of the way round the earth (10 000 km).

	Roll-on, roll-off carriers The ships of Wilh. Wilhelmsen shipping company deliver freight-transport with an energy cost between 0.028 and 0.05 kWh/t-km [5ctx4k].
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Norway: Infinitum’s deposit-return scheme, return rates above 90% sustained, 92.5% for cans in 2023 and 1.6 billion of 1.7 billion containers collected in 2024. Sweden: Returpack/Pantamera reported over 3 billion cans and bottles deposited in 2025, an overall rate of 88.4% against a national target of 90%, and 91% for cans alone. The ratio of recycled to primary aluminium energy is conventionally put at about 1:20.



One aluminium drinks can costs 0.6 kWh. The mass of one can is 15 g. Estimates of the total energy cost of aluminium manufacture vary from 60 MJ/kg to 300 MJ/kg. [yx7zm4], [r22oz], [yhrest]. The figure I used is from The Aluminum Association [y5as53]: 150 MJ per kg of aluminium (40 kWh/kg).



The embodied energy of a water bottle made of PET. Source: Hammond and Jones (2006) – PET’s embodied energy is 30 kWh per kg.



The average Brit throws away 400 g of packaging per day. In 1995, Britain used 137 kg of packaging per person (Hird et al., 1999).



…steel… From Swedish Steel, “The consumption of coal and coke is 700 kg per ton of finished steel, equal to approximately 5320 kWh per ton of finished steel. The consumption of oil, LPG and electrical power is 710 kWh per ton finished product. Total [primary] energy consumption is thus approx. 6000 kWh per ton finished steel.” (6 kWh per kg.) [y2ktgg]



A personal computer costs 1800 kWh of energy. Manufacture of a PC requires (in energy and raw materials) the equivalent of about 11 times its own weight of fossil fuels. Fridges require 1–2 times their weight. Cars require 1–2 times their weight. Williams (2004); Kuehr (2003).



…a rechargeable nickel-cadmium battery. Source: Rydh and Karlström(2002).



Paper has an embodied energy of 10 kWh per kg. Making newspaper from virgin wood has an energy cost of about 5 kWh/kg, and the paper itself has an energy content similar to that of wood, about 5 kWh/kg. (Source: Ucuncu (1993); Erdincler and Vesilind (1993); see p284.) Energy costs vary between mills and between countries. 5 kWh/kg is the figure for a Swedish newspaper mill in 1973 from Norrström (1980), who estimated that efficiency measures could reduce the cost to about 3.2 kWh/kg. A more recent full life-cycle analysis (Denison, 1997) estimates the net energy cost of production of newsprint in the USA from virgin wood followed by a typical mix of landfilling and incineration to be 12 kWh/kg; the energy cost of producing newsprint from recycled material and recycling it is 6 kWh/kg.



A new car’s embodied energy is 76 000 kWh. Source: Treloar et al. (2004). Burnham et al. (2007) give a lower figure: 30 500 kWh for the net life-cycle energy cost of a car. One reason for the difference may be that the latter lifecycle analysis assumes the vehicle is recycled, thus reducing the net materials cost.



Tesla’s Impact Report gives Model 3 production emissions about 49% above a comparable internal-combustion baseline, and notes that around half of a battery’s lifecycle emissions come from the electricity used to manufacture and assemble it. Independent estimates of cell manufacturing have improved over time, with one widely cited 2019 revision putting battery production near 85 kg CO2 per kWh of capacity, roughly half earlier estimates. The conversion of a carbon premium into an energy premium in the table above is mine and is approximate; see the warning in the text.



BloombergNEF’s annual battery price survey, December 2025: global volume-weighted average pack price of $108/kWh, down 8% on 2024; China lowest at $84/kWh, with European packs 56% and North American packs 44% above that; annual declines of 13%, 8% and 4% respectively. Note that these are volume-weighted averages dominated by passenger vehicles. Packs for commercial vehicles, made in far smaller numbers, are dearer than these averages in Europe, and the European premium quoted for a truck pack can be nearer a factor of two than the 1.56 implied here.



Definitive EU countervailing duties on Chinese battery-electric vehicles, in force 30 October 2024, additional to the standard 10% duty. The widely quoted “up to 38%” figure was the provisional rate announced in July 2024; the definitive top rate is 35.3%.



LKAB, “Europas största fyndighet av sällsynta jordartsmetaller nu 25 procent större”, on the Per Geijer deposit at Kiruna: mineral resources of over 1.3 million tonnes of total rare-earth oxides after a 25% upward revision, 734 million tonnes of iron ore (307 Mt indicated, 421 Mt inferred), and an average phosphorus grade of 2.3%. The extraction concession was applied for on 12 June 2023; LKAB’s own estimate of the Swedish permitting timeline is 10 to 15 years.



IEA, Global Critical Minerals Outlook 2025. Chinese refining shares of over 90% for graphite and rare earths and about 60% for lithium and cobalt; leading refiner for 19 of 20 strategic minerals at an average 70% share; top-three refiner concentration rising from about 82% in 2020 to 86% in 2024.



André Månberger, environment and energy systems, LTH, Lund University, quoted in “Sällsynta metaller blir ingen kassako för Sverige — men viktiga för EU”: https://www.lu.se/artikel/sallsynta-metaller-blir-ingen-kassako-sverige-men-viktiga-eu. The 30% figure refers to rare earths recoverable from existing LKAB mining waste, not to the Per Geijer deposit.



The energy intensity of road transport in the UK is about 1 kWh per t-km. Source: www.dft.gov.uk/pgr/statistics/datatablespublications/energyenvironment.



The energy intensity of freight transport by this container ship is 0.015 kWh per ton-km. The Ever Uberty – length 285 m, breadth 40 m – has a capacity of 4948 TEUs, deadweight 63 000 t, and a service speed of 25 knots; its engine’s normal delivered power is 44 MW. One TEU is the size of a small 20-foot container – about 40 m3. Most containers you see today are 40-foot containers with a size of 2 TEU. A 40-foot container weighs 4 tons and can carry 26 tons of stuff. Assuming its engine is 50%-efficient, this ship’s energy consumption works out to 0.015 kWh of chemical energy per ton-km. www.mhi.co.jp/en/products/detail/container_ship_ever_uberty.html



Britain’s share of international shipping… Source: Anderson et al. (2006).



Figure 15.8. Energy consumptions of ships. The five points in the figure are a container ship (46 km/h), a dry cargo vessel (24 km/h), an oil tanker (29 km/h), an inland marine ship (24 km/h), and the NS Savannah (39 km/h).



Water delivery and sewage treatment costs 0.4 kWh/d per person. The total energy use of the water industry in 2005–6 was 7703 GWh. Supplying 1 m3 of water has an energy cost of 0.59 kWh. Treating 1 m3 of sewage has an energy cost of 0.63 kWh. For anyone interested in greenhouse-gas emissions, water supply has a footprint of 289 g CO2 per m3 of water delivered, and wastewater treatment, 406 g CO2 per m3 of wastewater. Domestic water consumption is 151 litres per day per person. Total water consumption is 221 l/d per person. Leakage amounts to 57 litres per day per person. Sources: Parliamentary Office of Science and Technology [www.parliament.uk/documents/upload/postpn282.pdf], Water UK (2006).



Supermarkets in the UK consume 11 TWh/y. [yqbzl3]



Helm et al. suggest that, allowing for imports and exports, Britain’s carbon footprint is nearly doubled to about 21 tons. Helm et al. (2007).



Consumption-based emissions from the Department for Environment, Food and Rural Affairs, Carbon footprint for the UK and England to 2023: 10 tonnes CO2e per person in 2023, down 5% on 2022 and 37% below the 2004 peak of 16 tonnes. Import share figures are from the Office for National Statistics’ greenhouse gas emissions and trade accounts and associated analysis: the imported portion of the UK consumption-based account rising from 34% in 1990 to about 61% in 2022, with imported emissions rising from 138 Mt CO2e in 1996 to 182 Mt in 2021. A separate published figure of about 53% “made abroad” for 2023 reflects a different boundary; the two are not in conflict but are not interchangeable either, and the text quotes the range. Two cautions. Consumption-based accounts require modelling trade flows through multi-region input–output tables and carry materially wider uncertainty than territorial inventories, which is why they are published later and revised more. And Helm’s roughly 21-tonne estimate was an independent academic figure on a different vintage of method from today’s official series, so the halving quoted here compares two things that are close but not identical.



British steel output at its lowest since the 1930s following the 2024 closure of the Port Talbot blast furnaces; 25 chemical site closures over five years and the sector’s own survey reporting further expected closures, from the Chemical Industries Association; and the closure since 2019 of two of the United Kingdom’s six refineries, Grangemouth and Lindsey, with about 820 direct jobs, followed by the Mossmorran ethylene plant with a further 180. Attribution needs care here. Energy prices are one cause among several — global overcapacity in steel, the age of the plant, carbon pricing, corporate strategy and the general shift of heavy manufacturing to Asia all contribute, and the industry bodies quoted have an interest in emphasising energy costs. What is not in dispute is the direction: the capacity closed, the demand did not, and the difference is imported. Some of the closures are also substitutions rather than losses — Port Talbot is being replaced with an electric arc furnace, which makes steel from scrap at far lower energy intensity but cannot make primary steel at all.





16 Geothermal
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Figure 16.1. An earth in section.
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Figure 16.2. Some granite.

Geothermal energy comes from two sources: from radioactive decay in the crust of the earth, and from heat trickling through the mantle from the earth’s core. The heat in the core is there because the earth used to be red-hot, and it’s still cooling down and solidifying; the heat in the core is also being topped up by tidal friction: the earth flexes in response to the gravitational fields of the moon and sun, in the same way that an orange changes shape if you squeeze it and roll it between your hands.

Geothermal is an attractive renewable because it is “always on,” independent of the weather; if we make geothermal power stations, we can switch them on and off so as to follow demand.

But how much geothermal power is available? We could estimate geothermal power of two types: the power available at an ordinary location on the earth’s crust; and the power available in special hot spots like Iceland (figure 16.3). While the right place to first develop geothermal technology is definitely the special hot spots, I’m going to assume that the greater total resource comes from the ordinary locations, since ordinary locations are so much more numerous.

The difficulty with making sustainable geothermal power is that the speed at which heat travels through solid rock limits the rate at which heat can be sustainably sucked out of the red-hot interior of the earth. It’s like trying to drink a crushed-ice drink through a straw. You stick in the straw, and suck, and you get a nice mouthful of cold liquid. But after a little more sucking, you find you’re sucking air. You’ve extracted all the liquid from the ice around the tip of the straw. Your initial rate of sucking wasn’t sustainable.

If you stick a straw down a 15-km hole in the earth, you’ll find it’s nice and hot there, easily hot enough to boil water. So, you could stick two straws down, and pump cold water down one straw and suck from the other. You’ll be sucking up steam, and you can run a power station. Limitless power? No. After a while, your sucking of heat out of the rock will have reduced the temperature of the rock. You weren’t sucking sustainably. You now have a long wait before the rock at the tip of your straws warms up again. A possible attitude to this problem is to treat geothermal heat the same way we currently treat fossil fuels: as a resource to be mined rather than collected sustainably. Living off geothermal heat in this way might be better for the planet than living unsustainably off fossil fuels; but perhaps it would only be another stop-gap giving us another 100 years of unsustainable living? In this book I’m most interested in sustainable energy, as the title hinted. Let’s do the sums.


(Figure omitted from this edition: third-party rights.)



Figure 16.3. Geothermal power in Iceland. Average geothermal electricity generation in Iceland (population, 300 000) in 2006 was 300 MW (24 kWh/d per person). More than half of Iceland’s electricity is used for aluminium production. Photo by Gretar Ívarsson.


Geothermal power that would be sustainable forever

First imagine using geothermal energy sustainably by sticking down straws to an appropriate depth, and sucking gently. Sucking at such a rate that the rocks at the end of the our straws don’t get colder and colder. This means sucking at the natural rate at which heat is already flowing out of the earth.

one milliwatt (1 mW) is 0.001 W.
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Figure 16.4. Temperature profile in a typical continent.

[image: Figure 16.5]

Figure 16.5. Enhanced geothermal extraction from hot dry rock. One well is drilled and pressurized to create fractures. A second well is drilled into the far side of the fracture zone. Then cold water is pumped down one well and heated water (indeed, steam) is sucked up the other.

As I said before, geothermal energy comes from two sources: from radioactive decay in the crust of the earth, and from heat trickling through the mantle from the earth’s core. In a typical continent, the heat flow from the centre coming through the mantle is about 10 mW/m2. The heat flow at the surface is 50 mW/m2. 1 So the radioactive decay has added an extra 40 mW/m2 to the heat flow from the centre.

So at a typical location, the maximum power we can get per unit area is 50 mW/m2. But that power is not high-grade power, it’s low-grade heat that’s trickling through at the ambient temperature up here. We presumably want to make electricity, and that’s why we must drill down. Heat is useful only if it comes from a source at a higher temperature than the ambient temperature. The temperature increases with depth as shown in figure 16.4, reaching a temperature of about 500 °C at a depth of 40 km. Between depths of 0 km where the heat flow is biggest but the rock temperature is too low, and 40 km, where the rocks are hottest but the heat flow is 5 times smaller (because we’re missing out on all the heat generated from radioactive decay) there is an optimal depth at which we should suck. The exact optimal depth depends on what sort of sucking and powerstation machinery we use. We can bound the maximum sustainable power by finding the optimal depth assuming that we have an ideal engine for turning heat into electricity, and that drilling to any depth is free.

For the temperature profile shown in figure 16.4, I calculated that the optimal depth is about 15 km. Under these conditions, an ideal heat engine would deliver 17 mW/m2. At the world population density of 43 people per square km, that’s 10 kWh per person per day, if all land area were used. In the UK, the population density is 5 times greater, so wide-scale geothermal power of this sustainable-forever variety could offer at most 2 kWh per person per day.

This is the sustainable-forever figure, ignoring hot spots, assuming perfect power stations, assuming every square metre of continent is exploited, and assuming that drilling is free. And that it is possible to drill 15-km deep holes.



Geothermal power as mining

The other geothermal strategy is to treat the heat as a resource to be mined. In “enhanced geothermal extraction” from hot dry rocks (figure 16.5), we first drill down to a depth of 5 or 10 km, and fracture the rocks by pumping in water. (This step may create earthquakes, which don’t go down well with the locals.) Then we drill a second well into the fracture zone. Then we pump water down one well and extract superheated water or steam from the other. This steam can be used to make electricity or to deliver heat. What’s the hot dry rock resource of the UK? Sadly, Britain is not well endowed. Most of the hot rocks are concentrated in Cornwall, where some geothermal experiments were carried out in 1985 in a research facility at Rosemanowes, now closed. Consultants assessing these experiments concluded that “generation of electrical power from hot dry rock was unlikely to be technically or commercially viable in Cornwall, or elsewhere in the UK, in the short or medium term.” 2 Nonetheless, what is the resource? The biggest estimate of the hot dry rock resource in the UK is a total energy of 130 000 TWh, which, according to the consultants, could conceivably contribute 1.1 kWh per day per person of electricity for about 800 years. 3

Other places in the world have more promising hot dry rocks, 4 so if you want to know the geothermal answers for other countries, be sure to ask a local. But sadly for Britain, geothermal will only ever play a tiny part.
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Doesn’t Southampton use geothermal energy already? How much does that deliver?

Yes, Southampton Geothermal District Heating Scheme 5 was, in 2004 at least, the only geothermal heating scheme in the UK. It provides the city with a supply of hot water. The geothermal well is part of a combined heat, power, and cooling system that delivers hot and chilled water to customers, and sells electricity to the grid. Geothermal energy contributes about 15% of the 70 GWh of heat per year delivered by this system. The population of Southampton at the last census was 217 445, so the geothermal power being delivered there is 0.13kWh/d per person in Southampton.

[image: Figure 16.6]

Figure 16.6. Geothermal.




Is a “geothermal” heat pump geothermal?

A section added in the 2026 revision. No — and the confusion is worth clearing up, because this chapter’s conclusion is discouraging and the shared name transfers that discouragement to a technology it never assessed.


Two different things with one name

This chapter is about deep geothermal: the heat flowing out of the Earth, about 40 mW/m2 from radioactive decay in the crust and about 10 mW/m2 arriving from the core through the mantle, for 50 mW/m2 at the surface. That is a genuine flux from a genuinely hot source, and MacKay’s finding is that it is small: at most 2 kWh/d per person for Britain on a sustainable-forever basis.

A ground-source heat pump does something else entirely. It uses the ground a few metres down as a reservoir at roughly 10°C and does work to lift heat from there to the 45°C a radiator wants. It belongs in chapter 7, with the other heat pumps. American usage calls it a “geothermal heat pump”, which is where most of the trouble comes from.



The arithmetic that settles it

Take MacKay’s own number: 0.05 W/m2 of geothermal flux at the surface.

Swedish practice, where borehole heat pumps are ordinary domestic equipment, gives the design figures directly. A borehole is drilled 90 to 200 m deep at 140 mm diameter, and yields at most about 140 kWh per metre of water-bearing borehole per year, with a peak draw near 50 W per metre. Parallel boreholes must be kept at least 20 m apart so that they do not cool each other’s ground.

So a 200 m hole with 190 m in water delivers about 26 600 kWh a year, and occupies roughly 400 m2 of ground at that spacing. That is 7.6 W/m2 as an annual average and about 24 W/m2 while running.

Set that against 0.05 W/m2. The borehole extracts roughly 150 times more heat than the Earth delivers to the ground above it, and nearly 500 times at peak.6

It cannot be running on the Earth’s heat. It is running on stored sunshine. The sun warms the ground through the summer, the heat pump takes it back out through the winter, and the cycle balances annually. The clearest evidence is the spacing rule itself: boreholes must be kept apart because they compete for a recharge that arrives from above, not from below. Undersized loops in cold climates are known to freeze their ground and lose performance year on year, which is precisely what happens when extraction outruns the solar recharge — and would be impossible if the heat were coming from the mantle.



Why the distinction matters

This chapter’s answer is deflating, and rightly so. Britain’s sustainable geothermal resource is around 2 kWh/d per person; the Southampton scheme, the country’s only geothermal district heating in 2004, delivers 0.13 kWh/d per person to the people of Southampton. Chapter 18’s table of power densities puts geothermal at 0.017 W/m2, the lowest entry in the book.

None of that applies to ground-source heat pumps. They achieved a seasonal performance factor of 2.81 in British field trials, the best of any heat-pump type measured there, as chapter 7 records. Their limits are capital cost, the ground works and the electricity-to-gas price ratio — not the Earth’s heat flow, which they were never using.

A reader who takes this chapter’s verdict and applies it to the heat pump in a neighbour’s garden has been misled by a word. The European term, ground-source heat pump, is the accurate one. The American “geothermal heat pump” describes a solar collector that happens to be buried.




Notes and further reading







The heat flow at the surface is 50 mW/m2. Massachusetts Institute of Technology (2006) says 59 mW/m2 average, with a range, in the USA, from 25 mW to 150 mW. Shepherd (2003) gives 63 mW/m2.



“Generation of electrical power from hot dry rock was unlikely to be technically or commercially viable in the UK”. Source: MacDonald et al. (1992). See also Richards et al. (1994).



The biggest estimate of the hot dry rock resource in the UK … could conceivably contribute 1.1 kWh per day per person of electricity for about 800 years. Source: MacDonald et al. (1992).



Other places in the world have more promising hot dry rocks. There’s a good study (Massachusetts Institute of Technology, 2006) describing the USA’s hot dry rock resource. Another more speculative approach, researched by Sandia National Laboratories in the 1970s, is to drill all the way down to magma at temperatures of 600–1300 °C, perhaps 15 km deep, and get power there. The website www.magma-power.com reckons that the heat in pools of magma under the US would cover US energy consumption for 500 or 5000 years, and that it could be extracted economically.



Southampton Geothermal District Heating Scheme. www.southampton.gov.uk.



Design figures are from Swedish practice, where borehole heat pumps are routine: boreholes of 90–200 m at 140 mm diameter, a maximum yield near 140 kWh per metre of water-bearing borehole per year, a peak draw around 50 W per metre, a minimum separation of 20 m between parallel boreholes and 10 m from a neighbouring property, and groundwater at a fairly constant 6–8°C. Swedish sources also give the heat pump’s own ratio as about four units of heat per unit of electricity, so roughly three quarters of the delivered heat comes from the ground. The comparison in the text is an order-of-magnitude argument, not a measurement, and every input varies: horizontal loops occupy far more area at lower intensity, yields in wet ground with moving groundwater are considerably higher because water carries heat in laterally, and the annual average assumes the borehole is worked to its design limit. None of that changes the conclusion, which survives being wrong by a factor of ten in either direction. Note finally that in genuinely geothermal locations — Iceland, parts of Italy and Turkey, the western United States — the flux is far above the continental average and shallow ground heat can be partly geothermal in origin; the argument here is about ordinary northern European ground.





17 Public services
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Every gun that is made, every warship launched, every rocket fired signifies, in the final sense, a theft from those who hunger and are not fed, those who are cold and are not clothed.

This world in arms is not spending money alone. It is spending the sweat of its laborers, the genius of its scientists, the hopes of its children.

President Dwight D. Eisenhower – April, 1953


The energy cost of “defence”

Let’s try to estimate how much energy we spend on our military.

In 2007–8, the fraction of British central government expenditure that went to defence was £33 billion/£587 billion = 6%. 1 If we include the UK’s spending on counter-terrorism and intelligence (£2.5 billion per year and rising), the total for defensive activities comes to £36 billion.

As a crude estimate we might guess that 6% of this £36 billion is spent on energy at a cost of 2.7p per kWh. (6% is the fraction of GDP that is spent on energy, and 2.7p is the average price of energy.) That works out to about 80 TWh per year of energy going into defence: making bullets, bombs, nuclear weapons; making devices for delivering bullets, bombs, and nuclear weapons; and roaring around keeping in trim for the next game of good-against-evil. In our favourite units, this corresponds to 4 kWh per day per person.



The cost of nuclear defence

The financial expenditure by the USA on manufacturing and deploying nuclear weapons from 1945 to 1996 was $5.5 trillion (in 1996 dollars). 2

Nuclear-weapons spending over this period exceeded the combined total federal spending for education; agriculture; training, employment, and social services; natural resources and the environment; general science, space, and technology; community and regional development (including disaster relief); law enforcement; and energy production and regulation.

If again we assume that 6% of this expenditure went to energy at a cost of 5¢ per kWh, we find that the energy cost of having nuclear weapons was 26 000 kWh per American, or 1.4 kWh per day per American (shared among 250 million Americans over 51 years).

What energy would have been delivered to the lucky recipients, had all those nuclear weapons been used? The energies of the biggest thermonuclear weapons developed by the USA and USSR are measured in megatons of TNT. A ton of TNT is 1200 kWh. The bomb that destroyed Hiroshima had the energy of 15 000 tons of TNT (18 million kWh). A megaton bomb delivers an energy of 1.2 billion kWh. If dropped on a city of one million, a megaton bomb makes an energy donation of 1200 kWh per person, equivalent to 120 litres of petrol per person. The total energy of the USA’s nuclear arsenal today is 2400 megatons, contained in 10 000 warheads. In the good old days when folks really took defence seriously, the arsenal’s energy was 20 000 megatons. These bombs, if used, would have delivered an energy of about 100 000 kWh per American. That’s equivalent to 7 kWh per day per person for a duration of 40 years – similar to all the electrical energy supplied to America by nuclear power.
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Figure 17.1. The energy cost of defence in the UK is estimated to be about 4 kWh per day per person.


Energy cost of making nuclear materials for bombs

The main nuclear materials are plutonium, of which the USA has produced 104 t, and high-enriched uranium (HEU), of which the USA has produced 994 t. Manufacturing these materials requires energy.

The most efficient plutonium-production facilities use 24 000 kWh of heat when producing 1 gram of plutonium. 3 So the direct energy-cost of making the USA’s 104 tons of plutonium (1945–1996) was at least 2.5 trillion kWh which is 0.5 kWh per day per person (if shared between 250 million Americans).

The main energy-cost in manufacturing HEU is the cost of enrichment. Work is required to separate the 235U and 238U atoms in natural uranium in order to create a final product that is richer in 235U. The USA’s production of 994 tons of highly-enriched uranium (the USA’s total, 1945–1996) had an energy cost of about 0.1 kWh per day per person. 4


“Trident creates jobs.” Well, so does relining our schools with asbestos, but that doesn’t mean we should do it!

Marcus Brigstocke






Universities

According to Times Higher Education Supplement (30 March 2007), UK universities use 5.2 billion kWh per year. Shared out among the whole population, that’s a power of 0.24 kWh per day per person.

So higher education and research seem to have a much lower energy cost than defensive war-gaming.

There may be other energy-consuming public services we could talk about, but at this point I’d like to wrap up our race between the red and green stacks.



The other column: what a war costs

A section added in the 2026 revision. This chapter opens with Eisenhower — every gun made is “a theft from those who hunger and are not fed” — and then counts defence as a pure cost, 4 kWh/d per person in Britain. That is one column of an account. The years since 2022 have supplied the other, and it belongs on the page for the same reason the first one does: it is measured in energy.


Ukraine

Before 2022 Ukraine had roughly 55 GW of installed generating capacity. By 2025 about 17.5 GW remained operational, and by February 2026 available capacity had fallen to around 11.5 GW — a loss of some 43.5 GW in four years of full-scale war, with the system running at roughly a third of its pre-invasion output.5

The detail is worse than the total. All fifteen of Ukraine’s thermal power stations have been damaged or destroyed, taking thermal generation from 23.5% of the mix to about 5%. Around half of its hydroelectric installations have been damaged and 40% destroyed, including the Kakhovka dam. Zaporizhzhia, the largest nuclear power station in Europe, has been forced offline by repeated strikes. In 2024 alone Ukraine lost about 9 GW, which is equivalent to a third of its pre-war consumption.

Set that beside this chapter’s British figure. Defence costs Britain 4 kWh/d per person. What Ukraine has lost is not a rate of expenditure but a stock: roughly four fifths of the machinery that made its electricity.



And the cost did not stay in Ukraine

Three chapters of this edition are already about the second-order effects, though none of them says so in these terms.

Chapter 13 records that about 70% of European ammonia capacity shut down by August 2022 when the gas price rose, because gas is up to 90% of the cost of making nitrogen fertilizer. Chapter 28a records German energy-intensive output settling at 82% of its 2021 level and staying there. Chapter N records the repricing of European gas that followed, and the strategic reserves drawn down since.

None of those appear in a defence budget. All of them are energy costs of a war.



What this does to the chapter

It does not make Eisenhower wrong. His argument is about opportunity cost in peacetime — what the same steel, laboratories and skilled hands could otherwise build — and that cost is real and is what MacKay’s 4 kWh/d measures.

But an account with a column for the cost of maintaining armed forces and no column for the cost of a war is incomplete, and this book is unusually well placed to say so, because both columns are denominated in the same units. Britain’s 4 kWh/d per person is a premium. Ukraine’s 43.5 GW is a claim. Whether the premium is priced correctly is not a question physics can answer, and this chapter does not attempt it. But the two numbers belong on the same page, and until now only one of them was.

There is a third column, in the other unit this book uses. Chapter 31 takes the same war and counts it in tonnes of carbon dioxide — 311 Mt CO2e over four years, of which the fighting itself is only 37% — and sets that beside what it would cost to take back out of the air.



The cost that is not in the account

And then there is the cost that this book cannot express at all.

Estimates of the human toll are contested, and the ranges are very wide. Ukraine’s government put its military dead at more than 46 000 in February 2025; an independent project identifying the dead by name had confirmed 96 821 by June 2026. Russian military deaths are estimated by independent Russian-language journalism at roughly 450 000 to 545 000, and by British and NATO assessments at around half a million killed within a far larger casualty total. The United Nations human rights office had verified 16 126 civilians killed and 46 590 wounded in Ukrainian-controlled areas by May 2026, and states plainly that the true figures are considerably higher.6

There is no honest way to put those numbers on a balance sheet denominated in kilowatt-hours, and it would be grotesque to try. That is worth saying explicitly rather than passing over, because it marks the boundary of the method this whole book rests on.

MacKay’s approach is deliberately narrow. It asks what the laws of physics permit and refuses to argue about anything else, and its great virtue — demonstrated across eighteen chapters — is that it settles questions that adjectives cannot. Chapter 18 records that the binding constraints on British energy have turned out to be prices, queues, permits and procurement cycles rather than joules. This is the strongest case of that same observation: the quantities that dominate the decision lie outside the account, and no amount of arithmetic inside it will reach them.

That is not a failure of the method. Knowing where a measurement stops is part of making it, and it is the thing MacKay insisted on more than any other.




The services MacKay left out

A section added in the 2026 revision. This chapter closes by saying “There may be other energy-consuming public services we could talk about, but at this point I’d like to wrap up our race between the red and green stacks.” Three of them are large. One can now be counted, two cannot, and trying to count them exposes a problem with the method this chapter uses.


Healthcare

The NHS estate in England consumed 11.1 billion kWh from all energy sources in 2023–24, which across the United Kingdom’s population is 0.44 kWh/d per person — nearly twice the universities’ 0.24, and the largest single public energy user in the country.7

Two things about that number matter more than its size.

Heating dominates it. Hot water and space heating account for about 80% of the NHS’s direct emissions. Chapter 7’s argument therefore applies to the health service more forcefully than to almost any other institution: the NHS is, energetically, a very large estate of buildings that must be kept warm, and its decarbonisation is a heat pump problem rather than a medical one.

And it is going the way chapter 15 describes. Estate emissions have fallen about 10% since 2019–20 and those from grid electricity by 21% — genuine progress. But scope 3, the supply chain, is roughly three quarters of the total footprint and has risen, so the NHS’s overall emissions have not fallen across five years. The pattern is the one chapter 15 identifies for the country as a whole: the part that is measured directly improves while the part that is bought in does not.



Police and local government: the numbers do not exist

There is no centralised national figure for the energy consumption of the police service in England and Wales. A decarbonisation programme was launched jointly by the Association of Police and Crime Commissioners, the National Police Chiefs’ Council and BlueLight Commercial, and individual forces publish fragments: the Metropolitan Police has 25 solar installations totalling 715 kWp, which generated about 487 MWh in 2021–22. Set against the NHS estate’s 11 100 000 MWh, that is a rounding error on a rounding error, and it is very nearly all that is publicly available.

Local government is the same. The government publishes total final energy consumption by local authority area, which counts everybody who lives and works there. What a council itself consumes — its offices, depots, leisure centres, vehicle fleets and the schools it maintains — is not collected centrally.

That is the third time this revision has run into a missing statistic, after the appliance-level breakdown withdrawn from the national energy accounts in chapter 9 and the absence of any figure for conventional hydro reservoir storage in chapter 8. A book of this kind depends on public statistics, and in places they are being withdrawn faster than they are being added.



The method does not survive the transfer

This is the part worth dwelling on, because it is a caution about the chapter rather than an addition to it.

MacKay’s defence figure comes from a rule of thumb: 6% of expenditure goes on energy, at 2.7p per kWh. Point that rule at the health service. NHS England’s budget is about £190 billion; 6% of it is £11.4 billion; at 2.7p per kWh that is 422 TWh — more than the entire United Kingdom’s annual electricity consumption, by half again.

The metered figure is 11.1 TWh. The heuristic overshoots by a factor of about forty.

Two separate things went wrong, and both are instructive.

The price is stale. 2.7p/kWh was an economy-wide average in 2008. At a blended public-sector rate nearer 15p, the same money buys a fifth as much energy — which takes the estimate to 76 TWh and still leaves it seven times too high.

And the 6% does not transfer. It is an economy-wide ratio, and it fits an activity that buys energy-intensive manufactured things — which defence does. Healthcare is labour-intensive: most of £190 billion is wages. At 11.1 TWh and roughly 15p, the NHS spends on the order of £1.7 billion on energy, under 1% of its budget, not 6%.

None of this makes the defence estimate wrong. It makes it what MacKay says it is — a crude bound, appropriate to an industry that manufactures. But it does mean the rule cannot simply be pointed at the rest of the public sector, and that the honest way to extend this chapter is to meter each service rather than to scale its budget. For one of the three services here that has been done. For the other two it has not.




Notes and further reading
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military energy budget. The UK budget can be found at [yttg7p]; defence gets £33.4 billion [fcqfw] and intelligence and counter-terrorism £2.5 billion per year [2e4fcs]. According to p14 of the Government’s Expenditure Plans 2007/08 [33x5kc], the “total resource budget” of the Department of Defence is a bigger sum, £39 billion, of which £33.5 billion goes for “provision of defence capability” and £6 billion for armed forces pay and pensions and war pensions. A breakdown of this budget can be found here: [35ab2c]. See also [yg5fsj], [yfgjna], and www.conscienceonline.org.uk. The US military’s energy consumption is published: “The Department of Defense is the largest single consumer of energy in the United States. In 2006, it spent $13.6 billion to buy 110 million barrels of petroleum fuel [roughly 190 billion kWh] and 3.8 billion kWh of electricity” (Dept. of Defense, 2008). This figure describes the direct use of fuel and electricity and doesn’t include the embodied energy in the military’s toys. Dividing by the US population of 300 million, it comes to 1.7 kWh/d per person.



The financial expenditure by the USA on manufacturing and deploying nuclear weapons from 1945 to 1996 was $5.5 trillion (in 1996 dollars). Source: Schwartz (1998).



Energy cost of plutonium production. [slbae].



The USA’s production of 994 tons of HEU… Material enriched to between 4% and 5% 235U is called low-enriched uranium (LEU). 90%-enriched uranium is called high-enriched uranium (HEU). It takes three times as much work to enrich uranium from its natural state to 5% LEU as it does to enrich LEU to 90% HEU. The nuclear power industry measures these energy requirements in a unit called the separative work unit (SWU). To produce a kilogram of 235U as HEU takes 232 SWU. To make 1 kg of 235U as LEU (in 22.7 kg of LEU) takes about 151 SWU. In both cases one starts from natural uranium (0.71% 235U) and discards depleted uranium containing 0.25% 235U. The commercial nuclear fuel market values an SWU at about $100. It takes about 100 000 SWU of enriched uranium to fuel a typical 1000 MW commercial nuclear reactor for a year. Two uranium enrichment methods are currently in commercial use: gaseous diffusion and gas centrifuge. The gaseous diffusion process consumes about 2500 kWh per SWU, while modern gas centrifuge plants require only about 50 kWh per SWU. [yh45h8], [t2948], [2ywzee]. A modern centrifuge produces about 3 SWU per year. The USA’s production of 994 tons of highly-enriched uranium (the USA’s total, 1945–1996) cost 230 million SWU, which works out to 0.1 kWh/d per person (assuming 250 million Americans, and using 2500 kWh/SWU as the cost of diffusion enrichment).



Figures for Ukraine’s generating capacity are drawn from International Energy Agency assessments of Ukraine’s energy security and from contemporaneous reporting: installed capacity of roughly 55 GW before the full-scale invasion, about 17.5 GW operational in 2025 and around 11.5 GW available by February 2026; approximately 64% of capacity destroyed or occupied as of September 2024; all fifteen thermal power stations damaged or destroyed, with thermal generation falling from 23.5% of the mix to around 5%; about half of hydroelectric installations damaged and 40% destroyed; roughly 9 GW lost during 2024, equivalent to a third of pre-war consumption; and the Zaporizhzhia nuclear plant forced offline. Three cautions. These are wartime figures, published under conditions that make independent verification difficult, and different sources use different baselines — installed, available and operational capacity are distinct quantities and are not always distinguished. “Destroyed or occupied” combines two very different situations: Zaporizhzhia is intact but not under Ukrainian control, while much thermal plant is physically wrecked. And capacity is not generation; some lost capacity had been idle before the war, and repairs have restored part of what was hit. The direction and the order of magnitude are not in dispute; individual figures should be expected to move.



Casualty estimates are from the compilation at https://en.wikipedia.org/wiki/Casualties_of_the_Russo-Ukrainian_war and the sources it cites: Ukrainian government figures of more than 46 000 military dead (February 2025); the UALosses project’s 96 821 confirmed by name (June 2026); a United States assessment of 57 500 or more Ukrainian military dead (October 2024); BBC News Russian and Mediazona’s count of roughly 447 900 to 545 267 Russian military dead (July 2026); a GCHQ estimate near 500 000 Russian dead (May 2026) and a NATO estimate of 1.3–1.45 million Russian casualties including about 500 000 killed (June 2026); and the UN Office of the High Commissioner for Human Rights’ verified 16 126 civilians killed and 46 590 wounded in Ukrainian-controlled areas (May 2026). These figures should be treated with more caution than anything else in this book. They are produced during an ongoing war by parties with an interest in the result, on incompatible methodologies, with restricted access to primary records; the spread between estimates of Russian military dead alone exceeds 200 000. OHCHR’s verified civilian count is a floor, not an estimate, and excludes Russian-controlled territory entirely, where Ukrainian officials have suggested the figure may be far higher. No figure here should be quoted without its source and date.



Total energy consumption of the NHS estate in England, 11.1 billion kWh from all sources in 2023–24, is from the Estates Returns Information Collection (ERIC) published by NHS England Digital, which also puts the total cost of running the estate at £13.6 billion. Note the boundary: ERIC covers the estate of NHS trusts in England, while the per-person figure here divides by the population of the whole United Kingdom, so it understates the English rate and is not a UK total; a proper UK figure would need the devolved health services added. Emissions figures — healthcare at roughly 4–5% of UK greenhouse gas emissions and about 40% of public-sector emissions in England, heating and hot water at about 80% of direct emissions, estates emissions down about 10% and grid-electricity emissions down 21% since 2019–20, and scope 3 at roughly three quarters of the total and rising — are from the Greener NHS five-year assessment and associated literature. Metropolitan Police solar figures, 25 installations of 715 kWp generating about 487 MWh in 2021–22, are from a London Assembly answer. The comparison with MacKay’s heuristic uses an NHS England budget of about £190 billion and a blended public-sector energy price near 15p/kWh; both are round figures chosen to make an order-of-magnitude point, and neither is a published statistic.





18 Can we live on renewables?
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Figure 18.1. The state of play after we added up all the traditional renewables.

The red stack in figure 18.1 adds up to 195 kWh per day per person. The green stack adds up to about 180 kWh/d/p. A close race! But please remember: in calculating our production stack we threw all economic, social, and environmental constraints to the wind. Also, some of our green contributors are probably incompatible with each other: our photovoltaic panels and hot-water panels would clash with each other on roofs; and our solar photovoltaic farms using 5% of the country might compete with the energy crops with which we covered 75% of the country. If we were to lose just one of our bigger green contributors – for example, if we decided that deep offshore wind is not an option, or that panelling 5% of the country with photovoltaics at a cost of £200 000 per person is not on – then the production stack would no longer match the consumption stack.

Furthermore, even if our red consumption stack were lower than our green production stack, it would not necessarily mean our energy sums are adding up. You can’t power a TV with cat food, nor can you feed a cat from a wind turbine. Energy exists in different forms – chemical, electrical, kinetic, and heat, for example. For a sustainable energy plan to add up, we need both the forms and amounts of energy consumption and production to match up. Converting energy from one form to another – from chemical to electrical, as at a fossil-fuel power station, or from electrical to chemical, as in a factory making hydrogen from water – usually involves substantial losses of useful energy. We will come back to this important detail in Chapter 27, which will describe some energy plans that do add up.

Here we’ll reflect on our estimates of consumption and production, compare them with official averages and with other people’s estimates, and discuss how much power renewables could plausibly deliver in a country like Britain.

The questions we’ll address in this chapter are:


	Is the size of the red stack roughly correct? What is the average consumption of Britain? We’ll look at the official energy-consumption numbers for Britain and a few other countries.

	Have I been unfair to renewables, underestimating their potential? We’ll compare the estimates in the green stack with estimates published by organizations such as the Sustainable Development Commission, the Institution of Electrical Engineers, and the Centre for Alternative Technology.

	What happens to the green stack when we take into account social and economic constraints?
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Figure 18.2. Energy consumption, broken down by end use, according to the Department for Trade and Industry.


Red reflections

Our estimate of a typical affluent person’s consumption (figure 18.1) has reached 195 kWh per day. It is indeed true that many people use this much energy, and that many more aspire to such levels of consumption. The average American consumes about 250 kWh per day. If we all raised our standard of consumption to an average American level, the green production stack would definitely be dwarfed by the red consumption stack.

What about the average European and the average Brit? Average European consumption of “primary energy” (which means the energy contained in raw fuels, plus wind and hydroelectricity) is about 125 kWh per day per person. The UK average is also 125 kWh per day per person. 1

These official averages do not include two energy flows. First, the “embedded energy” in imported stuff (the energy expended in making the stuff) is not included at all. We estimated in Chapter 15 that the embedded energy in imported stuff is at least 40 kWh/d per person. Second, the official estimates of “primary energy consumption” include only industrial energy flows – things like fossil fuels and hydroelectricity – and don’t keep track of the natural embedded energy in food: energy that was originally harnessed by photosynthesis.

Another difference between the red stack we slapped together and the national total is that in most of the consumption chapters so far we tended to ignore the energy lost in converting energy from one form to another, and in transporting energy around. For example, the “car” estimate in Part I covered only the energy in the petrol, not the energy used at the oil refinery that makes the petrol, nor the energy used in trundling the oil and petrol from A to B. The national total accounts for all the energy, before any conversion losses. Conversion losses in fact account for about 22% of total national energy consumption. Most of these conversion losses happen at power stations. Losses in the electricity transmission network chuck away 1% of total national energy consumption. 2

When building our red stack, we tried to imagine how much energy a typical affluent person uses. Has this approach biased our perception of the importance of different activities? Let’s look at some official numbers. Figure 18.2 shows the breakdown of energy consumption by end use. The top two categories are transport and heating (hot air and hot water). Those two categories also dominated the red stack in Part I. Good.




	Mode
	Fuel
	kWh/d per person





	Road transport
	Petroleum
	22.5



	Railways
	Petroleum
	0.4



	Water transport
	Petroleum
	1.0



	Aviation
	Petroleum
	7.4



	All modes
	Electricity
	0.4



	All energy used by transport
	
	31.6





Table 18.3. 2006 breakdown of energy consumption by transport mode, in kWh/d per person. Source: Dept. for Transport (2007).
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Figure 18.4. Power consumption per capita, versus GDP per capita, in purchasing-power-parity US dollars. Squares show countries having “high human development;” circles, “medium” or “low.” Figure 30.1 shows the same data on logarithmic scales. 3

Let’s look more closely at transport. In our red stack, we found that the energy footprints of driving a car 50 km per day and of flying to Cape Town once per year are roughly equal. Table 18.3 shows the relative importances of the different transport modes in the national balance-sheet. In the national averages, aviation is smaller than road transport.

How do Britain’s official consumption figures compare with those of other countries? Figure 18.4 shows the power consumptions of lots of countries or regions, versus their gross domestic products (GDPs). There’s an evident correlation between power consumption and GDP: the higher a country’s GDP (per capita), the more power it consumes per capita. The UK is a fairly typical high-GDP country, surrounded by Germany, France, Japan, Austria, Ireland, Switzerland, and Denmark. The only notable exception to the rule “big GDP implies big power consumption” is Hong Kong. Hong Kong’s GDP per capita is about the same as Britain’s, but Hong Kong’s power consumption is about 80 kWh/d/p.


(Figure omitted from this edition: third-party rights.)



Figure 18.5. Hong Kong. Photo by Samuel Louie and Carol Spears.

The message I take from these country comparisons is that the UK is a fairly typical European country, and therefore provides a good case study for asking the question “How can a country with a high quality of life get its energy sustainably?”



Green reflections

People often say that Britain has plenty of renewables. Have I been mean to green? Are my numbers a load of rubbish? Have I underestimated sustainable production? Let’s compare my green numbers first with several estimates found in the Sustainable Development Commission’s publication The role of nuclear power in a low carbon economy. Reducing CO2 emissions – nuclear and the alternatives. Remarkably, even though the Sustainable Development Commission’s take on sustainable resources is very positive (“We have huge tidal, wave, biomass and solar resources”), all the estimates in the Sustainable Development Commission’s document are smaller than mine! (To be precise, all the estimates of the renewables total are smaller than my total.) The Sustainable Development Commission’s publication gives estimates from four sources detailed below (IEE, Tyndall, IAG, and PIU). Figure 18.6 shows my estimates alongside numbers from these four sources and numbers from the Centre for Alternative Technology (CAT). Here’s a description of each source.


	IEE The Institute of Electrical Engineers published a report on renewable energy in 2002 – a summary of possible contributions from renewables in the UK. The second column of figure 18.6 shows the “technical potential” of a variety of renewable technologies for UK electricity generation – “an upper limit that is unlikely ever to be exceeded even with quite dramatic changes in the structure of our society and economy.” According to the IEE, the total of all renewables’ technical potential is about 27 kWh/d per person.

	Tyndall The Tyndall Centre’s estimate of the total practicable renewable energy resource is 15 kWh per day per person.

	IAG The Interdepartmental Analysts Group’s estimates of renewables, take into account economic constraints. Their total practical and economical resource (at a retail price of 7p/kWh) is 12 kWh per day per person.

	PIU The “PIU” column shows the “indicative resource potential for renewable electricity generation options” from the DTI’s contribution to the PIU review in 2001. For each technology I show their “practical maximum,” or, if no practical maximum was given, their “theoretical maximum.”

	CAT The final column shows the numbers from the Centre for Alternative Technology’s “Island Britain” plan Helweg-Larsen and Bull (2007).
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Figure 18.6. Estimates of theoretical or practical renewable resources in the UK, by the Institute of Electrical Engineers, the Tyndall Centre, the Interdepartmental Analysts Group, and the Performance and Innovation Unit; and the proposals from the Centre for Alternative Technology’s “Island Britain” plan for 2027.


Bio-powered Europe

Sometimes people ask me “surely we used to live on renewables just fine, before the Industrial Revolution?” Yes, but don’t forget that two things were different then: lifestyles, and population densities.

Turning the clock back more than 400 years, Europe lived almost entirely on sustainable sources: mainly wood and crops, augmented by a little wind power, tidal power, and water power. It’s been estimated that the average person’s lifestyle consumed a power of 20 kWh per day. 4 The wood used per person was 4 kg per day, which required 1 hectare (10 000 m2) of forest per person. The area of land per person in Europe in the 1700s was 52 000 m2. In the regions with highest population density, the area per person was 17 500 m2 of arable land, pastures, and woods. Today the area of Britain per person is just 4000 m2, so even if we reverted to the lifestyle of the Middle Ages and completely forested the country, we could no longer live sustainably here. Our population density is far too high.




Green ambitions meet social reality

Figure 18.7 is bleak news. Yes, technically, Britain has “huge” renewables. But realistically, I don’t think Britain can live on its own renewables – at least not the way we currently live. I am partly driven to this conclusion by the chorus of opposition that greets any major renewable energy proposal. People love renewable energy, unless it is bigger than a figleaf. If the British are good at one thing, it’s saying “no.”




	
Wind farms?

	
“No, they’re ugly noisy things.”




	
Solar panels on roofs?

	
“No, they would spoil the visual amenity
 of the street.”




	
More forestry?

	
“No, it ruins the countryside.”




	
Waste incineration?

	
“No, I’m worried about health risks, traffic
 congestion, dust and noise.”




	
Hydroelectricity?

	
“Yes, but not big hydro – that harms the
 environment.”




	
Offshore wind?

	
“No, I’m more worried about the ugly
 powerlines coming ashore than I was
 about a Nazi invasion.” 5




	
Wave or geothermal power?

	
“No, far too expensive.”
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Figure 18.7. The state of play after we add up all the traditional renewables, and then have a public consultation.
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After the public consultation. I fear the maximum Britain would ever get from renewables is in the ballpark of 18kWh/d per person. (The left-hand consumption number, 125kWh/d per person, by the way, is the average British consumption, excluding imports, and ignoring solar energy acquired through food production.)
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Figure18.8. Where the wild things are. One of the grounds for objecting to wind farms is the noise they produce. I’ve chopped out of this map of the British mainland a 2-km-radius exclusion zone surrounding every hamlet, village, and town. These white areas would presumably be excluded from wind-farm development. The remaining black areas would perhaps also be largely excluded because of the need to protect tranquil places from industrialization. Settlement data from www.openstreetmap.org.

After all these objections, I fear that the maximum Britain would ever get from renewables would be something like what’s shown in the bottom right of figure 18.7.

Figure 18.8 offers guidance to anyone trying to erect wind farms in Britain. On a map of the British mainland I’ve shown in white a 2-km radius exclusion zone surrounding every hamlet, village, and town. These white areas would presumably be excluded from wind-farm development because they are too close to the humans. I’ve coloured in black all regions

[image: Figure18.9]

Figure18.9. Production of renewables and nuclear energy in the UK in 2006. All powers are expressed per-person, as usual. The breakdown of the renewables on the right hand side is scaled up 100-fold vertically.

[image: British low-carbon electricity per person in 2006 and 2025, stacked: nuclear falls from 3.40 to 1.44 kWh/d while wind rises from 0.19 to 3.49 and solar from nothing to 0.80, taking the total from 4.18 to 7.55.]

Figure 18.9b. The same picture in 2025. Added in the 2026 revision. MacKay had to scale the renewable half of figure 18.9 a hundredfold to make it visible. It no longer needs scaling — but nuclear more than halved over the same period, so the low-carbon total rose by less than the renewable part alone.6

that are more than 2 km from any human settlement. These areas are largely excluded from wind-farm development because they are tranquil, and it’s essential to protect tranquil places from industrialization. If you want to avoid objections to your wind farm, pick any piece of land that is not coloured black or white.


Some of these environmentalists who have good hearts but confused minds are almost a barrier to tackling climate change.

Malcolm Wicks, Minister of State for Energy



We are drawing to the close of Part I. The assumption was that we want to get off fossil fuels, for one or more of the reasons listed in Chapter 1 – climate change, security of supply, and so forth. Figure 18.9 shows how much power we currently get from renewables and nuclear. They amount to just 4% of our total power consumption.

The two conclusions we can draw from Part I are:


	To make a difference, renewable facilities have to be country-sized.



For any renewable facility to make a contribution comparable to our current consumption, it has to be country-sized. To get a big contribution from wind, we used wind farms with the area of Wales. To get a big contribution from solar photovoltaics, we required half the area of Wales. To get a big contribution from waves, we imagined wave farms covering 500 km of coastline. To make energy crops with a big contribution, we took 75% of the whole country.

Renewable facilities have to be country-sized because all renewables are so diffuse. Table 18.10 summarizes most of the powers-per-unit-area that we encountered in Part I.

To sustain Britain’s lifestyle on its renewables alone would be very difficult. A renewable-based energy solution will necessarily be large and intrusive.


	It’s not going to be easy to make a plan that adds up using renewables alone. If we are serious about getting off fossil fuels, Brits are going to have to learn to start saying “yes” to something. Indeed to several somethings.



In Part II I’ll ask, “assuming that we can’t get production from renewables to add up to our current consumption, what are the other options?”




	Source
	Power per unit land or water area





	Wind
	2 W/m2



	Offshore wind
	3 W/m2



	Tidal pools
	3 W/m2



	Tidal stream
	6 W/m2



	Solar PV panels
	5-20 W/m2



	Plants
	0.5 W/m2



	Rain-water (highlands)
	0.24 W/m2



	Hydroelectric facility
	11 W/m2



	Geothermal
	0.017 W/m2





Table 18.10. Renewable facilities have to be country-sized because all renewables are so diffuse.



The balance sheet, eighteen years on

A section added in the 2026 revision. This chapter is where the two stacks are set against each other, so it is where the revisions made throughout this edition should be totalled.

[image: Four stacked bars: consumption of 192 kWh/d in MacKay's 2008 accounting against 161 in the 2026 revision, and production of 136 kWh/d as MacKay's maximum-conceivable ceiling against 4 actually generated in Britain in 2025.]

Figure 18.10. The balance sheet, 2008 and 2026. Added in the 2026 revision. Consumption is a typical affluent person’s use, revised chapter by chapter through this edition. Production sets MacKay’s maximum-conceivable ceilings beside what Britain actually generated in 2025. The two halves are not the same accounting, and the gap between the third and fourth columns is a measure of distance from a physical limit, not a shortfall against a plan.7


What actually happened to British consumption

MacKay puts the official United Kingdom average at 125 kWh/d per person of primary energy, against the 195 kWh/d he builds for a typical affluent individual.

The Energy Institute’s series gives British total energy supply as 9.19 EJ in 2008 and 6.29 EJ in 2025. Across the populations of those years that is a fall from about 114 to 70 kWh per day per person — roughly 39%, on a slightly different boundary from the figure MacKay quotes but the same quantity.8

Nothing in this book predicted that. It is the largest single change in the eighteen years, and it happened without anyone living in a cave.

The obvious objection is that Britain simply got poorer. It did not, and the relationship is worth looking at directly.

[image: Six countries traced from 1990 to 2025 with income on the horizontal axis and energy per person on the vertical. The five rich countries all move rightwards and downwards; China moves rightwards and steeply upwards from 18 to 87 kWh per day.]

Figure 18.11. Energy per person against income per person, 1990 to 2025. Read across the countries at any one moment and the relationship is the one chapter L is about: nobody is rich on little energy. What matters here is the path each country has traced. Britain’s runs down and to the right — 120 kWh/d to 69 while income rose by three fifths — and every other rich country’s does the same, more gently. Only China’s goes up, which is what industrialising looks like from the inside.9

[image: The same six paths with only fossil energy counted. Britain falls from 110 to 54 kWh per day, France from 77 to 46, and the United States from 214 to 171.]

Figure 18.12. The same paths with only the fossil part counted. It falls further than total energy, because some of what replaced it was low-carbon electricity: Britain drops by 51% here against 43% in figure 18.11. France sits lowest of the rich countries for the reason chapter 24 gives. Even China’s fossil path, still rising, rises by less than its total.

So the fall is real decoupling, not impoverishment. But chapter 15 supplies the half of the explanation that these charts cannot show. A territorial energy statistic falls when a smelter closes and its output is imported, and it falls exactly as convincingly as when a house is insulated. Britain’s steel production is the lowest since the 1930s, two of six refineries have closed since 2019, and the imported share of the national carbon footprint has risen from 34% to about 61%. Some of the downward movement in these charts is efficiency, some is cleaner supply, and some is that the making of things left the country. The three are indistinguishable on this axis, which is why chapter 15 goes to the trouble of separating them.

There is one instrument built for exactly this separation, and chapter L describes it: ODEX, the energy-efficiency index of the ODYSSEE-MURE project. It is climate-corrected and, more importantly, it measures technical efficiency at sector level rather than energy per unit of output, so a country that closes a smelter does not thereby appear to have become efficient. Across the EU it improved 1.4% a year between 2010 and 2023, 16% in total, with households, industry and services all near 1.6% a year and accelerating past 2.2% after 2019, while transport lagged at 0.9%.

Those are real efficiency gains, and they are considerably smaller than the fall in consumption. A 16% efficiency improvement does not produce a 39% fall in energy use. The remainder is structure — what a country makes, buys and imports — which is the subject of chapter 15 and not of this book’s method.



The red stack, revised

Where this edition has changed a consumption figure, it is because the underlying assumption was wrong or the technology moved:










	Chapter
	MacKay
	This edition
	Why





	7 Heating and cooling
	37
	13
	heat pump instead of combustion



	9 Light
	4
	under 1
	LED, at twenty times the efficacy



	13 Food and farming
	12
	7
	his meat assumption was 2.2 times the measured average



	11a Data centres
	—
	0.5
	a load that did not exist



	17 Public services
	4.2
	4.7
	the NHS estate, now metered





Cars at 40, planes at 30, gadgets at 5 and stuff at 48 plus 12 for transport are unchanged. The total falls from about 192 to about 161 kWh/d — a reduction of roughly a sixth, achieved almost entirely by two machines: the heat pump and the light-emitting diode.

Note what that does not include. The single largest item, 48 kWh/d for making stuff, is untouched, because chapter 15 finds no evidence it has fallen — only that its carbon has, and that much of its energy is now spent abroad.



The green stack, against what was built

The production chapters are different in kind, because MacKay’s figures there are deliberate upper bounds rather than estimates. Setting them beside what Britain actually generated in 2025 is therefore not a scorecard but a measure of the distance:




	Chapter
	MacKay’s ceiling
	Britain, 2025





	4 Wind, onshore
	20
	(combined below)



	10 Offshore wind
	48
	wind, all: 3.49



	6 Solar
	50
	0.80



	8 Hydro
	1.5
	0.20



	12 Wave
	4
	~0



	14 Tide
	11
	0.004



	16 Geothermal
	2
	0.13, in Southampton only



	Total
	136
	4.5





Britain generates about 3% of the renewable resource this book sizes. Adding nuclear’s 1.44 kWh/d brings all low-carbon electricity to 5.9 kWh/d per person.



What the two columns mean together

Put beside each other the tables say something MacKay’s own conclusion anticipated and this edition can now quantify.

Consumption fell by more than production rose. British energy use per person is down about 39%; renewable generation, from a base of almost nothing, has reached about 4.5 kWh/d. The red stack moved further than the green one, and it moved for reasons — efficiency, prices, deindustrialisation — that were not the subject of this book.

And the ceilings were never the binding constraint. Britain has built 3% of the resource that physics permits. The section above sets out what has actually been binding: a price ratio, a queue, a permit, a procurement cycle, a contract expiry. Not one chapter of this revision found a case where Britain had reached a physical limit MacKay identified. Chapter 12’s wave machines came closest, and they failed on engineering rather than on resource.

MacKay’s answer to this chapter’s question was that Britain cannot live on its own renewables the way we currently live. Eighteen years later the second half of that sentence has done more work than the first: the way we live changed by a sixth to a third depending on what you count, while the renewables reached a thirtieth of their ceiling. The arithmetic held. It was the assumption that the arithmetic would be the difficult part that did not.




The constraint moved

A section added in the 2026 revision. MacKay closes this chapter with “green ambitions meet social reality” and a list of objections: wind farms are ugly, solar spoils the street, tidal barrages harm birds. He is identifying something real, and he names one instance of it — planning opposition. Eighteen years later the pattern is broader and more specific than a chorus of no, and it has appeared in almost every chapter this edition has revisited.

In each case the technology worked, the physics held, and something else stopped it.

The first is a price ratio. Chapter 7: a heat pump moves three to five times more heat than a boiler makes, and still costs more to run in Britain, because a British household pays about 3.6 times as much for a kilowatt-hour of electricity as for one of gas. Sweden’s ratio is 1.3, and Sweden’s heat pumps are everywhere. The physics is identical in both countries.

The second is a queue. Chapter 11a: houses in west London could not be connected because data centres had taken the capacity, and a data centre turning a kilowatt-hour into eighty kronor of revenue outbids a house that turns it into nothing. No price signal produced that outcome. A connection queue did.

The third is a permit. Chapter 13: spraying from drones cuts herbicide by up to a third, and applying pesticide from a drone is prohibited in Britain under a rule written for crop-dusting aircraft, decades before the machine existed.

The fourth is a procurement cycle. Chapter 9: LED street lighting was technically ready around 2012 and is roughly half done, because it is not a four-pound bulb but twenty-nine separate council capital programmes, each with its own budget and borrowing constraint.

The fifth is a contract’s expiry. Chapter 28a: Germany is dismantling the subsidy that built its renewables not because anyone concluded it was wrong, but because an EU state-aid approval expires on 31 December 2026.

And the counter-example proves the rule. Chapter 9’s light bulb met none of these and completed almost totally inside a decade: a few pounds, screws into the fitting already there, no installer, no survey, no wet system, no cylinder, no permit, no favourable ratio between two fuel prices. The transitions that finish are the ones that fit the socket already in the wall.


What this does to the method

None of this invalidates the arithmetic, and it is important to say so plainly. MacKay’s ceilings are real and several have held exactly. The wind resource is what it is; 40 kW per metre of Atlantic coastline is a fact of physics; plants will not exceed about 0.5 W/m2 in Britain whatever anyone legislates. Chapter 12’s wave machines failed for reasons of engineering and survival at sea, not permits. Chapter 8’s hydro is bounded by rainfall and altitude, and Britain’s figure has not moved in eighteen years.

But this chapter asks “can we live on renewables?”, and for Britain the binding question has largely stopped being can we. Chapter 6’s solar was built at a scale MacKay called beyond the bounds of plausibility. Chapter 10’s offshore wind reached half the plan he quotes as derided. Chapter 9’s lighting is solved. Chapter 7’s heat pumps work, and work best in the countries that price electricity sensibly against gas.

The question that now binds is whether the system will let us, and it is denominated in queues, tariffs, permits and budget cycles rather than in kilowatt-hours.

That is not a criticism of the method. It is a consequence of its success. Once the arithmetic has established what the physics permits — which was this book’s purpose, and which it achieved — everything that remains is the everything else. MacKay saw the beginning of it and called it social reality. The years since suggest it has grown large enough to deserve a balance sheet of its own, kept in the same spirit: numbers, not adjectives.




Notes and further reading











UK average energy consumption is 125 kWh per day per person. I took this number from the UNDP Human Development Report, 2007. The DTI (now known as DBERR) publishes a Digest of United Kingdom Energy Statistics every year. [uzek2]. In 2006, according to DUKES, total primary energy demand was 244 million tons of oil equivalent, which corresponds to 130 kWh per day per person. I don’t know the reason for the small difference between the UNDP number and the DUKES number, but I can explain why I chose the slightly lower number. As I mentioned in chapter 2, DUKES uses the same energy-summing convention as me, declaring one kWh of chemical energy to be equal to one kWh of electricity. But there’s one minor exception: DUKES defines the “primary energy” produced in nuclear power stations to be the thermal energy, which in 2006 was 9 kWh/d/p; this was converted (with 38% efficiency) to 3.4 kWh/d/p of supplied electricity; in my accounts, I’ve focused on the electricity produced by hydroelectricity, other renewables, and nuclear power; this small switch in convention reduces the nuclear contribution by about 5 kWh/d/p.



Losses in the electricity transmission network chuck away 1% of total national energy consumption. To put it another way, the losses are 8% of the electricity generated. This 8% loss can be broken down: roughly 1.5% is lost in the long-distance high-voltage system, and 6% in the local public supply system. Source: MacLeay et al. (2007).



Figure 18.4. Data from UNDP Human Development Report, 2007. [3av4s9]



In the Middle Ages, the average person’s lifestyle consumed a power of 20 kWh per day. Source: Malanima (2006).



“I’m more worried about the ugly powerlines coming ashore than I was about a Nazi invasion.” Source: [6frj55].



Figure 18.9b is generated by the ukLowCarbon step of this edition’s data-refresh script and figures/uk_low_carbon.py, from the Energy Institute’s Statistical Review of World Energy 2026, divided by populations of 60.8 million for 2006 and 68.4 million for 2025. Generation in TWh: wind 4.2 to 87.1, solar nil to 20.0, hydroelectricity 4.6 to 5.1, biomass 8.5 to 40.5, nuclear 75.5 to 35.9. Two cautions. Biomass is counted here as low-carbon because that is how the British accounts treat it, and chapter 6 records why that convention is disputed — most of it is imported wood pellets, which chapter M puts at an energy return of 1.6. And this is generation, not capacity or consumption; net imports across the interconnectors are excluded, and chapter 25 records that they are material and rising.



Figure 18.10 is generated by the stacks step in this edition’s data-refresh script. Consumption columns take the per-person figure each chapter arrives at: unchanged for cars, planes, gadgets, stuff, its transport, defence and universities, and revised for heating and cooling (37 to 13), light (4 to under 1) and food and farming (12 to 7), with data centres and the NHS estate added. Production ceilings are MacKay’s own maximum-conceivable figures from chapters 4, 6, 8, 10, 12, 14 and 16; the 2025 column is Energy Institute generation for the United Kingdom divided by 68.4 million — wind 87.1 TWh, solar 20.0, hydro 5.1 — with tidal at the 28 MW contracted in AR6 and wave below the resolution of the series. Three cautions. The consumption columns describe an individual’s delivered energy while the national figures quoted in the text are primary energy, so the two are not interchangeable. The production ceilings are bounds MacKay states are not forecasts. And the ceiling column omits biomass and solar hot water, which he also stacks, so it is a subset chosen to match the chapters this edition revisited rather than his full green stack.



United Kingdom total energy supply of 9.19 EJ in 2008 and 6.29 EJ in 2025 is from the Energy Institute’s Statistical Review of World Energy 2026, converted at 1 EJ = 2.778 × 10^11 kWh and divided by populations of 61.4 and 68.4 million. That gives 114 and 70 kWh/d per person, against the 125 kWh/d MacKay quotes for 2008 — the difference is boundary and source, and the fall of about 39% is the robust part rather than either endpoint. Generation figures in the green table are 2025 from the same source: wind 87.1 TWh, solar 20.0, hydro 5.1, nuclear 35.9, divided by 68.4 million. Wave and tidal are below the resolution of the series. Two cautions on the comparison. The red-stack entries are delivered energy for an individual, while total energy supply is primary energy for the nation, so the two columns of the first table and the national figure are not the same accounting and should not be summed together. And the green ceilings are maximum-conceivable bounds that MacKay states explicitly are not forecasts, so the 3% is a measure of how far Britain is from a physical limit, not a report card on policy.



Figures 18.11 and 18.12 are generated by the energyVsGdp step in this edition’s data-refresh script from two Our World in Data charts — Energy use per person vs. GDP per capita and Per capita fossil energy vs. GDP — whose underlying series are total energy supply per person from the Energy Institute’s Statistical Review of World Energy 2026 and GDP per person at purchasing-power parity in constant 2021 international dollars, compiled by Our World in Data from Eurostat, the OECD, the IMF and the World Bank. Energy is converted from the annual per-person total to kWh per day. Income is on a logarithmic axis because China’s spans fifteenfold over the period while the rich countries’ span less than two. The boundary is total energy supply, the same one the note above uses, which is why Britain begins figure 18.11 at 120 kWh/d rather than the 125 MacKay quotes; the difference is accounting, not disagreement. One trap for anyone re-running this: the fossil chart’s download is served in MWh per person while its metadata declares kWh, so the two series need different conversions to reach the same units.





19 Every BIG helps


(Figure omitted from this edition: third-party rights.)



Figure 19.1. Reproduced by kind permission of PRIVATE EYE / Robert Thompson www.private-eye.co.uk.

We’ve established that the UK’s present lifestyle can’t be sustained on the UK’s own renewables (except with the industrialization of country-sized areas of land and sea). So, what are our options, if we wish to get off fossil fuels and live sustainably? We can balance the energy budget either by reducing demand, or by increasing supply, or, of course, by doing both.

Have no illusions. To achieve our goal of getting off fossil fuels, these reductions in demand and increases in supply must be big. Don’t be distracted by the myth that “every little helps.” If everyone does a little, we’ll achieve only a little. We must do a lot. What’s required are big changes in demand and in supply.

“But surely, if 60 million people all do a little, it’ll add up to a lot?” No. This “if-everyone” multiplying machine is just a way of making something small sound big. The “if-everyone” multiplying machine churns out inspirational statements of the form “if everyone did X, then it would provide enough energy/water/gas to do Y,” where Y sounds impressive. Is it surprising that Y sounds big? Of course not. We got Y by multiplying X by the number of people involved – 60 million or so! Here’s an example from the Conservative Party’s otherwise straight-talking Blueprint for a Green Economy:


“The mobile phone charger averages around … 1W consumption, but if every one of the country’s 25 million mobile phones chargers were left plugged in and switched on they would consume enough electricity (219GWh) to power 66 000 homes for one year.”



66 000? Wow, what a lot of homes! Switch off the chargers! 66 000 sounds a lot, but the sensible thing to compare it with is the total number of homes that we’re imagining would participate in this feat of conservation, namely 25 million homes. 66 000 is just one quarter of one percent of 25 million. So while the statement quoted above is true, I think a calmer way to put it is:


If you leave your mobile phone charger plugged in, it uses one quarter of one percent of your home’s electricity.



And if everyone does it?


If everyone leaves their mobile phone charger plugged in, those chargers will use one quarter of one percent of their homes’ electricity.




While the footprint of each individual cannot be reduced to zero, the absence of an individual does do so.

Chris Rapley, former Director of the British Antarctic Survey




We need fewer people, not greener ones.

Daily Telegraph, 24 July 2007




Democracy cannot survive overpopulation. Human dignity cannot survive overpopulation.

Isaac Asimov



[image: Figure 19.2]

Figure 19.2. Population growth and emissions… Cartoon courtesy of Colin Wheeler.

The “if-everyone” multiplying machine is a bad thing because it deflects people’s attention towards 25million minnows instead of 25million sharks. The mantra “Little changes can make a big difference” is bunkum, when applied to climate change and power. It may be true that “many people doing a little adds up to a lot,” if all those “littles” are somehow focused into a single “lot” – for example, if one million people donate £10 to one accident victim, then the victim receives £10 million. That’s a lot. But power is a very different thing. We all use power. So to achieve a “big difference” in total power consumption, you need almost everyone to make a “big” difference to their own power consumption.

So, what’s required are big changes in demand and in supply. Demand for power could be reduced in three ways:


	by reducing our population (figure 19.2);

	by changing our lifestyle;

	by keeping our lifestyle, but reducing its energy intensity through “efficiency” and “technology.”



Supply could be increased in three ways:


	We could get off fossil fuels by investing in “clean coal” technology. Oops! Coal is a fossil fuel. Well, never mind – let’s take a look at this idea. If we used coal “sustainably” (a notion we’ll define in a moment), how much power could it offer? If we don’t care about sustainability and just want “security of supply,” could coal offer that?

	We could invest in nuclear fission. Is current nuclear technology “sustainable”? Is it at least a stop-gap that might last for 100 years?

	We could buy, beg, or steal renewable energy from other countries – bearing in mind that most countries will be in the same boat as Britain and will have no renewable energy to spare; and also bearing in mind that sourcing renewable energy from another country doesn’t magically shrink the renewable power facilities required. If we import renewable energy from other countries in order to avoid building renewable facilities the size of Wales in our country, someone will have to build facilities roughly the size of Wales in those other countries.



The next seven chapters discuss first how to reduce demand substantially, and second how to increase supply to meet that reduced, but still “huge,” demand. In these chapters, I won’t mention all the good ideas. I’ll discuss just the big ideas.


Cartoon Britain

To simplify and streamline our discussion of demand reduction, I propose to work with a cartoon of British energy consumption, omitting lots of details in order to focus on the big picture. My cartoon-Britain consumes energy in just three forms: heating, transport, and electricity. The heating consumption of cartoon-Britain is 40 kWh per day per person (currently all supplied by fossil fuels); the transport consumption is also 40 kWh per day per person (currently all supplied by fossil fuels); and the electricity consumption is 18 kWh(e) per day per person; the electricity is currently almost all generated from fossil fuels; the conversion of fossil-fuel energy to electricity is 40% efficient, so supplying 18 kWh(e) of electricity in today’s cartoon-Britain requires a fossil-fuel input of 45 kWh per day per person. This simplification ignores some fairly sizeable details, such as agriculture and industry, and the embodied energy of imported goods! But I’d like to be able to have a quick conversation about the main things we need to do to get off fossil fuels. Heating, transport, and electricity account for more than half of our energy consumption, so if we can come up with a plan that delivers heating, transport, and electricity sustainably, then we have made a good step on the way to a more detailed plan that adds up.

[image: Figure 19.3]

Figure 19.3. Current consumption in “cartoon-Britain 2008.”

Having adopted this cartoon of Britain, our discussions of demand reduction will have just three bits. First, how can we reduce transport’s energy-demand and eliminate all fossil fuel use for transport? This is the topic of Chapter 20. Second, how can we reduce heating’s energy-demand and eliminate all fossil fuel use for heating? This is the topic of Chapter 21. Third, what about electricity? Chapter 22 discusses efficiency in electricity consumption.

Three supply options – clean coal, nuclear, and other people’s renewables – are then discussed in Chapters 23, 24, and 25. Finally, Chapter 26 discusses how to cope with fluctuations in demand and fluctuations in renewable power production.

Having laid out the demand-reducing and supply-increasing options, Chapters 27 and 28 discuss various ways to put these options together to make plans that add up, in order to supply cartoon-Britain’s transport, heating, and electricity.

I could spend many pages discussing “50 things you can do to make a difference,” but I think this cartoon approach, chasing the three biggest fish, should lead to more effective policies.

But what about “stuff”? According to Part I, the embodied energy in imported stuff might be the biggest fish of all! Yes, perhaps that fish is the mammoth in the room. But let’s leave defossilizing that mammoth to one side, and focus on the animals over which we have direct control.

So, here we go: let’s talk about transport, heating, and electricity.



Cartoon Britain, eighteen years on

A section added in the 2026 revision. MacKay’s cartoon has three legs — heating at 40 kWh/d per person, transport at 40, and electricity at 18 kWh(e)/d requiring 45 kWh/d of fossil fuel to make it. All three can be recomputed.

[image: Cartoon Britain in 2008 and 2026: heating 40 to 17, transport 40 to 30, electricity 18 to 11 kWh per day per person, with the fossil fuel burnt to make that electricity falling from 45 to 7.]

Figure 19.4. Cartoon Britain, 2008 and 2026. Added in the 2026 revision. Heating is British gas consumption less the gas burnt in power stations; transport is all British oil; electricity is generation as delivered, with the dashed outline showing the fossil fuel burnt to produce it.1




	kWh/d per person
	2008 cartoon
	2026





	Heating
	40
	17



	Transport
	40
	30



	Electricity delivered
	18
	11



	Fossil fuel burnt for that electricity
	45
	7






Britain did the third thing first

The “sneak preview” at the end of this chapter sets out Part II’s plan in order. First, electrify transport. Second, electrify heating with heat pumps. Third, get the resulting green electricity from renewables, clean coal, nuclear and other countries’ deserts.

Britain has done the third and not the first two.

The electricity leg has very nearly decarbonised. Coal has gone entirely, wind supplies 86 TWh, and making Britain’s electricity now takes about 7 kWh/d per person of fossil fuel against the cartoon’s 45 — a sixfold reduction, and by far the largest structural change in the eighteen years. That is Part II’s third step, delivered.

Transport is still burning 30 kWh/d per person of oil, down from 40 mostly because vehicles got more efficient rather than because they got electric. Heating is still burning 17 kWh/d of gas, and chapter 7 explains why the heat pump has not displaced it: not the physics, which is settled, but a price ratio that makes the efficient machine the expensive one.

So the plan was executed backwards, and the reason is instructive. The step Britain completed is the one that could be done by a few hundred large decisions — closing power stations, awarding offshore wind contracts, connecting them. The two it has not started in earnest require twenty-eight million households and forty million vehicles each to make a decision, against prices that in one case point the wrong way.

That is chapter 18’s finding arriving in the planning chapter: what got done was what could be done centrally.



And the charger argument won

One small vindication deserves recording. This chapter’s demolition of “every little helps” — the mobile phone charger that uses a quarter of one per cent of a home’s electricity — was correct, and the years since made it more so. Ecodesign rules cut standby power to a fraction of a watt, so the charger that MacKay estimated at 1 W now draws perhaps a twentieth of that, and the argument about it has disappeared.

Meanwhile the things that actually moved the number were exactly the big ones he pointed at: the fuel burnt in power stations, the efficiency of the lamp, the machine in the boiler cupboard. Nobody’s charger saved anything, and nobody needed it to.




For the impatient reader

Are you eager to know the end of the story right away? Here is a quick summary, a sneak preview of Part II.

First, we electrify transport. Electrification both gets transport off fossil fuels, and makes transport more energy-efficient. (Of course, electrification increases our demand for green electricity.)

Second, to supplement solar-thermal heating, we electrify most heating of air and water in buildings using heat pumps, which are four times more efficient than ordinary electrical heaters. This electrification of heating further increases the amount of green electricity required.

Third, we get all the green electricity from a mix of four sources: from our own renewables; perhaps from “clean coal;” perhaps from nuclear; and finally, and with great politeness, from other countries’ renewables.

Among other countries’ renewables, solar power in deserts is the most plentiful option. As long as we can build peaceful international collaborations, solar power in other people’s deserts certainly has the technical potential to provide us, them, and everyone with 125 kWh per day per person.

Questions? Read on.







The 2026 column is computed by the cartoonBritain step in this edition’s data-refresh script from the Energy Institute’s Statistical Review of World Energy 2026 and the UK generation mix, divided by 68.4 million. Heating is total British gas consumption (2.20 EJ, 24.5 kWh/d) less the gas burnt in power stations (91 TWh of electricity at an assumed 50% CCGT efficiency, 7.3 kWh/d), giving 17.2. Transport is all British oil consumption (2.71 EJ, 30.2 kWh/d). Electricity is total generation of 279 TWh, 11.2 kWh(e)/d, on the OWID and Ember mix used for this chapter’s figure — gas 91, nuclear 36, wind 86, solar 19, hydro 6, bioenergy 41. Chapter 27’s scorecard uses the Statistical Review’s slightly different values for the same year, which is why its per-person figures differ in the first decimal; the two agree to 11.2 kWh(e)/d. Like MacKay’s original, this is a cartoon and the boundaries are rough: some gas is used by industry rather than for heating, some oil is used as feedstock rather than for transport, and the fossil input to electricity ignores biomass entirely. The comparison is intended to show the change in shape, not to serve as an energy balance.





20 Better transport

[image: ]


Modern vehicle technology can reduce climate change emissions without changing the look, feel or performance that owners have come to expect.

California Air Resources Board



Roughly one third of our energy goes into transportation. Can technology deliver a reduction in consumption? In this chapter we explore options for achieving two goals: to deliver the biggest possible reduction in transport’s energy use, and to eliminate fossil fuel use in transport.

Transport featured in three of our consumption chapters: Chapter 3 (cars), Chapter 5 (planes), and Chapter 15 (road freight and sea freight). So there are two sorts of transport to address: passenger transport, and freight. Our unit of passenger transport is the passenger-kilometre (p-km). If a car carries one person a distance of 100 km, it delivers 100 p-km of transportation. If it carries four people the same distance, it has delivered 400 p-km. Similarly our unit of freight transport is the ton-km (t-km). If a truck carries 5 t of cargo a distance of 100 km then it has delivered 500 t-km of freight-transport. We’ll measure the energy consumption of passenger transport in “kWh per 100 passenger-kilometres,” and the energy consumption of freight in “kWh per ton-km.” Notice that these measures are the other way up compared to “miles per gallon”: whereas we like vehicles to deliver many miles per gallon, we want energy-consumption to be few kWh per 100 p-km.

[image: Figure 20.1]

Figure 20.1. This chapter’s starting point: an urban luxury tractor. The average UK car has a fuel consumption of 33 miles per gallon, which corresponds to an energy consumption of 80 kWh per 100 km. Can we do better?

We’ll start this chapter by discussing how to reduce the energy consumption of surface transport. To understand how to reduce energy consumption, we need to understand where the energy is going in surface transport. Here are the three key concepts, which are explained in more detail in Technical Chapter A.


	In short-distance travel with lots of starting and stopping, the energy mainly goes into speeding up the vehicle and its contents. Key strategies for consuming less in this sort of transportation are therefore to weigh less, and to go further between stops. Regenerative braking, which captures energy when slowing down, may help too. In addition, it helps to move slower, and to move less.


	In long-distance travel at steady speed, by train or automobile, most of the energy goes into making air swirl around, because you only have to accelerate the vehicle once. The key strategies for consuming less in this sort of transportation are therefore to move slower, and to move less, and to use long, thin vehicles.


	In all forms of travel, there’s an energy-conversion chain, which takes energy in some sort of fuel and uses some of it to push the vehicle forwards. Inevitably this energy chain has inefficiencies. In a standard fossil-fuel car, for example, only 25% is used for pushing, and roughly 75% of the energy is lost in making the engine and radiator hot. So a final strategy for consuming less energy is to make the energy-conversion chain more efficient.




These observations lead us to six principles of vehicle design and vehicle use for more-efficient surface transport: a) reduce the frontal area per person; b) reduce the vehicle’s weight per person; c) when travelling, go at a steady speed and avoid using brakes; d) travel more slowly; e) travel less; and f) make the energy chain more efficient. We’ll now discuss a variety of ways to apply these principles.


How to roll better

[image: Figure 20.2]

Figure 20.2. Team Crocodile’s eco-car uses 1.3 kWh per 100 km. Photo kindly provided by Team Crocodile. www.teamcrocodile.com

[image: Figure 20.3]

Figure 20.3. “Babies on board.” This mode of transportation has an energy cost of 1 kWh per 100 person-km.

A note added in the 2026 revision. This picture now has an electric variant, and the arithmetic of it is instructive.

A loaded electric cargo bike uses about 2 kWh per 100 kilometres. Carrying a rider and two children that is 0.67 kWh per 100 person-km — slightly better than the 1 kWh MacKay gives for the bicycle and trailer above, and with the rider still contributing.

But the energy was never the interesting part, and the comparison shows why. MacKay’s 1 kWh per 100 person-km is food, supplied by the person pedalling. The cargo bike’s 0.67 is electricity, supplied by a socket. The saving is not really in joules; it is in who has to produce them — and that is the whole reason a parent who would not tow two children up a hill on a trailer will do the same trip on an electric trike. The efficiency was spent on making the journey possible rather than on making it cheaper, which is the trade this chapter keeps finding.

The three-wheeled version is a second case of the same thing. A trike is not about cargo; it is about not having to balance, which returns cycling to people who had given it up. In an ageing Europe that is a larger category every year.

And it is happening at scale. More than 320 low-emission zones now operate across European cities, which has pushed parcel delivery onto bicycles: in Belgium alone, 5.2 million parcels were delivered by cargo bike in 2024, up 70% on the year before. Industry forecasts put European cargo bike sales near two million a year by 2030, split roughly evenly between commercial and family use.1

[image: Figure 20.4]

Figure 20.4. This 8-carriage train, at its maximum speed of 100mph (161 km/h), consumes 1.6 kWh per 100 passenger-km, if full. 2

A widely quoted statistic says something along the lines of “only 1 percent of the energy used by a car goes into moving the driver” 3 – the implication being that, surely, by being a bit smarter, we could make cars 100 times more efficient? The answer is yes, almost, but only by applying the principles of vehicle design and vehicle use, listed above, to extreme degrees.

One illustration of extreme vehicle design is an eco-car, which has small frontal area and low weight, and – if any records are to be broken – is carefully driven at a low and steady speed. The Team Crocodile eco-car (figure 20.2) does 2184 miles per gallon (1.3 kWh per 100 km) at a speed of 15 mph (24 km/h). Weighing 50 kg and shorter in height than a traffic cone, it comfortably accommodates one teenage driver.

Hmm. I think that the driver of the urban tractor in figure 20.1 might detect a change in “look, feel and performance” if we switched them to the eco-car and instructed them to keep their speed below 15 miles per hour. So, the idea that cars could easily be 100 times more energy efficient is a myth. We’ll come back to the challenge of making energy-efficient cars in a moment. But first, let’s see some other ways of satisfying the principles of more-efficient surface transport.

Figure 20.3 shows a multi-passenger vehicle that is at least 25 times more energy-efficient than a standard petrol car: a bicycle. The bicycle’s performance (in terms of energy per distance) is about the same as the ecocar’s. 4 Its speed is the same, its mass is lower than the eco-car’s (because the human replaces the fuel tank and engine), and its effective frontal area is higher, because the cyclist is not so well streamlined as the eco-car.

Figure 20.4 shows another possible replacement for the petrol car: a train, with an energy-cost, if full, of 1.6 kWh per 100 passenger-km. In contrast to the eco-car and the bicycle, trains manage to achieve outstanding efficiency without travelling slowly, and without having a low weight per person. Trains make up for their high speed and heavy frame by exploiting the principle of small frontal area per person. Whereas a cyclist and a regular car have effective frontal areas of about 0.8 m2 and 0.5 m2 respectively, a full commuter train from Cambridge to London has a frontal area per passenger of 0.02 m2.

But whoops, now we’ve broached an ugly topic – the prospect of sharing a vehicle with “all those horrible people.” Well, squish aboard, and let’s ask: How much could consumption be reduced by a switch from personal gas-guzzlers to excellent integrated public transport?


(Figure omitted from this edition: third-party rights.)



Figure 20.5. Some public transports, and their energy-efficiencies, when on best behaviour. Tubes, outer and inner. Two high-speed trains. The electric one uses 3 kWh per 100 seat-km; the diesel, 9 kWh. Trolleybuses in San Francisco. Vancouver SeaBus. Photo by Larry.



Public transport

At its best, shared public transport is far more energy-efficient than individual car-driving. A diesel-powered coach, carrying 49 passengers and doing 10 miles per gallon at 65 miles per hour, uses 6 kWh per 100 p-km – 13 times better than the single-person car. Vancouver’s trolleybuses consume 270 kWh per 100 vehicle-km, and have an average speed of 15 km/h. If the trolleybus has 40 passengers on board, then its passenger transport cost is 7 kWh per 100 p-km. The Vancouver SeaBus has a transport cost of 83 kWh per vehicle-km at a speed of 13.5 km/h. It can seat 400 people, so its passenger transport cost when full is 21 kWh per 100 p-km. London underground trains, at peak times, use 4.4 kWh per 100 p-km – 18 times better than individual cars. 5 Even high-speed trains, 6 which violate two of our energy-saving principles by going twice as fast as the car and weighing a lot, are much more energy efficient: if the electric high-speed train is full, its energy cost is 3 kWh per 100 p-km – that’s 27 times smaller than the car’s!

[image: Figure 20.6]

Figure 20.6. Some trains aren’t full. Three men and a cello – the sole occupants of this carriage of the 10.30 high-speed train from Edinburgh to Kings Cross.

However, we must be realistic in our planning. Some trains, coaches, and buses are not full (figure 20.6). So the average energy cost of public transport is bigger than the best-case figures just mentioned. What’s the average energy-consumption of public transport systems, and what’s a realistic appraisal of how good they could be?

In 2006–7, the total energy cost of all London’s underground trains, including lighting, lifts, depots, and workshops, was 15 kWh per 100 p-km 7 – five times better than our baseline car. In 2006–7 the energy cost of all London buses was 32 kWh per 100 p-km. Energy cost is not the only thing that matters, of course. Passengers care about speed: and the underground trains delivered higher speeds (an average of 33 km/h) than buses (18 km/h). Managers care about financial costs: the staff costs, per passenger-km, of underground trains are less than those of buses.


(Figure omitted from this edition: third-party rights.)



Figure 20.7. Some public transports, and their average energy consumptions. Left: Some red buses. Right: Croydon Tramlink. Photo by Stephen Parascandolo.

The total energy consumption of the Croydon Tramlink system (figure 20.7) in 2006–7 (including the tram depot and facilities at tram-stops) was 9 kWh per 100 p-km, with an average speed of 25 km/h. 8




	Mode
	Energy consumption (kWh per 100 p-km)





	Car
	68



	Bus
	19



	Rail
	6



	Air
	51



	Sea
	57





Table 20.8. Overall transport efficiencies of transport modes in Japan (1999).

How good could public transport be? Perhaps we can get a rough indication by looking at the data from Japan in table 20.8. At 19 kWh per 100 p-km and 6 kWh per 100 p-km, bus and rail both look promising. Rail has the nice advantage that it can solve both of our goals – reduction in energy consumption, and independence from fossil fuels. Buses and coaches have obvious advantages of simplicity and flexibility, but keeping this flexibility at the same time as getting buses and coaches to work without fossil fuels may be a challenge.

To summarise, public transport (especially electric trains, trams, and buses) seems a promising way to deliver passenger transportation – better in terms of energy per passenger-km, perhaps five or ten times better than cars. However, if people demand the flexibility of a private vehicle, what are our other options?

[image: Figure 20.9]

Figure 20.9. Carbon pollution, in grams CO2 per km, of a selection of cars for sale in the UK. The horizontal axis shows the emission rate, and the height of the blue histogram indicates the number of models on sale with those emissions in 2006. Source: www.newcarnet.co.uk. The second horizontal scale indicates approximate energy consumptions, assuming that 240 g CO2 is associated with 1 kWh of chemical energy.



Public transport, redone for 2026

A section added in the 2026 revision. Figure 20.5 shows public transport “on best behaviour” — full vehicles, best practice, no allowance for empty seats. Two of its numbers have not moved at all and one has moved more than anything else in this chapter.

The trains have not changed, because they cannot. MacKay’s full high-speed electric train at 3 kWh per 100 seat-km and his diesel at 9 are statements about steel wheels, air resistance and a motor, and eighteen years of engineering has not altered them materially. Rolling stock has got a little better; the figure has not.

What can now be added is the number he could only estimate: what the whole British railway actually achieves, with real passengers in real seats. The rail regulator publishes the inputs. In the year to March 2025 British trains drew 4098 GWh of traction electricity and burned 582 million litres of diesel, and passenger services accounted for about 82% of rail emissions. Against roughly 65 billion passenger-kilometres, that comes to about 13 kWh per 100 passenger-km.9

Set that beside the 3 kWh per 100 seat-km of a full train and the ratio is more than four to one — which is the occupancy table later in this chapter, measured rather than modelled. The railway’s real figure is not its best-behaviour figure, and the gap is the empty seats. It remains six times better than a single-occupant car, on the same basis.

The buses are the largest improvement in this chapter. MacKay gives all London buses in 2006–7 at 32 kWh per 100 passenger-km, the worst public-transport figure in the book and worse than a shared car. Two things have happened since.

The first is the drivetrain. The best battery-electric double-decker tested to British standards uses 0.67 kWh per kilometre on the UK bus cycle — against something like 2.5 to 3 for the diesel it replaces, because a bus spends its life accelerating away from stops, which is where regenerative braking and the absence of a idling engine pay most. That is roughly a fourfold reduction at the vehicle, which would take MacKay’s 32 to somewhere near 8.

The second is that it is actually being done. London had over 2000 zero-emission buses in service by June 2025, about a fifth of the fleet, across 107 routes, with 2500 expected by the end of that year. This is one of the few places in this book where a technology that adds up has also been procured at scale — and it happened because a public authority specified and procured the vehicles rather than waiting for a price signal to do it. That is the same shape chapter 29 finds throughout: action on what is available to buy, rather than on what it costs.

A caution about all of the above, and the reason this section does not redraw figure 20.5. MacKay’s chart puts full vehicles on one axis and speed on the other, and every number on it is on the same basis. The numbers here are not: the rail figure is a whole system with real occupancy, the bus figure is a test cycle for one vehicle, and the two cannot honestly be plotted together. A chart would imply a precision the data does not carry. Figure 20.23b, which does plot across modes, marks its own basis for every point and should be read with the same suspicion.



Private vehicles: technology, legislation, and incentives

[image: Figure 20.10]

Figure 20.10. Special parking privileges for electric cars in Ann Arbor, Michigan.

[image: Figure 20.11]

Figure 20.11. Monster cars are just tall enough to completely obscure the view and the visibility of pedestrians.

The energy consumption of individual cars can be reduced. The wide range of energy efficiencies of cars for sale proves this. In a single showroom in 2006 you could buy a Honda Civic 1.4 that uses roughly 44 kWh per 100 km, or a Honda NSX 3.2 that uses 116 kWh per 100 km (figure 20.9). The fact that people merrily buy from this wide range is also proof that we need extra incentives and legislation to encourage the blithe consumer to choose more energy-efficient cars. There are various ways to help consumers prefer the Honda Civic over the Honda NSX 3.2 gas-guzzler: raising the price of fuel; cranking up the showroom tax (the tax on new cars) in proportion to the predicted lifetime consumption of the vehicle; cranking up the road-tax on gas guzzlers; parking privileges for economical cars (figure 20.10); or fuel rationing. All such measures are unpopular with at least some voters. Perhaps a better legislative tactic would be to enforce reasonable energy-efficiency, rather than continuing to allow unconstrained choice; for example, we could simply ban, from a certain date, the sale of any car whose energy consumption is more than 80 kWh per 100 km; and then, over time, reduce this ceiling to 60 kWh per 100 km, then 40 kWh per 100 km, and beyond. Alternatively, to give the consumer more choice, regulations could force car manufacturers to reduce the average energy consumption of all the cars they sell. Additional legislation limiting the weight and frontal area of vehicles would simultaneously reduce fuel consumption and improve safety for other road-users (figure 20.11). People today choose their cars to make fashion statements. With strong efficiency legislation, there could still be a wide choice of fashions; they’d all just happen to be energy-efficient. You could choose any colour, as long as it was green.

While we wait for the voters and politicians to agree to legislate for efficient cars, what other options are available?

[image: The type-approval carbon dioxide figures of the 10.8 million new cars registered in the EU, Norway and Iceland in 2025, in five-gram bins, stacked by powertrain, with 2020 outlined behind. A fifth of all registrations sit in the single bin at zero. Three averages are marked: MacKay's 168 grams per kilometre for the UK in 2006, the official 2025 European average of 97, and 143 once the electricity behind the electric cars and the gap between test and road are counted.]

Figure 20.9b. MacKay’s histogram drawn again, for what Europe bought in 2025. Added in the 2026 revision. He counted models on sale in one country; this counts cars registered across twenty-nine. His second horizontal scale in kWh per 100 km is kept, and it is meaningless for the two colours at the left-hand end.10


The showroom, eighteen years on

A section added in the 2026 revision. MacKay had to count his histogram off a car-buying website. Every European country now keeps the register for him: under the CO2 regulation each member state records one row for every new car registered, with its type-approval emissions, and the European Environment Agency publishes the lot. Figure 20.9b is his figure 20.9 redrawn from that register — 10.8 million cars in 2025, against his one showroom.

The histogram has marched left, and it has grown a spike at zero. His average new UK car emitted 168 g CO2 per km; the European average in 2025 was 97, and Britain’s own was 92. Cars above 200 g/km are down to 2.3% of what Europe bought, from 4.3% five years earlier. On the face of it his argument has been won.

But the left-hand end of that chart is an accounting convention rather than a measurement, and it is worth separating the part of the improvement that is real from the part that is bookkeeping. Three corrections, in increasing order of how much they hurt.

The first is the zeros. A fifth of the cars — 19.0% of registrations — are entered as zero. A battery-electric car is credited with nothing at the tailpipe and the regulation stops there. Charged on the European grid of 2024, about 213 g CO2 per kWh, and driven at the real-world 21 kWh per 100 km of figure 20.21, that car emits around 45 g per km: five times better than the combustion cars beside it, and not zero.

The second is the plug-in hybrids, which average 32 g/km across the 2025 register. Since 2021 every new car has carried a meter recording what it actually burns, and across 220 000 plug-in hybrids registered in 2024 the recorded average was 145 g/km against the 24 their own tests gave them — six times over. This is not a failure of the machinery; it is that the test assumes the car is driven on electricity far more than its owners drive it on electricity.

The third is that the ordinary petrol and diesel cars are optimistic too. The same meters put their real-world average at 169 g/km where their type approvals say 132.

Put the three together and the 97 becomes 143: the average new European car of 2025 emits about half as much again as its paperwork says. MacKay’s 168 was itself a test figure with its own gap — the ICCT’s series has the divergence between the old NEDC test and the road at about 9% in 2001 rising to 42% by 2016, so the real car behind his number was nearer 190. The honest comparison is something like 190 down to 143, a fall of about a quarter in two decades, where the official comparison advertises 168 down to 97. Real progress, at roughly half the advertised rate.

His own legislative proposal can now be marked. He suggests banning the sale of any car using more than 80 kWh per 100 km, then tightening the ceiling to 60, then to 40. At his own 240 g per kWh those are 192, 144 and 96 g CO2 per km, and the register says what each would have caught.










	MacKay’s ceiling
	as g CO2/km
	banned on paper
	banned on the road





	80 kWh per 100 km
	192
	3.6%
	12%



	60 kWh per 100 km
	144
	15%
	68%



	40 kWh per 100 km
	96
	71%
	81%





His first ceiling has arrived without ever being legislated: 96% of the cars Europe bought in 2025 clear it, against 93% in 2020. His second is half-arrived on paper and not arrived at all on the road — fifteen cars in a hundred fail it as typed, and more than two thirds fail it as driven. His third would still ban seven cars in ten, and four in five once the road is counted. The ceiling he expected to be a distant third step is, on the measured numbers, further away than his first step was when he wrote.

The other half of his argument is untouched. He writes figure 20.9 to show that the range on offer is enormous and that buyers spread themselves across it, which is why he thinks choice needs constraining. That is still true: the combustion cars in the 2025 register run up to 500 g CO2 per km, and twenty thousand cars above 300 were registered in a year when the average was 97. And because this chart counts cars sold rather than models offered, it understates the range in the showroom — the far right of it is thinly populated precisely because few people buy there, not because it is not for sale.
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Figure 20.12. A roundabout in Enschede, Netherlands.

[image: Figure 20.13]

Figure 20.13. A few Dutch bikes.



Bikes

My favourite suggestion is the provision of excellent cycle facilities, along with appropriate legislation (lower speed-limits, and collision regulations that favour cyclists, for example). 11 Figure 20.12 shows a roundabout in Enschede, Netherlands. There are two circles: the one for cars lies inside the one for bikes, with a comfortable car’s length separating the two. The priority rules are the same as those of a British roundabout, except that cars exiting the central circle must give way to circulating cyclists (just as British cars give way to pedestrians on zebra crossings). Where excellent cycling facilities are provided, people will use them, as evidenced by the infinite number of cycles sitting outside the Enschede railway station (figure 20.13).

Somehow, British cycle provision (figure 20.14) doesn’t live up to the Dutch standard.

[image: Figure 20.14]

Figure 20.14. Meanwhile, back in Britain… Photo on right by Mike Armstrong.

[image: Figure 20.15]

Figure 20.15. A V´elo’v station in Lyon.

In the French city of Lyon, a privately-run public bicycle network, V´elo’v, was introduced in 2005 and has proved popular. Lyon’s population of 470 000 inhabitants is served by 2000 bikes distributed around 175 cycle-stations in an area of 50 km2 (figure 20.15). In the city centre, you’re usually within 400 metres of a cycle-station. Users join the scheme by paying a subscription fee of €10 per year and may then hire bicycles free for all trips lasting less than 30 minutes. For longer hire periods, users pay up to €1 per hour. Short-term visitors to Lyon can buy one-week subscriptions for €1.



Other legislative opportunities

Speed limits are a simple knob that could be twiddled. As a rule, cars that travel slower use less energy (see Chapter A). With practice, drivers can learn to drive more economically: using the accelerator and brake less and always driving in the highest possible gear can give a 20% reduction in fuel consumption.

[image: Figure 20.16]

Figure 20.16. With congestion like this, it’s faster to walk.

Another way to reduce fuel consumption is to reduce congestion. Stopping and starting, speeding up and slowing down, is a much less efficient way to get around than driving smoothly. Idling in stationary traffic is an especially poor deliverer of miles per gallon!

Congestion occurs when there are too many vehicles on the roads. So one simple way to reduce congestion is to group travellers into fewer vehicles. A striking way to think about a switch from cars to coaches is to calculate the road area required by the two modes. Take a trunk road on the verge of congestion, where the desired speed is 60 mph. The safe distance from one car to the next at 60 mph is 77 m. If we assume there’s one car every 80 m and that each car contains 1.6 people, then vacuuming up 40 people into a single coach frees up two kilometres of road!

Congestion can be reduced by providing good alternatives (cycle lanes, public transport), and by charging road users extra if they contribute to congestion. In this chapter’s notes I describe a fair and simple method for handling congestion-charging. 12




Enhancing cars

Assuming that the developed world’s love-affair with the car is not about to be broken off, what are the technologies that can deliver significant energy savings? Savings of 10% or 20% are easy – we’ve already discussed some ways to achieve them, such as making cars smaller and lighter. Another option is to switch from petrol to diesel. Diesel engines are more expensive to make, but they tend to be more fuel-efficient. But are there technologies that can radically increase the efficiency of the energy-conversion chain? (Recall that in a standard petrol car, 75% of the energy is turned nto heat and blown out of the radiator!) And what about the goal of getting off fossil fuels?

In this section, we’ll discuss five technologies: regenerative braking; hybrid cars; electric cars; hydrogen-powered cars; and compressed-air cars.


Regenerative braking

There are four ways to capture energy as a vehicle slows down.


	An electric generator coupled to the wheels can charge up an electric battery or supercapacitor.


	Hydraulic motors driven by the wheels can make compressed air, stored in a small canister.


	Energy can be stored in a flywheel.


	Braking energy can be stored as gravitational energy by driving the vehicle up a ramp whenever you want to slow down. This gravitational energy storage option is rather inflexible, since there must be a ramp in the right place. It’s an option that’s most useful for trains, and it is illustrated by the London Underground’s Victoria line, which has hump-back stations. Each station is at the top of a hill in the track. Arriving trains are automatically slowed down by the hill, and departing trains are accelerated as they go down the far side of the hill. The hump-back-station design provides an energy saving of 5% and makes the trains run 9% faster.




Electric regenerative braking (using a battery to store the energy) salvages roughly 50% of the car’s energy in a braking event, leading to perhaps a 20% reduction in the energy cost of city driving.

[image: Figure 20.17]

Figure 20.17. A BMW 530i modified by Artemis Intelligent Power to use digital hydraulics. Lower left: A 6-litre accumulator (the red canister), capable of storing about 0.05 kWh of energy in compressed nitrogen. Lower right: Two 200 kW hydraulic motors, one for each rear wheel, which both accelerate and decelerate the car. The car is still powered by its standard 190 kW petrol engine, but thanks to the digital hydraulic transmission and regenerative braking, it uses 30% less fuel.

[image: Figure 20.18]

Figure 20.18. A flywheel regenerative-braking system. Photos courtesy of Flybrid Systems.

Regenerative systems using flywheels and hydraulics seem to work a little better than battery-based systems, salvaging at least 70% of the braking energy. 13 Figure 20.17 describes a hybrid car with a petrol engine powering digitally-controlled hydraulics. On a standard driving cycle, this car uses 30% less fuel than the original petrol car. In urban driving, its energy consumption is halved, from 131 kWh per 100 km to 62 kWh per 100 km (20 mpg to 43 mpg). (Credit for this performance improvement must be shared between regenerative braking and the use of hybrid technology.) Hydraulics and flywheels are both promising ways to handle regenerative braking because small systems can handle large powers. A flywheel system weighing just 24 kg (figure 20.18), designed for energy storage in a racing car, can store 400 kJ (0.1 kWh) of energy – enough energy to accelerate an ordinary car up to 60 miles per hour (97 km/h); and it can accept or deliver 60 kW of power. Electric batteries capable of delivering that much power would weigh about 200 kg. 14 So, unless you’re already carrying that much battery on board, an electrical regenerative-braking system should probably use capacitors to store braking energy. Super-capacitors have similar energy-storage and power-delivery parameters to the flywheel’s.



Hybrid cars

[image: Figure 20.19]

Figure 20.19. Toyota Prius – according to Jeremy Clarkson, “a very expensive, very complex, not terribly green, slow, cheaply made, and pointless way of moving around.”

Hybrid cars such as the Toyota Prius (figure 20.19) have more-efficient engines and electric regenerative braking, but to be honest, today’s hybrid vehicles don’t really stand out from the crowd (figure 20.9).

The horizontal bars in figure 20.9 highlight a few cars including two hybrids. Whereas the average new car in the UK emits 168 g, 15 the hybrid Prius 16 emits about 100 g of CO2 per km, as do several other non-hybrid vehicles – the VW Polo blue motion emits 99 g/km, and there’s a Smart car that emits 88 g/km.

The Lexus RX 400h is the second hybrid, advertised with the slogan “LOW POLLUTION. ZERO GUILT.” But its CO2 emissions are 192 g/km – worse than the average UK car! The advertising standards authority ruled that this advertisement breached the advertising codes on Truthfulness, Comparisons and Environmental claims. “We considered that … readers were likely to understand that the car caused little or no harm to the environment, which was not the case, and had low emissions in comparison with all cars, which was also not the case.”

In practice, hybrid technologies seem to give fuel savings of 20 or 30%. 17 So neither these petrol/electric hybrids, nor the petrol/hydraulic hybrid featured in figure 20.17 seems to me to have really cracked the transport challenge. A 30% reduction in fossil-fuel consumption is impressive, but it’s not enough by this book’s standards. Our opening assumption was that we want to get off fossil fuels, or at least to reduce fossil fuel use by 90%. Can this goal be achieved without reverting to bicycles?

[image: Figure 20.20]

Figure 20.20. Electric vehicles. From left to right: the G-Wiz; the rotting corpse of a Sinclair C5; a Citroën Berlingo; and an Elettrica.



Electric vehicles

[image: Energy taken from the socket against distance driven for an e-bike, a Citroen Ami, a best-in-class electric car, the electric fleet average, MacKay's G-Wiz and a large electric pickup, with a grey wedge for the spread of MacKay's own nineteen recharges. The G-Wiz and the fleet average lie on the same line at 21 kWh per 100 km.]

Figure 20.21. Electricity required to recharge an electric vehicle versus distance driven, measured at the socket. Replaces MacKay’s own figure 20.21 in the 2026 revision, carrying its three numbers rather than printing it separately. The slope of each line is its consumption. MacKay’s measured G-Wiz and today’s real-world fleet average lie on top of each other at 21 kWh per 100 km; the grey wedge is the spread of his own nineteen recharges, from a best of 16 to a worst of 33.18

[image: Figure 20.22]

Figure 20.22. Tesla Roadster: 15 kWh per 100 km. www.teslamotors.com.

[image: European Car of the Year winners that were electric, with their WLTP consumption: Jaguar I-Pace 2019 at 22 to 25.2, Kia EV6 2022 at 15.9 to 20.9, Renault Scenic 2024 at 13.3 to 17.8, Renault 5 in 2025 at 14.9 and Mercedes-Benz CLA in 2026 at 12.2 to 14.1, against MacKay's Roadster at 15.]

Figure 20.22b. The award-winning electric car, 2019 to 2026. Added in the 2026 revision. The dashed line is MacKay’s Roadster. The winners fell from 22–25 kWh per 100 km in 2019 to 12–14 in 2026, reaching under his figure with their best variants from 2024 and sitting wholly below it by 2026.19

And every number on that chart is optimistic, which is worth saying plainly because this book’s own units invite the mistake. WLTP is a test cycle: it runs at moderate temperatures and barely loads the cabin. A real car’s heat pump draws 0.5 to 1 kW while driving, and more on a cold start in hard frost. At 50 km/h that alone is 1 to 2 kWh per 100 km — a tenth or more on top of a 14 kWh figure — and it is why measured consumption in the same fleet runs near 14 kWh per 100 km in summer and 26 in December. The heating is not a rounding error; in a British or Nordic winter it is the second-largest load in the car after moving it.



The muscle-car argument, won more completely than he needed

MacKay puts the Roadster in this chapter to make one point: you do not have to give up performance to save energy. His muscle car used 15 kWh per 100 km where a G-Wiz used 21. Eighteen years later that argument has been won so thoroughly that it now reads as understated.

A Tesla Model S Plaid produces 1020 PS, reaches 100 km/h in 2.1 seconds — quicker than almost anything with an engine — and is rated at 15.7 kWh per 100 km. That is MacKay’s Roadster figure, from a four-seat saloon with about four times the power. Against his petrol baseline of 80 it is five times better while being one of the fastest-accelerating road cars ever built. A Porsche Taycan Turbo GT does much the same at 1108 PS and about 19 kWh per 100 km.

The extreme end has moved further than anyone in 2008 would have credited. BYD’s Yangwang U9 is rated at 1306 PS in standard form and over 3000 in its track version; a U9 has recorded 496 km/h, making the fastest production car in the world an electric one, and has taken the electric lap record at the Nürburgring. Xiaomi’s SU7 Ultra has 1526 hp, about 1548 PS, and reaches 100 km/h in under two seconds, for around $73 000 in China, with European sales announced for 2027. Lotus, British-badged and Chinese-owned through Geely, sells the Eletre and Emeya into the same segment.20

Two things follow, and the second is the one this chapter cares about.

The first is simply that MacKay was right, and more right than he claimed. He hedged the Roadster as “an early prototype… a luxury car with lots of muscle” and used it to argue that electric drive need not mean a milk float. The hedge is no longer needed.

The second is a caution his own chapter A supplies. These figures are test-cycle numbers at ordinary speeds, and none of these cars is bought to be driven at ordinary speeds. Air resistance scales with the cube of speed for power: a car at 300 km/h is spending roughly twenty-seven times the drag power of the same car at 100. A 15.7 kWh per 100 km rating tells you what a Plaid does in traffic; it tells you nothing whatever about what it does when used as designed, and the honest figure for that is several times worse.

And the spread inside the electric fleet is now as wide as MacKay’s entire original comparison. From the Ami at 7.3 through the Plaid at 15.7 to a heavy electric sport-utility at 22 and a pickup near 30 is a factor of four — about the range his whole 2008 catalogue covered. Electrification settled the question of what the drivetrain costs. It did not settle the question of how big and how fast, and chapter A says that is the question that was always doing the work.

That is the honest reconciliation between figure 20.22b and figure 20.21. The test-cycle numbers say 13 to 15. The real-world fleet average is 21. The difference is speed, cold, and the fact that a person inside a car expects to be warm — and MacKay’s own G-Wiz measurement, taken at the socket in real British weather, was on the right side of that gap all along.

The REVA electric car was launched in June 2001 in Bangalore and is exported to the UK as the G-Wiz. The G-Wiz’s electric motor has a peak power of 13 kW, and can produce a sustained power of 4.8 kW. The motor provides regenerative braking. It is powered by eight 6-volt lead acid batteries, which when fully charged give a range of “up to 77 km.” A full charge consumes 9.7 kWh of electricity. These figures imply a transport cost of 13 kWh per 100 km.

Manufacturers always quote the best possible performance of their products. What happens in real life? The real-life performance of a G-Wiz in London is shown in figure 20.21. Over the course of 19 recharges, the average transport cost of this G-Wiz is 21 kWh per 100 km – about four times better than an average fossil fuel car. The best result was 16 kWh per 100 km, and the worst was 33 kWh per 100 km. If you are interested in carbon emissions, 21 kWh per 100 km is equivalent to 105 g CO2 per km, assuming that electricity has a footprint of 500 g CO2 per kWh.

Now, the G-Wiz sits at one end of the performance spectrum. What if we demand more – more acceleration, more speed, and more range? At the other end of the spectrum is the Tesla Roadster. The Tesla Roadster 2008 has a range of 220 miles (354 km); its lithium-ion battery pack stores 53 kWh and weighs 450 kg (120 Wh/kg). The vehicle weighs 1220 kg and its motor’s maximum power is 185 kW. What is the energy-consumption of this muscle car? Remarkably, it’s better than the G-Wiz: 15 kWh per 100 km. Evidence that a range of 354 km should be enough for most people most of the time comes from the fact that only 8.3% of commuters travel more than 30 km to their workplace. 21

I’ve looked up the performance figures for lots of electric vehicles – they’re listed in this chapter’s end-notes 22 – and they seem to be consistent with this summary: electric vehicles can deliver transport at an energy cost of roughly 15 kWh per 100 km. That’s five times better than our baseline fossil-car, and significantly better than any hybrid cars. Hurray! To achieve economical transport, we don’t have to huddle together in public transport – we can still hurtle around, enjoying all the pleasures and freedoms of solo travel, thanks to electric vehicles.

[image: Figure 20.23]

Figure 20.23. Energy requirements of different forms of passenger transport. The vertical coordinate shows the energy consumption in kWh per 100 passenger-km. The horizontal coordinate indicates the speed of the transport. The “Car (1)” is an average UK car doing 33 miles per gallon with a single occupant. The “Bus” is the average performance of all London buses. The “Underground system” shows the performance of the whole London Underground system. The catamaran is a diesel-powered vessel. I’ve indicated on the left-hand side equivalent fuel efficiencies in passenger-miles per imperial gallon (p-mpg). Hollow point-styles show best-practice performance, assuming all seats of a vehicle are in use. Filled point-styles indicate actual performance of a vehicle in typical use. See also figure 15.8 (energy requirements of freight transport).

This moment of celebration feels like a good time to unveil this chapter’s big summary diagram, figure 20.23, which shows the energy requirements of all the forms of passenger-transport we have discussed and a couple that are still to come.

OK, the race is over, and I’ve announced two winners – public transport, and electric vehicles. But are there any other options crossing the finishing line? We have yet to hear about the compressed-air-powered car and the hydrogen car. If either of these turns out to be better than electric car, it won’t affect the long-term picture very much: whichever of these three technologies we went for, the vehicles would be charged up using energy generated from a “green” source.

[image: Figure 20.24]

Figure 20.24. Top: A compressed-air tram taking on air and steam in Nantes. Powering the trams of Nantes used 4.4 kg of coal (36 kWh) per vehicle-km, or 115 kWh per 100 p-km, if the trams were full. [5qhvcb] Bottom: A compressed-air locomotive; weight 9.2 t, pressure 175 bar, power 26 kW; photo courtesy of Rüdiger Fach, Rolf-Dieter Reichert, and Frankfurter Feldbahnmuseum.

[image: Figure 20.25]

Figure 20.25. The Hummer H2H: embracing the green revolution, the American way. Photo courtesy of General Motors.



Compressed-air cars

Air-powered vehicles are not a new idea. Hundreds of trams powered by compressed air and hot water plied the streets of Nantes and Paris from 1879 to 1911. Figure 20.24 shows a German pneumatic locomotive from 1958. I think that in terms of energy efficiency the compressed-air technique for storing energy isn’t as good as electric batteries. The problem is that compressing the air generates heat that’s unlikely to be used efficiently; and expanding the air generates cold, another by-product that is unlikely to be used efficiently. But compressed air may be a superior technology to electric batteries in other ways. For example, air can be compressed thousands of times and doesn’t wear out! It’s interesting to note, however, that the first product sold by the Aircar company is actually an electric scooter. [www.theaircar.com/acf]

There’s talk of Tata Motors in India manufacturing air-cars, but it’s hard to be sure whether the compressed-air vehicle is going to see a revival, because no-one has published the specifications of any modern prototypes. Here’s the fundamental limitation: the energy-density of compressed-air energy-stores is only about 11–28 Wh per kg, 23 which is similar to lead-acid batteries, and roughly five times smaller than lithium-ion batteries. (See figure 26.13, for details of other storage technologies.) So the range of a compressed-air car will only ever be as good as the range of the earliest electric cars. Compressed-air storage systems do have three advantages over batteries: longer life, cheaper construction, and fewer nasty chemicals.



Hydrogen cars – blimp your ride

I think hydrogen is a hyped-up bandwagon. I’ll be delighted to be proved wrong, but I don’t see how hydrogen is going to help us with our energy problems. Hydrogen is not a miraculous source of energy; it’s just an energy carrier, like a rechargeable battery. And it is a rather inefficient energy carrier, with a whole bunch of practical defects.

The “hydrogen economy” received support from Nature magazine in a column praising California Governor Arnold Schwarzenegger for filling up a hydrogen-powered Hummer (figure 20.25). 24 Nature’s article lauded Arnold’s vision of hydrogen-powered cars replacing “polluting models” with the quote “the governor is a real-life climate action hero.” But the critical question that needs to be asked when such hydrogen heroism is on display is “where is the energy to come from to make the hydrogen?” Moreover, converting energy to and from hydrogen can only be done inefficiently – at least, with today’s technology.

[image: Figure 20.26]

Figure 20.26. BMW Hydrogen 7. Energy consumption: 254 kWh per 100 km. Photo from BMW.

Here are some numbers.


	In the CUTE (Clean Urban Transport for Europe) project, which was intended to demonstrate the feasibility and reliability of fuelcell buses and hydrogen technology, fuelling the hydrogen buses required between 80% and 200% more energy than the baseline diesel bus. 25

	Fuelling the Hydrogen 7, the hydrogen-powered car made by BMW, requires 254 kWh per 100 km – 220% more energy than an average European car. 26



If our task were “please stop using fossil fuels for transport, allowing yourself the assumption that infinite quantities of green electricity are available for free,” then of course an energy-profligate transport solution like hydrogen might be a contender (though hydrogen faces other problems). But green electricity is not free. Indeed, getting green electricity on the scale of our current consumption is going to be very challenging. The fossil fuel challenge is an energy challenge. The climate-change problem is an energy problem. We need to focus on solutions that use less energy, not “solutions” that use more! I know of no form of land transport whose energy consumption is worse than this hydrogen car. (The only transport methods I know that are worse are jet-skis – using about 500 kWh per 100 km – and the Earthrace biodiesel-powered speed-boat, absurdly called an eco-boat, which uses 800 kWh per 100 p-km.)


(Figure omitted from this edition: third-party rights.)



Figure 20.27. The Earthrace “eco-boat.” Photo by David Castor.


(Figure omitted from this edition: third-party rights.)



Figure 20.28. The Honda FCX Clarity hydrogen-powered fuel-cell sedan, with a Jamie Lee Curtis for scale. Photo courtesy of automobiles.honda.com.

Hydrogen advocates may say “the BMW Hydrogen 7 is just an early prototype, and it’s a luxury car with lots of muscle – the technology is going to get more efficient.” Well, I hope so, because it has a lot of catching up to do. The Tesla Roadster (figure 20.22) is an early prototype too, and it’s also a luxury car with lots of muscle. And it’s more than ten times more energy-efficient than the Hydrogen 7! Feel free to put your money on the hydrogen horse if you want, and if it wins in the end, fine. But it seems daft to back the horse that’s so far behind in the race. Just look at figure 20.23 – if I hadn’t squished the top of the vertical axis, the hydrogen car would not have fitted on the page!

Yes, the Honda fuel-cell car, the FCX Clarity, does better – it rolls in at 69 kWh per 100 km – but my prediction is that after all the “zero-emissions” trumpeting is over, we’ll find that hydrogen cars use just as much energy as the average fossil car of today.

Here are some other problems with hydrogen. Hydrogen is a less convenient energy storage medium than most liquid fuels, because of its bulk, whether stored as a high pressure gas or as a liquid (which requires a temperature of -253 °C). Even at a pressure of 700 bar (which requires a hefty pressure vessel) its energy density (energy per unit volume) is 22% of gasoline’s. The cryogenic tank of the BMW Hydrogen 7 weighs 120 kg and stores 8 kg of hydrogen. Furthermore, hydrogen gradually leaks out of any practical container. If you park your hydrogen car at the railway station with a full tank and come back a week later, you should expect to find most of the hydrogen has gone.



What people actually bought, 2025

A section added in the 2026 revision. Note 16 lists what a careful observer could see coming in 2008, and almost none of it arrived. Here is the replacement — the five best-selling battery-electric cars in each of the four places that make them, in 2025.27

In Europe: Tesla Model Y (about 151 000), then the Volkswagen ID.4 and ID.3 — counted together or separately depending on the compiler, which is why this list runs to six names — the Kia EV3, the Renault 5 E-Tech and the Škoda Elroq. Volkswagen displaced Tesla as the largest electric brand in Europe with about 274 000 sold across the EU, UK and EFTA. Electric cars took 20% of the European new-car market.

In China, first half of 2025 throughout: Geely Galaxy (about 205 000), BYD Seagull (about 175 000), Tesla Model Y (about 171 000), BYD Yuan PLUS (about 78 000) and BYD Yuan UP (about 72 000). BYD took six of the top twenty places.

In the United States: Tesla Model Y (about 358 000), Chevrolet Equinox EV (about 58 000), Ford Mustang Mach-E (about 52 000), Hyundai Ioniq 5 (about 47 000) and the Tesla Model 3.

Korea’s manufacturers, whose home market is small but whose exports are not, sell the Hyundai Ioniq 5 and Ioniq 9 and the Kia EV3, EV5 and EV6 — the Ioniq 5 being the only non-American, non-Chinese model in the American top five.

Three things in that list are worth more than the rankings.

The first is that Tesla is the only name that appears in all three markets, and the only survivor from note 16 — which is a remarkable record and also, on this book’s argument, beside the point. The transition did not need Tesla to win; it needed somebody to.

The second is the Seagull. It is a small car with a battery around 30 kWh, sold in China for the equivalent of well under £10 000, and it is second in the world’s largest market. Nothing in note 16 anticipated that the winning shape would be cheap and small rather than clever and slippery. Chapter A explains why it wins on energy: less frontal area, less mass, both terms of the model.

The third is that the American list is the heavy one. The Equinox and the Mach-E are mid-size sport-utility vehicles, and the best-selling electric pickup is a far larger machine than the Seagull — though the caution below means the two cannot be compared on their published consumption figures. The same technology, in three markets, is being used to make very different vehicles — which is chapter A’s point again, and the reason the fleet average sits at 21 kWh per 100 km rather than the 15 MacKay expected.

A caution about comparing their consumption figures, which matters more than it sounds. Europe rates cars on WLTP, America on the EPA cycle, China on CLTC — and they are not comparable. CLTC is the most optimistic and EPA the least, with differences of 15 to 30% on the same vehicle. A table of kWh per 100 km drawn across the three markets would be measuring three different things, which is exactly the boundary problem chapter M is about. This edition quotes European real-world measurements where it needs a number, for that reason.



The small end, where the arithmetic is best

A section added in the 2026 revision. The rankings above are cars. Europe also has a category the American and Chinese markets barely have — the small electric workhorse — and it is where this chapter’s arithmetic comes out best.

Among the quadricycles the Citroën Ami is the one that broke through: a two-seat, 45 km/h box with a 6 kW motor, a 5.5 kWh battery and 75 km of range, sold without a full driving licence in several countries. Over 75 000 have gone out across eighteen markets since 2020. In France it took 36% of the whole quadricycle segment and 82% of the electric part of it, and the electric share of that segment went from 5% in 2019 to 44% in 2023. Aixam has been the incumbent in this class for thirty-five years, and Goupil, now owned by Polaris, makes the municipal and grounds-maintenance versions that empty bins and sweep parks.

Now put the Ami through this chapter’s own arithmetic. 5.5 kWh divided by 75 km is 7.3 kWh per 100 km.




	
	kWh per 100 km





	MacKay’s baseline petrol car
	80



	European electric fleet, real-world
	21



	Citroën Ami
	7.3





Eleven times better than the petrol car, and three times better than the average electric one. Nothing exotic is happening: it is small, light and slow, which is precisely the three terms of chapter A’s model. This is the vehicle MacKay’s physics has been pointing at for three hundred pages, and it took until 2020 for anybody to sell one in numbers.

The best-selling electric van in Europe in 2025 was the Toyota Proace City Electric, followed by the Citroën ë-Berlingo and the Renault Kangoo E-Tech, with the Ford E-Transit Courier newly arrived. These are the vehicles that actually do the work — deliveries, trades, service calls — and they are the part of the fleet where electrification is easiest, because the duty cycle is short, predictable and returns to a depot every night.

And one of them is in note 16. MacKay lists the Berlingo Electrique 500E — “an urban delivery van… 25 kWh per 100 km”, from an estimate kindly supplied by an owner. Its direct descendant is now among the best-selling electric vans in Europe, with a 50 kWh battery and about 343 km of range, which is 14.6 kWh per 100 km. The consumption nearly halved while the range went from the 100 km MacKay records to 343 — more than tripling.28

So of everything in that catalogue, the two lineages that survived are a sports car and a plumber’s van. The sports car got the attention. The van did the work, and did it while getting substantially more efficient — which is the opposite of what happened to cars, where the efficiency went into size and speed instead.



And below that, the electric bicycle

A section added in the 2026 revision. The smallest motorised thing in this chapter is also the one Europe has bought most of, and it barely appears in the original book because in 2008 it barely existed.

Europe now buys about five million electric bicycles a year — 5.1 million in 2023, 5.5 million in 2022, easing slightly since as the pandemic boom unwound. Germany is the largest market and France the second. Set that beside roughly two and a half million battery-electric cars sold across the EU, UK and EFTA in 2025 and the comparison is stark: Europe buys about twice as many electric bikes as electric cars.

The energy figures depend heavily on how hard the rider works, and it is worth giving the range rather than a single number:




	
	kWh per 100 km





	E-bike, light assist — a 500 Wh battery over 80 km
	0.6



	Electric mountain bike, worked hard
	1.5



	Loaded cargo bike, urban delivery
	2.0



	Family cargo bike, rider and two children — per person
	0.67



	MacKay’s unassisted cyclist, as food energy
	1.6



	Citroën Ami
	7.3



	European electric car fleet, real-world
	21



	MacKay’s baseline petrol car
	80





Two things fall out of that table. A commuting e-bike uses less electricity than its rider uses food — the only motorised vehicle in this book of which that is true, and a fair working definition of “efficient”. And at the light-assist end it is more than a hundred times better than the petrol car — the widest gap between any two rows in that table.29

The industry has the shape this edition keeps finding. There are hundreds of brands — Scott, Specialized, Trek, Cube, Riese & Müller, Gazelle, Rawbike, Ecoride, Crescent — and only a handful of drive systems: Bosch eBike Systems dominates, with Shimano, Bafang, Brose and Yamaha behind it. Many badges, few motors, which is the fabricated-not-constructed pattern from the electrofuel section arriving in a bicycle shop. It is also why the category got cheap and good quickly: the expensive part is made in volume for everybody.

The vehicle that has actually replaced a car is the family cargo bike. Germany is the market to count it in, because its industry association publishes the numbers: 220 300 cargo bikes were sold there in 2025, of which 185 300 — 84% — were electric. It was the fourth successive year above two hundred thousand, and the cumulative total since the count began passed a million. One in ten of every e-bike sold in Germany is now a cargo bike. Set beside that the fact that Germany had 17.2 million e-bikes in use at the end of 2025 and 2.03 million battery-electric cars, and the sentence the German industry writes about itself — that the e-bike is electric mobility on German roads — is arithmetic rather than boosterism. It outnumbers the electric car more than eight to one.30

Two shapes have won, and they are not the same vehicle. The box bike — the Dutch bakfiets, the Danish Long John — puts a load bay between the rider and the front wheel, where children sit facing the rider and the weight is low and visible; it is long, it handles oddly at first, and it will take two or three children and the shopping. The longtail stretches the rear of an ordinary bicycle instead, carries its load behind the rider, and is much easier to park and to ride, at the cost of not being able to see what it is carrying. A third shape, the trike, sells to people who do not want to balance at all — which, as the note at figure 20.3 says, is the point of it. All three are typically rated to carry 150 to 200 kg and come out at 2 kWh per 100 km loaded, which for a rider and two children is 0.67 kWh per 100 person-km.

The evidence that it replaces a car is better than one might expect, and more equivocal than the industry quotes it as being. The largest survey of private owners is Swiss: 696 households, asked what changed after they bought one. Some 45.5% of them live without a car, against 22% of Swiss households generally and 7% of Swiss family households, and 31.2% had given up a car while 30.9% had given up buying one. The most frequent trip is the school run, which 68.5% make weekly. But look at what the trips came from. Asked which modes the cargo bike replaced, owners named public transport (58.6%) ahead of a privately owned car (46.1%), and 30.6% now walk less. A third of a car-replacement story, a third of a bus-replacement story, and a slice of trips that were previously made on foot — which is a loss, not a gain. And the sample is self-selected: these are people who bought a cargo bike, recruited through cycling associations, so it measures what enthusiasts did and not what a population would do.31

A cargo bike is a vehicle, and it took a vehicle’s accident to make the industry admit it. In February 2024 the Dutch product safety authority stopped Babboe, the largest family cargo bike brand in Europe, from selling anything at all: frames were cracking and breaking, and the company had been receiving reports for years without passing them to the regulator as the law requires. Roughly 22 000 bikes were recalled and replaced worldwide. A bicycle carrying two children at 25 km/h with 200 kg on the frame is not a bicycle in the sense the regulations grew up around, and the industry is only now being made to build and certify accordingly.32

A few of them brake regeneratively, which the section on cars above discusses at length and which most e-bikes cannot do at all. The reason is mechanical rather than electrical, and it is a rule about transmissions rather than about brands: every mid-drive motor delivers through the chain, and every geared hub motor sits behind a freewheel, so in both cases the wheel can turn without turning the motor and there is nothing to generate with. Only a direct-drive hub motor is rigidly coupled to the wheel. Of the suppliers named above, Bosch, Shimano, Brose and Yamaha are mid-drives; Bafang builds both, and its direct-drive hubs can recover. The rule wants stating more carefully than that, though, because there is now an exception to it. What blocks regeneration is the freewheel, wherever in the transmission it sits, and not the position of the motor. Valeo’s Cyclee, a mid-drive with a seven-speed gearbox built into the bottom bracket, 130 Nm of torque and a rating for 315 kg of bicycle, rider and load, advertises regenerative braking; it can only do so by having no freewheel between the motor and the rear wheel, which is a design decision a gearbox makes possible and a derailleur does not. Zehus’s Bike+, at the opposite end, is a direct-drive hub with everything inside the wheel, and recovers when the rider pedals backwards. So the category is opening up, from one Swiss manufacturer to several, and it is opening up first on the machines that are heavy. Stromer, which uses one, offers two braking strengths — RECUP 1 for light descents and RECUP 2 for steep ones — and switches the recovery off when the battery is full, since a full battery has nowhere to put it.33

The arithmetic says where this is worth having, and it has to be done carefully, because most of the energy never reaches the brake. A rider and machine of about 100 kg descending 100 metres give up mgh = 98 kJ, or 0.027 kWh — but that is what gravity supplies, not what is available to recover. Rolling at 10 m/s down a 5% gradient, gravity contributes about 490 W while air drag and rolling resistance take some 300 W of it, so under two fifths reaches the brakes at all; on a gentle descent the rider does not brake, and the recoverable share is nothing. Of the fraction that does reach them, MacKay’s figure for electrical regeneration in a car is about half captured, and that is half into the battery, before the losses of getting it out again. Put those together and a 100 metre descent returns something like 0.005 kWh. At 1.5 kWh per 100 km — the mountain-bike figure from the table, which is the right one for the terrain this is about — that is a few hundred metres of riding. Stopping from 25 km/h is worth less still: 2.4 kJ, about forty-five metres gross and perhaps twenty recovered.34

So a bicycle inverts MacKay’s finding for cars. He notes that regenerative braking pays most in city driving, where a heavy vehicle is repeatedly accelerated and stopped. A bicycle is too light for its stops to be worth much, and on the flat the recovery is a rounding error. In the hills it is real but modest, and it is worth having mostly because a long descent would otherwise heat a rim — which is presumably why the manufacturer that fits it is Swiss.

Do the same sum for a loaded family bike and it improves, for the reason MacKay would predict: mass. Take 250 kg of bicycle, rider and two children down the same 100 metres. Gravity now supplies 0.068 kWh rather than 0.027, and — this is the part that matters — a far larger share of it reaches the brakes, because air drag and rolling resistance rise much more slowly with mass than weight does. At the same 10 m/s on the same 5% gradient, gravity contributes about 1230 W against some 500 W of resistances, so three fifths reaches the brakes rather than under two fifths. Through the same round-trip losses that is about 0.017 kWh recovered, which at the cargo bike’s 2 kWh per 100 km is something like eight hundred metres of riding, against three hundred for the light machine. Four times better, and still under a kilometre. The case for fitting it is not the eight hundred metres. It is the 700 watts that would otherwise be going into a brake for the whole length of the descent, on a vehicle whose stopping distance is somebody else’s children.35

And the picking-winners lesson from note 16 repeats on a shorter timescale. VanMoof, the most heavily funded and most written-about e-bike company in Europe, went bankrupt in 2023 after raising around $200 million. The category thrived; the celebrated company did not.

The cargo bike deserves its own line, because it is the only vehicle in this chapter competing directly with the vans above. In dense European cities it now does a material share of parcel delivery at around 2 kWh per 100 km against the ë-Berlingo’s 15 — and the comparison flatters the van, because a bicycle does not queue, does not need a loading bay, and does not have to be parked. This chapter’s arithmetic says the smallest vehicle that will do the job wins, and freight is where that is being tested hardest.



Some questions about electric vehicles


You’ve shown that electric cars are more energy-efficient than fossil cars. But are they better if our objective is to reduce CO2 emissions, and the electricity is still generated by fossil power stations?

This is quite an easy calculation to do. Assume the electric vehicle’s energy cost is 20 kWh(e) per 100 km. (I think 15 kWh(e) per 100 km is perfectly possible, but let’s play sceptical in this calculation.) If grid electricity has a carbon footprint of 500 g per kWh(e) then the effective emissions of this vehicle are 100 g CO2 per km, which is as good as the best fossil cars (figure 20.9). So I conclude that switching to electric cars is already a good idea, even before we green our electricity supply.



Electric cars, like fossil cars, have costs of both manufacture and use. Electric cars may cost less to use, but if the batteries don’t last very long, shouldn’t you pay more attention to the manufacturing cost?

Yes, that’s a good point. My transport diagram shows only the use cost. If electric cars require new batteries every few years, my numbers may be underestimates. The batteries in a Prius are expected to last just 10 years, and a new set would cost £3500. Will anyone want to own a 10-year old Prius and pay that cost? It could be predicted that most Priuses will be junked at age 10 years. This is certainly a concern for all electric vehicles that have batteries. I guess I’m optimistic that, as we switch to electric vehicles, battery technology is going to improve.



I live in a hot place. How could I drive an electric car? I demand power-hungry air-conditioning!

There’s an elegant fix for this demand: fit 4 m2 of photovoltaic panels in the upward-facing surfaces of the electric car. If the air-conditioning is needed, the sun must surely be shining. 20%-efficient panels will generate up to 800 W, which is enough to power a car’s air-conditioning. The panels might even make a useful contribution to charging the car when it’s parked, too. Solar-powered vehicle cooling was included in a Mazda in 1993; the solar cells were embedded in the glass sunroof.



I live in a cold place. How could I drive an electric car? I demand power-hungry heating!

The motor of an electric vehicle, when it’s running, will on average use something like 10 kW, with an efficiency of 90–95%. Some of the lost power, the other 5–10%, will be dissipated as heat in the motor. Perhaps electric cars that are going to be used in cold places can be carefully designed so that this motor-generated heat, which might amount to 250 or 500 W, can be piped from the motor into the car. That much power would provide some significant windscreen demisting or body-warming.



Are lithium-ion batteries safe in an accident?

Some lithium-ion batteries are unsafe when short-circuited or overheated, but the battery industry is now producing safer batteries such as lithium phosphate. There’s a fun safety video at www.valence.com.



Is there enough lithium to make all the batteries for a huge fleet of electric cars?

World lithium reserves are estimated to be 9.5 million tons in ore deposits (chapter 24). A lithium-ion battery is 3% lithium. 36 If we assume each vehicle has a 200 kg battery, then we need 6 kg of lithium per vehicle. So the estimated reserves in ore deposits are enough to make the batteries for 1.6 billion vehicles. That’s more than the number of cars in the world today (roughly 1 billion) – but not much more, so the amount of lithium may be a concern, especially when we take into account the competing ambitions of the nuclear fusion posse (Chapter 24) to guzzle lithium in their reactors. There’s many thousands times more lithium in sea water, so perhaps the oceans will provide a useful backup. However, lithium specialist R. Keith Evans says 37 “concerns regarding lithium availability for hybrid or electric vehicle batteries or other foreseeable applications are unfounded.” And anyway, other lithium-free battery technologies such as zinc-air rechargeables are being developed [www.revolttechnology.com]. I think the electric car is a goer!

[image: Figure 20.29]

Figure 20.29. Airbus A380.





What became of the hydrogen car

A section added in the 2026 revision. This chapter calls hydrogen “a hyped-up bandwagon” and says “I’ll be delighted to be proved wrong, but I don’t see how hydrogen is going to help us with our energy problems.” He was not proved wrong.

The record since is one-way. Honda ended production of the Clarity Fuel Cell in 2021, citing low demand. Shell abandoned its American hydrogen filling stations in 2024, so there are now fewer places to refuel than five years ago — about 56 consumer stations in the whole of North America, almost all on the Californian coast. Toyota sold 147 Mirais in the United States through the third quarter of 2025, down 54% on the year. Three hydrogen cars remain on sale in America, all of them in one state.38

MacKay’s arithmetic explains why, and it has not changed: the BMW Hydrogen 7 he cites needed 254 kWh per 100 km, 220% more than an average European car, and the CUTE fuel-cell buses needed 80 to 200% more energy than the diesel they replaced. A carrier that loses most of the energy put into it does not win a race against one that loses little, and eighteen years of engineering has not closed a gap of that size.


The ladder, and where hydrogen did go

The useful framework since is Michael Liebreich’s Clean Hydrogen Ladder, which ranks uses by how likely hydrogen is to beat the alternatives; chapter O sets it out in full and derives the ordering from the conversion arithmetic. Fertilizer, hydrogen for refining, methanol and steel sit at the top, because there is no other way to do those things. Passenger cars sit on the bottom rung, alongside domestic heating, because a battery does the same job at a fraction of the energy.39

The instructive part is that this book already contains both ends of that ladder. Chapter 13’s 2 kWh/d per person of fertilizer energy is hydrogen — made from natural gas by the Haber–Bosch process, and the single largest existing use of hydrogen in the world. Chapter 28a discusses the same ladder from the electricity side.

So hydrogen did not fail. It went where the physics sent it, which is into the chemical industry, and stayed out of the place the hype put it, which was the car. MacKay guessed that in 2008 with a sentence and a fuel-consumption figure.




Trains that are not full

Figure 20.6 in this chapter shows an almost empty carriage — “three men and a cello” — under a caption noting that some trains aren’t full. It is a small joke carrying a large point, and a Swedish argument makes it explicit.

Writing in 2024, the blog Cornucopia? argued that nineteenth-century railway technology cannot work economically in a country as sparsely populated as Sweden. Its points are worth setting out because they are quantitative. A railway must be maintained along its entire route — some 500 km between Gothenburg and Stockholm — while an aeroplane needs only a few kilometres of asphalt at each end, and maintenance wages scale roughly linearly with track length. On the same distance as Gothenburg to Stockholm, it notes, continental Europe fits Paris, Reims, Brussels, Rotterdam and Amsterdam. And 99% of Swedes are not within walking distance of a station at both ends of a journey, which is what makes door-to-door road transport competitive.40


But this is not an energy argument

It is worth being precise about what that case does and does not establish, because this chapter is about joules.

MacKay’s transport figures are explicitly for vehicles “on best behaviour” — his high-speed electric train at 3 kWh per 100 seat-km assumes every seat sold. Relax that:




	Occupancy
	kWh/100 p-km
	Against a single-occupant car





	100%
	3.0
	27× better



	50%
	6.0
	13× better



	30%
	10.0
	8× better



	20%
	15.0
	5× better



	10%
	30.0
	3× better





A train has to be nearly empty before it stops beating a car, and a rural Swedish service running at a fifth of capacity is still five times better per passenger-kilometre than driving alone. The energy case for rail survives poor occupancy with a wide margin.

What does not survive is the cost case, and that is what the Swedish argument is really about: staff, track and signalling for 500 km, paid for by whoever is on board. The objection is economic and geographic, not thermodynamic.

There is one genuine energy point buried in it, though, and this chapter does not count it. MacKay’s transport figures are the energy of motion. They exclude the energy embodied in building the vehicles, building and maintaining the track, and producing the fuel — the 500 km of railway against the aeroplane’s few kilometres of asphalt.

That gap can now be filled in, and it is larger than one might guess. Chester and Horvath’s life-cycle inventory of American passenger transport found that counting vehicles, infrastructure and fuel supply chains adds 63% for road, 155% for rail and 31% for air over the energy burned in the vehicle. Rail is penalised most, for the obvious reason: it needs a continuous structure along its whole route, and everything else in this chapter mostly needs somewhere to stop. Apply those multipliers to this chapter’s own figures:




	kWh per 100 p-km
	Energy of motion
	Full life cycle





	Full 8-carriage train
	1.6
	4.1



	Full high-speed electric train
	3.0
	7.6



	Full 747
	42
	55



	Car, one occupant
	80
	130





The ordering does not change and the gaps narrow substantially. Rail’s advantage over a single-occupant car falls from about fifty to one to about thirty to one. Its advantage over a full jumbo falls from twenty-six to one to about thirteen to one. Both remain decisive; neither is what the vehicle-only comparison implies.41

And this is precisely where the Swedish argument has its real content. Those multipliers are averages over systems carrying real traffic. Infrastructure energy is fixed and gets divided by whatever passes over it, so a busy corridor amortises it into invisibility while a line carrying a few trains a day may not amortise it at all. Nothing in a per-passenger-kilometre figure reveals which case you are in.

That is the same boundary problem chapter M is about: what you include decides what you conclude, and a comparison of vehicles is not a comparison of transport systems.



Three electric vehicles, one basis

The two tables above compare rail with a petrol car and an aeroplane, which is MacKay’s comparison and a 2008 one. The comparison a Swedish reader is more likely to be making is narrower and harder, because all three options now run on electricity and all three can be bought today: a high-speed train, an electric coach, and an electric car. Put on one basis and ordered lowest first, in kWh per 100 passenger-kilometres of motion, with the speed beside each because speed is the one thing the energy figure cannot see — and with the basis of that speed named, because an average that includes stops and a top speed that does not are not the same quantity, which is the trap the note to figure 20.23b warns about:


	0.8 to 1.0 — a full electric double-decker bus, 18 km/h average including stops

	2.0 — a full electric coach, derived below from a range claim whose duty cycle is not published

	3.0 — a full electric high-speed train, 225 km/h top speed

	5.3 — an electric car carrying four people

	7.0 — the same car carrying three

	8 — the electric double-decker at London’s average loading

	10.5 — the same car carrying two

	13 — the British railway as a system, measured, at whatever occupancy it actually has

	21 — the same car carrying one



Two things fall out of that order, and neither is what the chapter set out to show.

The first is that the train is not the efficient vehicle on the list. It is the fast one. Three kilowatt-hours is what 225 km/h costs, and chapter A says why: drag rises with the square of the speed and the power needed to overcome it with the cube. A double-decker averaging a twelfth of that, stops included, is not beating the train at engineering; it is being asked an easier question. A passenger-kilometre on a city bus and a passenger-kilometre on a high-speed train are not the same commodity, which is what the section on the value of time below is about.

The second is that the spread within each mode is wider than the gaps between the modes. The double-decker moves by a factor of ten, though not all of that is occupancy: 0.8 is one vehicle on a test cycle and 8 is MacKay’s London fleet in service, so part of the gap is the distance between a laboratory and a bus route. The car moves by a factor of four, and that part is occupancy and nothing else. And the railway as a system runs at more than four times its own best-behaviour figure, which is the same four. The quantity that decides this comparison is occupancy, and it is the only one that appears in no vehicle specification.

Where the coach figure comes from, since it is not MacKay’s and not measured by anybody independent. Yutong’s GTe14 is a 57-seat battery-electric coach on sale in Britain, with a 563 kWh battery and a claimed range of about 300 miles, which is 1.17 kWh per vehicle-km, or 2.0 per 100 seat-km. The larger battery option gives the same answer. Volvo’s BZR Electric coach chassis, 720 kWh and up to 700 km, works out at 1.03 — but on the SORT 3 cycle, which averages about 39 km/h and is therefore not a motorway number. Treat 2.0 as the right order of magnitude and not as a measurement.42

What that derivation cannot supply is a speed. Volvo’s figure is set aside above because SORT 3 averages 39 km/h, but Yutong does not publish the cycle behind its 300 miles at all, and the note’s own caution is that real motorway running at 100 km/h, with heating or cooling, will sit at the high end. So the speed this section attaches to 2.0 is an assumption, and it is an assumption that favours the coach.

That figure is the uncomfortable one, because the coach and the high-speed train are competing for the same journey. A full electric coach at 2.0 is below a full high-speed train at 3.0, on a road that already exists, at perhaps half the speed — perhaps, for the reason just given. Halve its loading and it is 4.0, still a third of what the British railway achieves in service. So on the energy of motion the coach wins, and on the full life cycle it wins by more: the multipliers above add 63% to a road vehicle and 155% to rail, which takes the full coach to 3.3 against the full train’s 7.6, and the railway as a system to 33.

What the comparison does not settle is anything, and it is worth saying why not. Energy per passenger-kilometre is the wrong question to put to these three vehicles, because they are not substitutes for one another. The high-speed train’s competitor is the aeroplane, and against chapter 5’s modern long-haul figure of 32 — or the 42 of a full 747 in MacKay’s table — rail wins by a factor of ten or more on any corridor short enough to be flown. That is the case for building the line, and it is a strong one. The electric car’s competitor is the petrol car, 21 against 80, a factor of four that arrives without anybody building anything and reaches the whole fleet. The electric bus’s competitor is the diesel bus, and as the bus section earlier in this chapter notes, it is the only one of the three that a public authority can simply order.

Which leaves the Swedish question this section started from in a particular shape. The argument about 500 km of track between Gothenburg and Stockholm is an argument about whether to build the track, and the answer to it is not in this chapter’s units. A coach needs no track, and on the numbers above it uses about a third less motion energy than a full high-speed train while conceding half the speed; counting the infrastructure it comes out further ahead. The case for the railway therefore has to be made on time, on capacity, and on what else the corridor is for — which is the mirror image of what the earlier section concluded. The objection to the railway was economic and geographic rather than thermodynamic. So is the answer to it.



Time is a cost too

There is a second thing this chapter’s units cannot see, and it is bigger than the infrastructure overhead. Time has a price. Every transport appraisal in the world puts a money value on travel time saved — it is usually the largest single benefit in the case for a new road or railway — and both travellers and shippers pay it whether or not anybody writes it down.

For freight the ratio is stark, and it is the clearest evidence that the price is real. Air cargo carries less than 1% of world trade by weight and more than 35% of it by value. That is not a statement about aeroplanes; it is the value of time, revealed. Goods that can wait go by sea, and increasingly by rail — Eurasian rail freight costs roughly 80% less than air and takes about half the time of sea. Goods that cannot wait go by air and pay the whole energy penalty this chapter describes, because for a container of pharmaceuticals or aircraft spares the cost of the delay exceeds the cost of the kerosene by a wide margin. Freight chooses its mode on total logistics cost, of which the fuel is a small part and the money tied up in cargo sitting still is a large one.43

For passengers the picture is less flattering to rail than the energy arithmetic suggests, and the direction may be the opposite of what a reader expects. A 2025 survey of 142 routes across 31 European countries found flying cheaper than the train on 54% of cross-border routes and the train cheaper on only 39%. France was the worst case, with 95% of cross-border routes more expensive by rail, then Spain at 92%, the United Kingdom at 90% and Italy at 88%. The extreme was Barcelona to London: €14.99 by air against as much as €389 by rail, a factor of twenty-six. Domestically the picture reverses — trains were cheaper on 70% of within-country routes — which says something about how cross-border rail is ticketed, taxed and operated rather than about steel wheels. Aviation fuel is untaxed and cross-border rail is not.44

So the ranking in figure 20.23 is a ranking in joules and nothing else. The traveller is choosing on price and elapsed time, the shipper on total logistics cost, and on those axes the order is frequently reversed. That is not an argument against rail; it is an argument that the energy case and the case people actually decide on are different cases, and that closing the gap is a matter of fares, taxes and journey times rather than of physics. This chapter can tell you that a train beats a plane by a factor of ten in energy. It cannot tell you why the plane is cheaper, and it is the second fact that fills the aeroplane.






The future of flying?

The superjumbo A380 is said by Airbus to be “a highly fuel-efficient aircraft.” In fact, it burns just 12% less fuel per passenger than a 747.

Boeing has announced similar breakthroughs: their new 747–8 Intercontinental, trumpeted for its planet-saving properties, is (according to Boeing’s advertisements) only 15% more fuel-efficient than a 747–400.

This slender rate of progress (contrasted with cars, where changes in technology deliver two-fold or even ten-fold improvements in efficiency) is explained in Technical Chapter C. Planes are up against a fundamental limit imposed by the laws of physics. Any plane, whatever its size, has to expend an energy of about 0.4 kWh per ton-km on keeping up and keeping moving. Planes have already been fantastically optimized, and there is no prospect of significant improvements in plane efficiency.

[image: Figure 20.30]

Figure 20.30. TSS Rijndam.

[image: Figure 20.31]

Figure 20.31. NS Savannah, the first commercial nuclear-powered cargo vessel, passing under the Golden Gate Bridge in 1962.


(Figure omitted from this edition: third-party rights.)



Figure 20.32. The nuclear ice-breaker Yamal, carrying 100 tourists to the North Pole in 2001. Photo by Wofratz.

For a time, I thought that the way to solve the long-distance-transport problem was to revert to the way it was done before planes: ocean liners. Then I looked at the numbers. The sad truth is that ocean liners use more energy per passenger-km than jumbo jets. The QE2 uses four times as much energy per passenger-km as a jumbo. OK, it’s a luxury vessel; can we do better with slower tourist-class liners? From 1952 to 1968, the economical way to cross the Atlantic was in two Dutch-built liners known as “The Economy Twins,” the Maasdam and the Rijndam. 45 These travelled at 16.5 knots (30.5 km/h), so the crossing from Britain to New York took eight days. Their energy consumption, if they carried a full load of 893 passengers, was 103 kWh per 100 p-km. At a typical 85% occupancy, the energy consumption was 121 kWh per 100 pkm – more than twice that of the jumbo jet. To be fair to the boats, they are not only providing transportation: they also provide the passengers and crew with hot air, hot water, light, and entertainment for several days; but the energy saved back home from being cooped up on the boat is dwarfed by the boat’s energy consumption, which, in the case of the QE2, is about 3000 kWh per day per passenger.

So, sadly, I don’t think boats are going to beat planes in energy consumption. If eventually we want a way of travelling large distances without fossil fuels, perhaps nuclear-powered ships are an interesting option (figures 20.31 & 20.32).



Water: the corner of the diagram that moved

A section added in the 2026 revision. Figure 20.23 has an empty region, and MacKay noticed it: fast, on water, and cheap in energy. The only water entries anywhere in this chapter are the diesel catamaran in that figure and the liner above, and the liner needs 121 kWh per 100 passenger-km to manage 30 km/h. Every displacement hull is in that trap. The energy goes into making waves, and wave-making drag climbs steeply as the hull approaches its own hull speed, so a boat that wants to go faster has to pay disproportionately for it.

A hull that lifts clear of the water on foils escapes the trap altogether. The wetted area collapses from a whole hull to a few small wings, and the drag collapses with it. Hydrofoils are not new — the Soviet Raketa riverboats date from 1957 — but they were mechanically fussy and needed a large engine to get onto the foils. What has changed is that active electronic flight control, developed for drones, keeps a foiling hull stable without a pilot fighting it, and batteries make the small steady cruise power practical.

[image: Energy requirements of passenger transport in 2008 and 2026, plotted against speed on logarithmic axes. Hydrofoiling electric vessels place a 25-knot passenger boat at about 15 kWh per 100 passenger-km, where in 2008 only trains and coaches reached.]

Figure 20.23b. Figure 20.23 remade for 2026, with both axes logarithmic. Added in the 2026 revision. The grey points are MacKay’s own figures from chapters 5 and 20. Hollow markers assume every seat is used, filled markers are typical use — his convention, kept.46

The Swedish firm Candela builds hydrofoiling electric boats, and the arithmetic can be done from its published specifications rather than its advertising. The P-12, a thirty-seat passenger shuttle, carries 336 kWh of usable battery and is quoted at up to 40 nautical miles at its 25-knot service speed. That is 4.5 kWh per vessel-kilometre, or 15 kWh per 100 passenger-km with every seat filled, at 46 km/h. Compare that with the number this chapter already gives for the entire London Underground — lighting, lifts, depots and workshops included — which is also 15. The leisure C-8 carries 69 kWh and is quoted at 57 nautical miles at 22 knots: 0.65 kWh per kilometre, so 11 kWh per 100 passenger-km with six aboard, and 33 with two.47

Against what it replaced, the comparison is starker. The P-12 named Nova has run route 89 between Ekerö and central Stockholm since 2024, alongside the conventional diesel vessels Lux and Sunnan. Candela’s claim for the energy saving per passenger-kilometre is quoted as 66%, 80% and 84% in different places, which is itself worth noting; taken at face value it puts the diesel boats it replaced somewhere between 44 and 94 kWh per 100 passenger-km. Either end of that band is a bad number, and the P-12 is a fifth of it. The journey time fell from 55 minutes to about 30, and passenger numbers on the route rose 22.5% during the trial.48

The commercial position in 2026 is this. Over forty P-12s are on order, which makes it the best-selling electric passenger vessel; the first American one is going to Lake Tahoe, where a thirty-minute crossing replaces a drive around the lake that twenty thousand vehicles a day currently make. In the United States the leisure end has started moving too: Arc, in Los Angeles, delivers a 226 kWh electric wake boat — a battery three times the size of an ordinary electric car’s, in a 23-foot boat — and at Niagara Falls the two Maid of the Mist catamarans have run entirely on batteries since 2020, taking about 38 kWh per trip and recharging in the seven minutes passengers take to get on and off.49

Three cautions before this is oversold. First, these are consumption figures computed from quoted ranges, and a quoted range is an upper bound, so the real consumption is at least this and probably a little more. Second, the per-passenger figures assume the seats are used; a leisure boat with two people aboard is three times worse per passenger, and the diagram shows both. Third, and most important, none of this touches the ships that matter for energy. Deep-sea shipping is already efficient per tonne-kilometre, as chapter 15 says, and nothing here scales to it: a foil cannot lift a container ship, and a battery cannot cross an ocean. What has changed is a specific, useful corner — fast passenger transport over water in and around cities — where MacKay’s diagram had nothing worth having and now has something better than a bus.



The airship that never arrives

A section added in the 2026 revision. Figure 20.23b has a second empty region, in the other direction: slow, heavy-lifting, and cheap. That is the airship’s claim, and it has been the airship’s claim for a century.

The claim is physically sound. A wing has to be pushed through air to hold anything up, which is the 0.4 kWh per ton-km floor that chapter C derives and that no aeroplane escapes. A gas envelope holds itself up for nothing, and the engines are then needed only to overcome drag and to manoeuvre. Hybrid Air Vehicles, in Bedford, quotes 9 grams of CO2 per passenger-kilometre for the hybrid-electric configuration of its Airlander 10, against something over ten times that for a regional jet on the same route. Converted to this book’s units, 9 g of CO2 is about 3.4 kWh per 100 passenger-km, at 90 seats and roughly 130 km/h. Put that in context rather than letting it float: it is close to this chapter’s figure of 3 kWh per 100 seat-km for a full electric high-speed train, and still twice the 1.6 of the eight-carriage train in figure 20.4. So an airship does not beat a train. What it claims is a train’s efficiency in a machine that needs no track — which, in the light of the section above on 500 km of Swedish railway, is exactly the interesting claim.50

So why is there no point on the diagram? Because the airship’s record is not a technical record, it is a commercial one, and it is uniformly bad. The Airlander 10 airframe first flew in 2012 as the US Army’s Long Endurance Multi-Intelligence Vehicle; that programme was cancelled the following year. Hybrid Air Vehicles bought the aircraft back, flew it in 2016, damaged it on landing on its second flight, and lost it in 2017 when it broke free of its mooring and deflated. The prototype was retired in 2019. A decade earlier CargoLifter had gone bankrupt in 2002, having built what was then the largest self-supporting hall in the world and no airship to put in it. The production Airlander 10 entered type certification with the Civil Aviation Authority in the 2020s, has around £1 billion of reserved orders including twenty aircraft for Air Nostrum, and is planned to fly in 2026 and enter service in 2028.51

That pattern — sound physics, plausible numbers, repeated commercial failure — is the point, and it is a point this book keeps arriving at from different directions. Chapter 28a puts it as the constraint having moved: the binding limits on energy technologies are now prices, queues, permits and procurement cycles rather than joules. An airship is slow, needs a large ground crew and a large piece of ground, is grounded by weather that would not trouble a turboprop, and has to be insured and certified as a novel category. None of those is a thermodynamic objection and all of them have killed airships. A good number on this diagram is necessary and it is nowhere near sufficient, and the honest thing to say in 2026 is that the Airlander has orders but no certificate and no service, exactly as its predecessors did.



Electrofuels: the aeroplane’s only route

A section added in the 2026 revision. Chapter 5 establishes that battery-electric flight does not work for anything but short hops, and nothing since has changed that. So if aviation is to leave fossil fuel it needs a liquid hydrocarbon made some other way, and the honest question is what that costs in electricity.

There is now a good answer, from an unexpected quarter.


The Navy’s number

The United States Naval Research Laboratory has spent fifteen years developing a process to make jet fuel from seawater: extract dissolved carbon dioxide and hydrogen electrochemically, run the reverse water-gas shift over an alkali-promoted molybdenum carbide catalyst, and finish with Fischer–Tropsch synthesis to give JP-5 meeting military specification. A scale model aircraft flew on it in 2014. The work is now being commercialised as Sea Dragon, with about $28.7 million of Office of Naval Research contracts — $19.2 million in 2024 for a pilot unit, $9.5 million in August 2025 for a phase-two demonstration — and a deployable demonstration system targeted for 2027.52

The Navy’s motive is not climate. It is that a carrier group’s fuel arrives by tanker, and tankers can be sunk. Chapter 17’s section on the energy cost of war is about the same vulnerability from the other end.

But the paper that costs the idea states the physics plainly, and it is the sentence that matters here:


for every kilowatt hour of electricity consumed to make the final liquid hydrocarbon fuel, only 0.60 kW h of power is stored in the liquid hydrocarbon fuel



Sixty per cent. That is the conversion from electricity to liquid fuel, and the Navy’s own scale claim checks against it: a 200 MW reactor running for a day supplies 4.8 GWh, and 82 000 US gallons of jet fuel contains about 3.0 GWh — 63%. The two numbers agree, which is more than can be said for most claims in this field.



What that means for flying

Now apply it in this book’s units, which is the whole point of the exercise.










	
	Fuel needed
	Electricity to make it
	Against Britain’s whole grid





	UK aviation today (7.4 kWh/d per person)
	7.4
	12.3
	1.1×



	MacKay’s frequent flyer (30 kWh/d)
	30
	50
	4.5×





Britain currently generates 11.2 kWh/d per person of electricity, from everything — every wind turbine, every solar panel, both nuclear stations, all the gas. Flying the amount Britain already flies, on synthetic fuel, would need more electricity than the entire British grid produces.

That is not an argument against electrofuels. It is the reason chapter 5’s conclusion stands: flying is not expensive because aeroplanes are inefficient. It is expensive because flying is a lot of energy, and moving it from a well to a wire does not make it less.



The fuel itself is cleaner than the fuel it replaces

Everything above is about how much electricity it takes to make the stuff. There is a separate question — what happens when you burn it — and on that question the electrofuel is not merely equivalent to fossil kerosene, it is better, for a reason worth understanding.

Fossil jet fuel is a distillate cut, and it carries what the crude carried: sulphur, and aromatics. Aromatics are there partly by accident and partly on purpose, because they swell the nitrile seals in older fuel systems. They also burn dirtily. Aromatic compounds are what produce soot, and soot particles are what contrail ice crystals nucleate on. Synthetic paraffinic kerosene, whether made by Fischer–Tropsch from syngas or by the power-to-liquid route this section describes, is built molecule by molecule from carbon monoxide and hydrogen. It contains essentially no sulphur and almost no aromatics, because nobody put any in.

The measured consequence is large. In the ECLIF3 campaign, in which Airbus, Rolls-Royce, the German Aerospace Center and Neste flew an A350 with both engines on 100% synthetic fuel and chased it with an instrumented aircraft, the number of contrail ice crystals per mass of fuel burned fell by 56% against a reference Jet A-1. Earlier DLR–NASA campaigns on an A320 running blends found 50–70% reductions in soot and in ice-crystal number. This matters more than it sounds, because contrails and the cirrus they seed are not a footnote to aviation’s climate effect — on most recent accounting the non-CO2 effects are comparable to, or larger than, the CO2. There is a ground-level benefit too: less particulate matter in the air around airports, which is a public-health argument rather than a climate one.53

There is even a small efficiency gain. Paraffinic fuel has a slightly higher energy content per kilogram than conventional kerosene, though a slightly lower one per litre because it is less dense. On a long flight, which is weight-limited rather than volume-limited, that is worth a percent or two of fuel burn — trivial beside the numbers in this chapter, but in the right direction rather than the wrong one.

Two things must be said against over-reading this. The comparison is tank-to-wake: it describes the aircraft, not the supply chain. Well-to-wake, the electrofuel is far worse than using the electricity directly, and that is the 60% figure above — the fuel is clean where it burns and expensive where it is made, and those are answers to different questions. And the aromatics do a job: seal compatibility is why 100% synthetic fuel needed testing at all, and why blend limits existed. ECLIF3 was in part the demonstration that a modern airframe tolerates the neat fuel.



Where this leaves aviation

Four things follow, and they are worth separating.

Electrofuel is the right answer for aviation and the wrong one for almost everything else. On Liebreich’s ladder, above, the top rungs are the uses with no alternative. Aviation is one: batteries cannot do it, and hydrogen in an airframe is chapter 20’s blimp problem. That is a much stronger case than the hydrogen car ever had.

But at 60% it is a multiplier on the green electricity problem, not a solution to it. Every kilowatt-hour of jet fuel demands 1.7 of electricity, and chapter 18 records that Britain is at 3% of its renewable ceiling. Synthetic aviation fuel makes the production chapters harder, not easier.

And it does not reduce the demand for flying. MacKay’s chapter 5 makes that point once and it survives: the only reliable way to reduce the energy cost of a flight is not to take it. Everything else is a change of supply chain.

But it is a better fuel, not merely a differently-sourced one. The soot and contrail reductions above are a real benefit that the kilowatt-hour accounting in this chapter cannot show, and they arrive on the day the fuel is loaded rather than at some future date when the grid is clean. That is unusual among the options in this book, and it deserves to be counted.



The military and civilian cases want opposite machines

There is a further point, and it explains why the Navy’s economics cannot simply be lifted into civilian use.

For the military, the 40% loss is worth paying, and efficiency is not the product. What the Navy is buying is the removal of a supply chain. Fuel delivered at sea cost $6 to $7 a gallon fully burdened against a standard price of $3.70, because the difference is tankers, escorts, storage and the people who operate them — and in a contested sea that tail is not merely expensive but vulnerable. A process that turns a reactor already in the hull into fuel alongside makes the tanker unnecessary. Losing 40% of the energy is a small price for not having to defend a convoy. Liquid fuel also stores indefinitely and needs no new handling equipment, which a battery does not and does.

For civilian use the requirement inverts, and it is not efficiency either — it is modularity. The electricity that ought to make synthetic fuel is the surplus: the hours chapter 28a describes, when wind and solar produce more than the system wants and the price falls to zero or below. An electrofuel plant is one of the few loads large enough to absorb that surplus and indifferent enough to when it arrives, since the product is a liquid in a tank rather than a service delivered on demand.

But that requires a plant that can run intermittently without being ruined by it, and the economics are brutal about what that means. Capital cost per gallon scales roughly as the inverse of the capacity factor: a plant designed to run flat out and then operated a fifth of the time makes fuel at about five times the capital cost per unit. So the civilian machine must be cheap, small and many — modular units that can start, stop and follow the price — where the Navy’s is large, dear and continuous, sized around a dedicated reactor.

Those are not the same product, and the Navy’s $1.48-a-gallon lower bound assumes the continuous case. The technology transfers; the economics do not.

This is the demand side of chapter 28a’s argument arriving in a new place. That chapter’s conclusion is that the value of renewable electricity falls as it grows unless something turns up to consume the surplus in the hours it appears. Chapter 7 offers heat and storage; chapter 11a notes that data centres could in principle but are built not to. A modular electrofuel plant is the candidate with the largest appetite and the least impatience.



Fabricated, not constructed

There is a reason to think the capital cost problem is soluble, and this book has already established it twice without naming it.

Chapter 6 records that solar electricity fell to roughly a tenth of what MacKay assumed. Chapter 10 records that offshore wind rose to three to five times what he assumed. The physics was not the difference. Solar modules are fabricated on a production line and offshore wind farms are constructed at sea, and manufactured things descend a learning curve while constructed things do not.

A military fuel module is designed to be built in a factory, shipped and installed — because that is what a deployable system means. That places it, structurally, on the solar side of the divide rather than the offshore-wind side. Serial production is the one mechanism that has reliably made energy hardware cheap, and it is the mechanism a bespoke chemical plant is denied.



And the natural home is a nuclear site

The other half of the answer changes the argument again, and it is worth following because it cuts against what I said above.

Pair the modules with a nuclear station and four problems solve at once. The capacity factor goes back up, which is what the capital cost needed. The grid connection already exists, which chapter 11a shows is now the scarcest thing in the system — a data centre in west London waits years for what a licensed nuclear site already holds. The land, security, cooling water and operators are in place. And the output serves both customers: aviation fuel for airlines, and the same specification of fuel for a navy that would rather not defend a convoy.

The catch is that this is no longer the surplus-absorbing machine of the previous section. A plant running on firm nuclear output is consuming electricity that the grid would otherwise have; it does not fill chapter 28a’s zero-price hours, and it does not raise anybody’s capture price. It is a good business and a poor flexibility service, and the version that would help the cannibalisation problem is the one whose economics are hardest.

So the honest position is that electrofuel has two plausible futures with different virtues. Paired with nuclear it is buildable now, dual-use, and queue-free, and it makes aviation fuel without making the grid any easier. Built cheap enough to chase surplus, it would do both — and nobody has yet demonstrated the second.




What about freight?

International shipping is a surprisingly efficient user of fossil fuels; so getting road transport off fossil fuels is a higher priority than getting ships off fossil fuels. But fossil fuels are a finite resource, and eventually ships must be powered by something else. Biofuels may work out. Another option will be nuclear power. The first nuclear-powered ship for carrying cargo and passengers was the NS Savannah, launched in 1962 as part of President Dwight D. Eisenhower’s Atoms for Peace initiative (figure 20.31). Powered by one 74-MW nuclear reactor driving a 15-MW motor, the Savannah had a service speed of 21 knots (39 km/h) and could carry 60 passengers and 14000 t of cargo. That’s a cargo transport cost of 0.14 kWh per ton-km. She could travel 500 000 km without refuelling. There are already many nuclear-powered ships, both military and civilian. Russia has ten nuclear-powered ice-breakers, for example, of which seven are still active. Figure 20.32 shows the nuclear ice-breaker Yamal, which has two 171-MW reactors, and motors that can deliver 55 MW.



Heavy trucks: change the battery, or charge it

A section added in the 2026 revision. MacKay’s paragraph above sets the priority — road transport before ships — and then moves on to ships. The road half has since become the most contested question in electric transport, and it is not a question about energy.

Start with the energy. An electric 40-tonne truck is now a measured thing. On Daimler’s seven-week European test of the eActros 600, 15 000 km across 22 countries at 40 tonnes gross, the average was 103 kWh per 100 km, from 85 on the downhill legs to 140 in the cold. A diesel of the same class burns something like 30 litres per 100 km, which is about 300 kWh of chemical energy. The ratio is roughly three, the same factor this chapter finds for cars, and for the same reason: the diesel engine’s heat is the loss.54

The difficulty is the day, not the kilometre. A long-haul truck covering 700 km needs about 720 kWh. CATL’s newest truck battery, shown in September 2026, claims 170 Wh/kg, and at that density a pack for the whole day weighs over four tonnes — payload the operator is paid to carry. So the pack is sized for half a day or less, and the truck has to be refilled mid-shift. There are two ways to do that. Charge it very hard: the Megawatt Charging System is specified to 3.75 MW, and CATL claims 80% in 25 minutes, roughly a driver’s legal break. Or do not charge it at all, and change the battery: the swap takes about five minutes, and the flat pack is recharged slowly while the truck drives away.

China chose to change it, and has now written the choice into a plan. New-energy heavy trucks were 231 100 of China’s heavy-truck sales in 2025, 28.9% of the market, and passed half of monthly sales for the first time in December. About a third of the battery-electric ones were built to swap. On 12 June 2026 eleven departments led by the Ministry of Transport issued a plan for heavy trucks at scale: 40% of sales by 2030, a fleet above 1.6 million — about a fifth of all heavy trucks — carrying 18% of expressway freight, with around 3000 heavy-truck charging and swapping stations, and more than 80% of fixed-route short-haul work electrified in the smog belt around Beijing. The 40% is worth reading twice. It is well above the 29% of 2025 as a whole and well below the 54% of December — a month inflated by year-end buying — so the target is less a stretch than a floor the market has already touched.55

The battery maker owns the network. CATL’s swapping arm, Qiji, had about 300 heavy-truck stations at the end of 2025 and planned 900 for 2026, built around a standard pack it launched in May 2025 that sits under the chassis. In August 2026 CATL bought just under a quarter of Qiyuan Green Power, the swapping business of the state-owned State Power Investment Corporation, for 2.6 billion yuan: over 1600 charging and swapping stations in 208 cities, on a behind-the-cab format that fits more than 80% of the swap trucks already on Chinese roads. The company that sells the batteries now holds a large part of the network that exchanges them, on both of the formats that compete. That is the “many badges, few motors” pattern of the e-bike section above, one size up, and it is what a standard looks like when it is settled by acquisition rather than by committee.56

Europe has started to hedge. It standardised the charger, not the pack, and has built toward megawatt charging on long-haul corridors. But in June 2026 CATL and Octopus Energy formed Swaptopus, a joint venture for truck swapping with demonstration stations in Britain in 2027 and more than thirty by 2035; in September CATL signed a memorandum with DHL on European freight corridors that includes swap pilots alongside fast charging. And at the same trade fair CATL showed the long-range pack that makes swapping less necessary. The supplier is selling both answers, which is a fair summary of where the question stands.57

Physics does not choose between the two. What swapping buys is a grid connection sized for the average rather than the peak: packs can be charged over hours, off-peak, instead of 3.75 MW arriving at a motorway services whenever a truck does. What it costs is capital — a stock of spare batteries sitting in racks — and a standard, which only works where one operator or one supplier controls the fleet. So it wins where routes are fixed and machines never stop: mines, ports, coal short-haul, which is exactly where China’s 80% target is aimed. It loses where thousands of operators run mixed fleets on open roads, which is Europe’s long haul. And it has one more natural home, off the road altogether, where there is no grid to charge from and the work runs through the night; chapter 13 follows it into the field and the forest.



Nuclear ships, and why they are still not here

A section added in the 2026 revision. MacKay raises nuclear propulsion twice — once for long-distance passengers, once for freight — and both times he raises it and leaves it, because in 2008 there was nothing to report. There is now.

Start with the thing his own numbers already say, because it is not what a reader expects. He gives the Savannah a cargo transport cost of 0.14 kWh per ton-km. Chapter 15 gives a container ship, the Ever Uberty, 0.015 kWh per ton-km on MacKay’s 2008 figures. The nuclear ship is ten times worse. That comparison is not quite fair — the Savannah was a 1962 passenger-and-cargo demonstrator carrying sixty passengers and their staterooms, doing 21 knots with a heavy shield where cargo would otherwise be, and she was never optimised for anything — but the direction of the surprise is the point. Nuclear propulsion does not make a ship efficient. It changes what the ship burns.

Which is exactly why it is being looked at again. Shipping’s problem is not that it is wasteful; chapter 15’s whole argument is that it is not, and that Britain’s share of international shipping is only about 4 kWh per day per person. The problem is that everything this chapter has offered as a replacement fails at sea. Batteries cannot cross an ocean — the same forty-to-one gap against hydrocarbons that grounds electric aviation. Hydrogen sits in the contested middle of Liebreich’s ladder. Electrofuels work but, as the section above shows, multiply the green-electricity problem by 1.7 rather than solving it. A reactor is the only option on the list that carries its energy density with it.

The historical record is worse than the airship’s. Four nuclear merchant ships have ever been built. The Savannah (1962) was a technical success and an economic failure, and was laid up in 1972. West Germany’s Otto Hahn (1968) worked well enough as an ore carrier, covering 650 000 nautical miles on nuclear power, and had her reactor taken out and replaced by a diesel plant in 1979, after eleven years. Japan’s Mutsu leaked radiation through a faulty shield on her first criticality in 1974, was refused entry by her own home port, and never carried commercial cargo. Only the Soviet-built Sevmorput (1988) had a long career, and she has been laid up since 2023 without being formally decommissioned. So as of 2026 the count of nuclear merchant ships trading anywhere in the world is zero, sixty-four years after the first one sailed.58

What is new is institutional, not technical. In September 2024 Maersk, Lloyd’s Register and Core Power — which integrates other companies’ reactors rather than building its own — began a twelve-month study of the regulatory requirements for a fourth-generation reactor in a European feeder containership. In June 2026 the same parties, joined by the Port of Rotterdam, published Enabling Nuclear-Powered Feeder Ships, a joint development project on port-call feasibility. Its central finding deserves quoting because it is this book’s thesis stated by the industry itself: the principal barriers to nuclear ship port calls “are not technical, but relate instead to local and international regulatory alignment, governance, risk management integration and public acceptance.” The International Maritime Organization is revising its Code of Safety for Nuclear Merchant Ships, and the International Atomic Energy Agency has an initiative to support it. China’s state shipbuilder has separately published a design for a 24 000-container molten-salt-powered vessel, the KUN-24AP, which the classification society DNV has given approval in principle.59


The obstacle, named precisely: a treaty that never entered into force

“Not technical” is the right answer but it is not yet a useful one, because it does not say what the barrier is. A 2026 Policy Exchange report on British maritime nuclear names it exactly, and the answer is smaller and more fixable than the phrase suggests.

There is no liability regime for a reactor that is also a ship. The Brussels Convention on the Liability of Operators of Nuclear Ships was written in 1962 for precisely this case — the year the Savannah was commissioned — and it never entered into force. The conventions that do work, Paris and Vienna, are built around fixed nuclear installations and around nuclear material in transit. A propulsion reactor is neither: it is the installation and the means of transport at once, and it crosses jurisdictions continuously. The consequence is stated by the report in a single sentence that is worth more than any technical assessment: insurers cannot price risk when they cannot determine which liability regime applies.

That is why the Savannah was turned away from ports in the 1960s, and it is the same unresolved gap sixty-four years later. Not physics, not engineering, not even public opinion in the first instance — an unratified treaty.

The window is now open and it closes in 2030. The IMO’s Code of Safety for Nuclear Merchant Ships dates from 1981 and no ship has ever been built to it — Sevmorput, laid down after it, was built to Soviet domestic rules. Its Sub-Committee on Ship Design and Construction agreed a work plan to overhaul it in January 2026, with an initial review at the Maritime Safety Committee in May 2026 and adoption targeted for 2030. Whatever is written into that Code in the next four years determines whether the ships in this section are buildable.

And the central recommendation is one this book has already made from the other side. Policy Exchange’s proposal is fleet licensing: separate reactor design approval from marine integration, approve modules once, and “regulate serial deployment rather than treat each vessel as a first-of-a-kind case.” That is precisely the argument of the “Fabricated, not constructed” section above, on why solar fell tenfold while offshore wind rose — restated as a regulatory proposal rather than a manufacturing one. Serial production is what makes energy hardware cheap; a licensing regime that treats every hull as a prototype forbids serial production by construction, whatever the shipyard does.

The report is a think-tank argument for British strategic advantage and should be read as one — its framing is national-security and industrial-policy, and its recommendations are shaped to give Britain a role. But the diagnosis does not depend on the framing. The UK-registered trading fleet is 0.4% of world deadweight tonnage, or about 4% once ships beneficially owned or managed from Britain are counted, and it will not out-build East Asia; what it still holds is the IMO’s headquarters and an insurance market that wrote £104.8 billion of premiums in 2024. On this particular obstacle, those are the relevant assets, which is an unusual thing to be able to say about an energy technology.60



The naval record, and the fuel that makes it possible

The merchant record above is not the whole record, and taken alone it is misleading, because the overwhelming majority of nuclear ships that have ever sailed were warships.

The American record is the strongest argument in the subject. The United States Naval Nuclear Propulsion Program has accumulated over 7600 reactor-years of operation with no reactor accident since Nautilus went critical in 1955 — across 273 reactor plants and 562 reactor cores, in a fleet that today numbers 77 nuclear-powered ships — having steamed something like 233 million kilometres. That is the largest body of operating experience with small reactors anywhere in the world, civil or military, and it is why the engineering claim in the reports above is credible rather than promotional. Carriers and submarines have done this in the least forgiving environment there is — sealed, mobile, shock-loaded, and far from help.

The Soviet and Russian record is genuinely mixed, and both halves matter. On the achievement side: the world’s only fleet of nuclear icebreakers, the only nuclear merchant ship that ever had a career, and at Pevek since December 2019 the Akademik Lomonosov, a moored floating nuclear plant — which is to say the Core Power Liberty concept, already operating, built by somebody else. On the other side, roughly ten reactor accidents: K-19 losing primary coolant in the North Atlantic in 1961; K-11’s two accidents during core loading in 1965; K-27’s core damage in 1968, which gave nine crewmen fatal doses; and the refuelling explosion aboard K-431 at Chazhma Bay in 1985, which killed ten. The difference between the two records is not the physics. It is standardisation, training and maintenance culture, which is exactly what the American programme attributes its own record to.

One point of correction, since it recurs: Ukraine has never operated a nuclear-powered warship. What it did was build one. The Soviet Union’s only nuclear-powered aircraft carrier, Ulyanovsk, was laid down at the Black Sea Shipyard in Nikolayev — now Mykolaiv — in November 1988, and was scrapped there on the slipway by independent Ukraine in 1992 at about 40% complete. The yard that would have made the USSR a nuclear carrier navy is the yard that ended it.61

And here is why none of that transfers. American and British naval reactors run on uranium enriched to around 93% — weapon-grade. This is legal because the safeguards agreements concluded under the Non-Proliferation Treaty provide for nuclear material to be withdrawn from safeguards for non-proscribed military use, and naval propulsion is the canonical case; once the fuel is sealed into a submarine the International Atomic Energy Agency cannot verify it in the field. That “naval loophole” has been a quiet problem for fifty years and a loud one since the AUKUS submarine agreement, which requires it to be exercised by a state without nuclear weapons for the first time.

A shipping line cannot go anywhere near that fuel. No commercial operator will be licensed to hold weapon-grade uranium, insure it, or take it into Rotterdam. Which is precisely why every civil design in this section assumes something else — molten-salt reactors at civil enrichments — and why France is the interesting counter-example: its Suffren-class submarines run at under 6% enrichment, achieved by enlarging the core rather than the reactor, at the cost of refuelling more often. China is generally assessed to use low-enriched fuel too, though its naval enrichment is not publicly confirmed and published estimates vary.

So the naval record is evidence for the engineering and not for the business, and conflating the two is the error to avoid. Those 7600 safe reactor-years were bought with a fuel, a training pipeline, a maintenance regime and a legal exemption that no container line will ever have.62



Convoys, and the reason they keep being proposed

There is a variant worth setting out, because it is the obvious answer to the economics and it has a name. Instead of a reactor in every hull, put one large reactor in one hull and let it power several. A ship carrying a 345 MW reactor could supply propulsive electricity to about four large ships, whose main engines run around 80 MW — or to roughly twenty feeder ships, whose engines are nearer 15 MW. The ratio is the whole point, and it depends entirely on what size of ship is being served. The Norwegian designer Ulstein has taken the idea furthest with a matched pair: Thor, a replenishment and rescue vessel carrying a thorium molten-salt reactor, and Sif, a battery-electric expedition cruise ship that Thor recharges at sea; Thor’s charging capacity is sized for four Sifs at once. Core Power’s Liberty programme proposes the moored version — floating nuclear plants built on a shipyard production line, towed to a port, powering the ships tied up alongside as well as the shore.63

The attraction is real and it is not primarily about energy. It decouples the number of reactors from the number of ships, and the reactor count is what drives everything difficult: licensing, safeguards, trained crews, insurance, the port-call negotiation above. Twenty conventional feeder ships served by one reactor is twenty ships’ worth of decarbonisation for one licensing problem. It is the same fabricated-not-constructed logic that made solar cheap, applied to the licensing burden rather than to the hardware.

The objections are equally real. Power transfer at sea is not a solved problem: cable or charging transfer requires station-keeping in weather that does not cooperate, and shipping’s whole economic model is ships going where the cargo is, independently, on their own schedules — a convoy is a nineteenth-century wartime arrangement, not a container-line one. Every ship in the group becomes dependent on one hull. And none of it exists. Thor and Sif are renderings, and the reactors these concepts assume are not yet available: the thorium molten-salt designs behind Thor and the KUN-24AP have no operating commercial example anywhere in the world, and Core Power’s own floating-plant work is assessing a light-water design, BWXT’s mPower, which is a shelved programme being revived.



Where the constraints point: a military replenishment ship

Put the two constraints side by side and a specific configuration falls out. The reactor has to stay in military hands, because that is where the fuel exemption lives. The convoy idea is attractive because it decouples reactor count from ship count. Both point at the same vessel: a naval replenishment ship, which is a hull navies already build, already operate in company with others, and already bring alongside allied warships to service.

And this book has already described the machine it would carry. The section above on the Naval Research Laboratory’s seawater-to-fuel work is exactly this proposition: reactor electricity plus seawater in, jet fuel and diesel out, at about 60% conversion, developed for the express purpose of removing the tanker from a contested area. A replenishment vessel producing both electricity alongside and synthetic hydrocarbon for the ships around it is not two ideas bolted together. It is the Navy’s own programme, with the surplus sold. No navy has proposed this, and nothing in this subsection is a report of anything under way — it is where the constraints set out above point, written down so that the reader can judge whether they point anywhere sensible.

It also disposes of the convoy’s worst objection, and more completely than underway replenishment would. Electricity has to be handed over while both ships are moving, because it cannot be stored in any quantity that matters; that is the unsolved part. Fuel can be stored, so it need not be transferred at sea at all. The receiving ship does not have to travel in company, keep station, carry replenishment rigs or train a crew to use them — those are naval capabilities, and merchant ships have none of them. It bunkers alongside or from a barge, on its own schedule, exactly as it does today, and burns a drop-in hydrocarbon in the engine it already has. The convoy stops being a formation and becomes a supply relationship, which is the only form shipping can actually accommodate.

And the two modes compose rather than compete. A vessel could take electricity by cable when the weather, the mission and the receiver’s fittings allow, and fuel when they do not, from the same reactor — the flexibility being on the supply side, where it is cheap, rather than in every receiving hull, where it is not. The receivers this suits best are the ones the rest of this chapter finds hardest: fast craft, whose power demand is high and whose stored energy runs out quickly. A hydrofoil doing 25 knots on 336 kWh is limited by where it can next take energy on board, not by anything about the boat. A refuelling or recharging point that can be moved to where the traffic is changes what such a vessel is for.

Three things must be said against it. The 60% conversion penalty applies in full, and it compounds. The reactor must produce about 1.7 kWh of electricity for every kWh of fuel energy it hands over, and the receiving ship then burns that fuel in a heat engine at roughly half efficiency — so the reactor is sized at something like three and a third times the propulsion energy actually delivered, against a directly nuclear-electric ship where the engine loss does not recur. The electrofuel arithmetic does not improve because the electricity came from a reactor. It makes civilian decarbonisation a dependency on navies, whose priorities are not commercial and whose ships are withdrawn in a crisis, which is the moment a fuel supply matters most. And it puts a high-value reactor into a hull that in peacetime does commercial work and in wartime is a first-order target — a combination that navies have historically been careful to avoid.

Which settles the ordering, and the electric boats earlier in this chapter settle it decisively. Put the two chains side by side per kilowatt-hour of shaft work at the propeller:




	Route from reactor electricity to shaft work
	Electricity needed





	Battery at 90% round trip, motor and propeller at 90%
	1.2 kWh



	Synthesised fuel at 60%, burnt in an engine at 50%
	3.3 kWh





Direct electric drive is nearly three times better, and that is before the hull is considered.

Against an ordinary diesel boat the comparison is different and smaller, because no synthesis step is involved: it is simply a motor at about 90% against a heat engine at about 45%, so about twice. But the Candela section above adds a second and independent factor to that one — a foiling hull does not merely convert its energy more efficiently, it needs less shaft work in the first place, because lifting the hull clear removes most of the drag. Both effects point the same way, and on the Stockholm route the measured result is a vessel using somewhere between a third and a sixth of the energy per passenger-kilometre of the diesel vessels it runs alongside — the width of that range being the disagreement recorded above about what the saving actually is. Where a foil and a battery both work, nothing burning a hydrocarbon comes close, synthetic or fossil, and nothing in this section should be read as suggesting otherwise.

So the rule is the same one this chapter reached for aviation, pointing the other way. Electrify directly wherever the physics permits it, and reserve synthesised fuel for what is left — which at sea means the deep-sea, heavy, long-range traffic that a foil cannot lift and a battery cannot supply. That is a large category, and it is the one this whole section is about; but it is smaller than it looks, and every route that hydrofoiling takes out of it is a route where the arithmetic above never has to be paid. Note that this refines rather than retracts the point above about fast craft: a fast electric vessel is exactly what the electricity leg of a replenishment ship is for, and it is the fuel leg that should be reserved for the deep-sea traffic.

Still, of everything in this section it is the configuration with the fewest invented components. The reactors exist and have 7600 reactor-years behind them. The fuel-synthesis chemistry has been demonstrated at sea. Replenishment at sea is ordinary. What is missing is not a technology but a decision about who pays and who is liable — which is, once again, the answer this chapter keeps arriving at.64

So the honest summary is the one this chapter has now given twice. The physics of nuclear propulsion has been settled since 1962 and the ships worked. What has never worked is the economics, the regulation and the public acceptance, and those are precisely the constraints chapter 18 says are now binding across the whole subject. The difference from the airship is that this time there is a named programme, a real shipping line, a port authority and a classification society at the table — and a public-acceptance problem the airship never had.




“Hang on! You haven’t mentioned magnetic levitation”

The German company, Transrapid, which made the maglev train for Shanghai, China (figure 20.33), says: “The Transrapid Superspeed Maglev System is unrivaled when it comes to noise emission, energy consumption, and land use. The innovative non-contact transportation system provides mobility without the environment falling by the wayside.” 65

Magnetic levitation is one of many technologies that gets hyped up when people are discussing energy issues. In energy-consumption terms, the comparison with other fast trains is actually not as flattering as the hype suggests. The Transrapid site compares the Transrapid with the InterCityExpress (ICE), a high-speed electric train.

Fast trains compared at 200 km/h (125mph)

Transrapid

2.2 kWh per 100 seat-km

ICE

2.9 kWh per 100 seat-km

[image: Figure 20.33]

Figure 20.33. A maglev train at Pudong International Airport, Shanghai. “driving without wheels; flying without wings.” Photo by Alex Needham.

The main reasons why maglev is slightly better than the ICE are: the magnetic propulsion motor has high efficiency; the train itself has low mass, because most of the propulsion system is in the track, rather than the train; and more passengers are inside the train because space is not needed for motors. Oh, and perhaps because the data are from the maglev company’s website, so are bound to make the maglev look better!

Incidentally, people who have seen the Transrapid train in Shanghai tell me that at full speed it is “about as quiet as a jet aircraft.”


Mythconceptions


“Electric cars are worse for the climate once you count making the battery.”

Making a battery does emit more than making a fuel tank, and the claim fails on the size of the two numbers rather than on the direction. This chapter settles the energy half of it, which is the half it can settle: a European electric car uses about 21 kWh per 100 km at the socket in real use, against MacKay’s 80 kWh per 100 km of chemical energy for the average petrol car. The running energy is roughly a quarter, and that is the gap a manufacturing penalty paid once has to overcome across a whole lifetime.

Turning energy into emissions needs one more number, and it is not this chapter’s. Eighty kWh of petrol is about eight litres, some 19 kg of CO2; the same distance for a fleet-average electric car at 21 kWh drawn from a grid at 0.65 kg/kWh, roughly Poland’s, is about 14 kg before the battery is amortised. On the French grid it is under 1 kg. So the size of the win is chapter 19’s question, not this one’s, and on a coal-heavy grid it is a margin rather than a factor — narrow enough that the manufacturing penalty matters, which is why the honest form of the answer is a breakeven distance rather than a verdict. Vehicle size moves it the same way: a large electric pickup at 30 kWh/100 km on that same grid is about 19.5 kg, level with the petrol car before any battery is counted, while a Citroën Ami at 7.3 is under 5 kg even on the dirtiest grid used here.66





Notes and further reading

[image: Figure 20.34]

Figure 20.34. Nine out of ten vehicles in London are G-Wizes. (And 95% of statistics are made up.)

[image: Figure 20.35]

Figure 20.35. 100 km in a single-person car, compared with 100 km on a fully-occupied electric high-speed train.

www.tfl.gov.uk/assets/downloads/corporate/TfL-environment-report2007.pdf,

www.tfl.gov.uk/assets/downloads/corporate/London-TravelReport-2007-final.pdf,

www.croydon-tramlink.co.uk.
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Figure 20.36. Trams work nicely in Istanbul and Prague too.

[image: Figure 20.37]

Figure 20.37. Th!nk Ox. Photo from www.think.no.

Th!nk Electric cars from Norway. The five-door Th!nk Ox has a range of 200km. Its batteries weigh 350 kg, and the car weighs 1500 kg in total. Its energy consumption is approximately 20 kWh per 100 km. www.think.no

Electric Smart Car “The electric version is powered by a 40 bhp motor, can go up to 70 miles, and has a top speed of 70 mph. Recharging is done through a standard electrical power point and costs about £1.20, producing the equivalent of 60 g/km of carbon dioxide emissions at the power station. [cf. the equivalent petrol-powered Smart: 116 g/km.] A full recharge takes about eight hours, but the battery can be topped up from 80%-drained to 80%-charged in about three-and-a-half hours.” [www.whatcar.com/newsarticle.aspx?NA=226488]

[image: Figure 20.38]

Figure 20.38. The i MiEV from Mitsubishi Motors Corporation. It has a 47 kW motor, weighs 1080 kg, and has a top speed of 130 km/h.

[image: Figure 20.39]

Figure 20.39. Lightning: 11 kWh per 100 km. Photo from www.lightningcarcompany.co.uk.

[image: Figure 20.40]

Figure 20.40. The Aptera. 6 kWh per 100 km. Photo from www.aptera.com.

[image: Figure 20.41]

Figure 20.41. The Loremo. 6 kWh per 100 km. Photo from evolution.loremo.com.

Berlingo Electrique 500E, an urban delivery van (figure 20.20), has 27 nicad batteries and a 28 kW motor. It can transport a payload of 500 kg. Top speed: 100 km/h; range: 100 km. 25 kWh per 100 km.(Estimate kindly supplied by a Berlingo owner.) [4wm2w4]

i MiEV This electric car is projected to have a range of 160 km with a 16 kWh battery pack. That’s 10 kWh per 100 km – better than the G-Wiz – and whereas it’s hard to fit two adult Europeans in a G-Wiz, the Mitsubishi prototype has four doors and four full-size seats (figure 20.38). [658ode]

EV1 The two-seater General Motors EV1 had a range of 120 to 240 km per charge, with nickel-metal hydride batteries holding 26.4 kWh. That’s an energy consumption of between 11 and 22 kWh per 100 km.

Lightning (figure 20.39) – has four 120 kW brushless motors, one on each wheel, regenerative braking, and fast-charging Nanosafe lithium titanate batteries. A capacity of 36 kWh gives a range of 200 miles (320 km). That’s 11 kWh per 100 km. www.lightningcarcompany.co.uk

Aptera This fantastic slippery fish is a two-seater vehicle, said to have an energy cost of 6 kWh per 100 km. It has a drag coefficient of 0.11 (figure 20.40). Electric and hybrid models are being developed. www.aptera.com

Loremo Like the Aptera, the Loremo (figure 20.41) has a small frontal area and small drag coefficient (0.2) and it’s going to be available in both fossil-fuel and electric versions. It has two adult seats and two rear-facing kiddie seats. The Loremo EV will have lithium ion batteries and is predicted to have an energy cost of 6 kWh per 100 km, a top speed of 170 km/h, and a range of 153 km. It weighs 600 kg. evolution.loremo.com

eBox The eBox has a lithium-ion battery with a capacity of 35 kWh and a weight of 280 kg; and a range of 140–180 miles. Its motor has a peak power of 120 kW and can produce a sustained power of 50 kW. Energy consumption: 12 kWh per 100 km.

Ze-0 A five-seat, five-door car. Maximum speed: 50mph. Range: 50 miles. Weight, including batteries: 1350 kg. Lead acid batteries with capacity of 18 kWh. Motor: 15 kW. 22.4 kWh per 100 km.

e500 An Italian Fiat-like car, with two doors and 4 seats. Maximum speed: 60 mph. Range in city driving: 75 miles. Battery: lithium-ion polymer.

MyCar The MyCar is an Italian-designed two-seater. Maximum speed: 40 mph. Maximum range: 60 miles. Lead-acid battery.

Mega City A two-seater car with a maximum continuous power of 4 kW and maximum speed of 40 mph: 11.5 kWh per 100 km. Weight unladen (including batteries) – 725 kg. The lead batteries have a capacity of 10 kWh.

Xebra Is claimed to have a 40 km range from a 4.75 kWh charge. 12 kWh per 100 km. Maximum speed 65 km/h. Lead-acid batteries.
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Figure 20.42. The TREV. 6 kWh per 100 km. Photo from www.unisa.edu.au.


(Figure omitted from this edition: third-party rights.)



Figure 20.43. Toyota RAV4 EV. Photo by Kenneth Adelman.

TREV The Two-Seater Renewable Energy Vehicle (TREV) is a prototype developed by the University of South Australia (figure 20.42). This three-wheeler has a range of 150 km, a top speed of 120 km/h, a mass of 300 kg, and lithium-ion polymer batteries weighing 45 kg. During a real 3000 km trip, the energy consumption was 6.2 kWh per 100 km. w3.unisa.edu.au/solarcar/trev/67

Venturi Fetish Has a 28 kWh battery, weighing 248 kg. The car weighs 1000 kg. Range 160–250 km. That’s 11–17 kWh per 100 km. www.venturifetish.fr/fetish.html

Toyota RAV4 EV This vehicle – an all-electric mini-SUV – was sold by Toyota between 1997 and 2003 (figure 20.43). The RAV4 EV has 24 12-volt 95 Ah NiMH batteries capable of storing 27.4 kWh of energy; and a range of 130 to 190 km. So that’s an energy consumption of 14–21 kWh per 100 km. The RAV4 EV was popular with Jersey Police force.

Phoenix SUT – a five-seat “sport utility truck” made in California – has a range of “up to 130 miles” from a 35 kWh lithium-ion battery pack. (That’s 17 kWh per 100 km.) The batteries can be recharged from a special outlet in 10 minutes. www.gizmag.com/go/7446/

Modec delivery vehicle Modec carries two tons a distance of 100 miles. Kerb weight 3000 kg. www.modec.co.uk

Smith Ampere Smaller delivery van, 24 kWh lithium ion batteries. Range “over 100 miles.” www.smithelectricvehicles.com

Electric minibus From www.smithelectricvehicles.com: 40 kWh lithium ion battery pack. 90 kW motor with regenerative brakes. Range “up to 100 miles.” 15 seats. Vehicle kerb weight 3026 kg. Payload 1224 kg. That’s a vehicle-performance of at best 25 kWh per 100 km. If the vehicle is fully occupied, it could deliver transportation at an impressive cost of 2 kWh per 100 p-km.

Electric coach The Thunder Sky bus has a range of 180 miles and a recharge time of three hours. www.thunder-sky.com

[image: ]

Figure 20.44. Vectrix: 2.75 kWh per 100 km. Photo from www.vectrix.com.

Electric scooters The Vectrix is a substantial scooter (figure 20.44). Its battery (nickel metal hydride) has a capacity of 3.7 kWh. It can be driven for up to 68 miles at 25 miles/h (40 km/h), on a two-hour charge from a standard electrical socket. That’s 110 km for 3 kWh, or 2.75 kWh per 100 km. It has a maximum speed of 62 mph (100 km/h). It weighs 210 kg and has a peak power of 20 kW. www.vectrix.com The “Oxygen Cargo” is a smaller scooter. It weighs 121 kg, has a 38 mile range, and takes 2–3 hours to charge. Peak power: 3.5 kW; maximum speed 28 mph. It has two lithium-ion batteries and regenerative brakes. The range can be extended by adding extra batteries, which store about 1.2 kWh and weigh 15 kg each. Energy consumption: 4 kWh per 100 km.

Hydrogen and fuel cells are not the way to go. The decision by the Bush administration and the State of California to follow the hydrogen highway is the single worst decision of the past few years.

James Woolsey, Chairman of the Advisory Board of the US Clean Fuels Foundation, 27th November 2007.

In September 2008, The Economist wrote “Almost nobody disputes that … eventually most cars will be powered by batteries alone.” On the other hand, to hear more from advocates of hydrogen-based transport, see the Rocky Mountain Institute’s pages about the “HyperCar” www.rmi.org/hypercar/.

The Hydrogen 7 and its hydrogen-fuel-cell cousins are, in many ways, simply flashy distractions.

David Talbot, MIT Technology Review www.technologyreview.com/Energy/18301/

Honda’s fuel-cell car, the FCX Clarity, weighs 1625 kg, stores 4.1 kg of hydrogen at a pressure of 345 bar, and is said to have a range of 280 miles, consuming 57 miles of road per kg of hydrogen (91 km per kg) in a standard mix of driving conditions [czjjo], [5a3ryx]. Using the cost for creating hydrogen mentioned above, assuming natural gas is used as the main energy source, this car has a transport cost of 69 kWh per 100 km.

Honda might be able to kid journalists into thinking that hydrogen cars are “zero emission” but unfortunately they can’t fool the climate.

Merrick Godhaven







The 2 kWh per 100 km for a loaded urban cargo bike is the 20 Wh/km operators’ figure cited in the e-bike note below, and the per-person figures divide it by the number of people carried without allowing for the extra mass of the passengers, which would raise it somewhat; MacKay’s 1 kWh per 100 person-km for a bicycle and trailer is his own and is food energy. The two are therefore not the same commodity, which is the point the note makes rather than a defect in the comparison. More than 320 low-emission zones operate in European cities; Belgian cargo-bike parcel deliveries of 5.2 million in 2024 against 3 million in 2023 are from industry reporting. The forecast of about two million European cargo bike sales a year by 2030, split roughly evenly between commercial and family use, is an industry projection rather than an observation, and projections in this sector have run ahead of outturn before — European e-bike sales were forecast to reach 6.5 million by 2025 and came in nearer 5.



The 8-carriage stopping train from Cambridge to London (figure 20.4) weighs 275 tonnes, and can carry 584 passengers seated. Its maximum speed is 100mph (161 km/h), and the power output is 1.5 MW. If all the seats are occupied, this train at top speed consumes at most 1.6 kWh per 100 passenger-km.



A widely quoted statistic says “Only 1% of fuel energy in a car goes into moving the driver.” In fact the percentage in this myth varies in size as it commutes around the urban community. Some people say “5% of the energy goes into moving the driver.” Others say “A mere three tenths of 1 percent of fuel energy goes into moving the driver.” [4qgg8q] My take, by the way, is that none of these statistics is correct or helpful.



The bicycle’s performance is about the same as the eco-car’s. Cycling on a single-person bike costs about 1.6 kWh per 100 km, assuming a speed of 20 km/h. For details and references, see Chapter A.



London Underground. A Victoria-line train consists of four 30.5-ton and four 20.5-ton cars (the former carrying the motors). Laden, an average train weighs 228 tons. The maximum speed is 45 mile/h. The average speed is 31 mph. A train with most seats occupied carries about 350 passengers; crush-loaded, the train takes about 620. The energy consumption at peak times is about 4.4 kWh per 100 passenger-km (Catling, 1966).



High-speed train. A diesel-powered intercity 125 train (on the right in figure 20.5) weighs 410 tons. When travelling at 125mph, the power delivered “at the rail” is 2.6 MW. The number of passengers in a full train is about 500. The average fuel consumption is about 0.84 litres of diesel per 100 seat-km [5o5x5m], which is a transport cost of about 9 kWh per 100 seat-km. The Class 91 electric train (on the left in figure 20.5) travels at 140 mph (225 km/h) and uses 4.5 MW. According to Roger Kemp, this train’s average energy consumption is 3 kWh per 100 seat-km [5o5x5m]. The government document [5fbeg9] says that east-coast mainline and west-coast mainline trains both consume about 15 kWh per km (whole train). The number of seats in each train is 526 or 470 respectively. So that’s 2.9–3.2 kWh per 100 seat-km.



the total energy cost of all London’s underground trains, was 15 kWh per 100 p-km. … The energy cost of all London buses was 32 kWh per 100 pkm. Source: [679rpc]. Source for train speeds and bus speeds: Ridley and Catling (1982).



Croydon Tramlink.



Rail figures are from the Office of Rail and Road’s Rail environment statistics for April 2024 to March 2025: 4098 million kWh of traction electricity, 582 million litres of traction diesel, total rail emissions of 2460 ktCO2e of which passenger trains were 2011, and passenger train emissions of 31 gCO2e per passenger-kilometre. The 13 kWh per 100 passenger-km is this edition’s arithmetic, not the ORR’s: diesel is converted at 10.5 kWh per litre, the passenger share of traction energy is assumed equal to the passenger share of emissions at 82%, and passenger-kilometres are taken as about 65 billion, interpolating between the 60 billion reported for the year to March 2024 and the higher quarterly figures since. Each of those three steps introduces error, and the electricity and diesel are added as delivered and chemical energy respectively, which is MacKay’s convention but understates the primary energy behind the electric half. Treat the result as “about 13”, not 12.9. Bus figures: the Alexander Dennis Enviro400EV’s 0.67 kWh/km is a Zemo Partnership test-cycle result for the most efficient battery-electric double-decker so tested, not a fleet average, and real service consumption will be higher; the diesel comparison of 2.5–3 kWh/km equivalent is indicative. London’s zero-emission fleet passing 2000 vehicles by June 2025, about 20% of the fleet across 107 routes, is Transport for London’s.



Figure 20.9b and every percentage in the section beside it are generated by the carCo2 step of this edition’s data-refresh script and figures/car_co2.py. Source: the monitoring database kept under Regulation (EU) 2019/631, in which each member state records one row per new passenger car registered, published by the European Environment Agency and queried here through its Discodata SQL service — the 2025 provisional set (10 827 071 cars carrying a CO2 figure, twenty-nine reporting countries) and the 2020 final set (11 720 971). Provisional data moves by well under a percent when it is finalised. Three things about the basis, none of them small. MacKay counted models on sale in the United Kingdom; this counts cars registered across the EU, Norway and Iceland, which is a different quantity in a different place — a registration histogram is a picture of what was chosen and a model histogram of what was offered, and the two differ most exactly where his argument lives. His figures are NEDC and these are WLTP, and WLTP returns a higher number for the same car, so the fall from his 168 to today’s 97 is understated in test terms and overstated in every other way listed here. And his vertical axis is a count of models where this one is a share of registrations, so the two histograms cannot be laid on top of each other; his 168 is drawn only to show where the middle of his distribution sat. The three corrections: the grid figure of 213 g CO2 per kWh for EU generation in 2024 is Ember’s; the 21 kWh per 100 km is the real-world fleet measurement used in figure 20.21, and is a consumption at the socket, so charging losses are already in it; and the plug-in hybrid figure of 145 g/km against an official 24, together with the conventional-car figure of 169 against an official 132, are Transport & Environment’s reading of the Commission’s on-board fuel consumption monitoring data for cars registered in 2024, some 220 000 plug-in hybrids among them. T&E campaigns for an end to the plug-in hybrid category, and the figures are theirs rather than this book’s; they are used because the underlying meters are a legal requirement and the comparison is arithmetic, but a reader who distrusts the source should note that the 145 has risen year on year — 135 for 2021–23 registrations, 138 for 2023, 145 for 2024 — while the official figure fell. What the 143 is and is not: it replaces each class average with the corresponding measured one and reweights by the 2025 registration shares; it is not a car-by-car correction, and applying one grid average to twenty-nine countries is crude in both directions, since a Norwegian electric car is near zero and a Polish one is not. The ceilings table applies the same three substitutions to each five-gram bin, scaling the combustion bins by the single ratio 169/132, which is cruder still: it assumes the gap is proportional rather than largest in city driving, where it is in fact largest. Read that column as an order of magnitude and not as a percentage. The one number in the table with no correction in it is the first: MacKay’s 80 kWh per 100 km ceiling is cleared by 96% of registrations on the type-approval figures and by 88% on the corrected ones, and neither reading changes the conclusion that his opening step is now behind the market. The ICCT gap is from “From Laboratory to Road: a 2017 update”, which gives the divergence between NEDC and real-world consumption as approximately 9% in 2001 and 42% in 2016, across about 1.1 million vehicles from fourteen sources in eight countries. Its published series carries no label for 2006, so the “nearer 190” in the text is this book’s interpolation on that curve and should be read as a range of roughly 180 to 195 rather than as a figure.



… provision of excellent cycle facilities … The UK street design guide [Manual for Streets] encourages designing streets to make 20 miles per hour the natural speed. See also Franklin (2007).



A fair and simple method for handling congestion-charging. I learnt a brilliant way to automate congestion-charging from Stephen Salter. A simple daily congestion charge, as levied in London, sends only a crude signal to drivers; once a car-owner has decided to pay the day’s charge and drive into a congestion zone, he has no incentive to drive little in the zone. Nor is he rewarded with any rebate if he carefully chooses routes in the zone that are not congested. Instead of having a centralized authority that decides in advance when and where the congestion-charge zones are, with expensive and intrusive monitoring and recording of vehicle movements into and within all those zones, Salter has a simpler, decentralized, anonymous method of charging drivers for driving in heavy, slow traffic, wherever and whenever it actually exists. The system would operate nationwide. Here’s how it works. We want a device that answers the question “how congested is the traffic I am driving in?” A good measure of congestion is “how many other active vehicles are close to mine?” In fast-moving traffic, the spacing between vehicles is larger than slow-moving traffic. Traffic that’s trundling in tedious queues is the most densely packed. The number of nearby vehicles that are active can be sensed anonymously by fitting in every vehicle a radio transmitter/receiver (like a very cheap mobile phone) that transmits little radio-bleeps at a steady rate whenever the engine is running, and that counts the number of bleeps it hears from other vehicles. The congestion charge would be proportional to the number of bleeps received; this charge could be paid at refuelling stations whenever the vehicle is refuelled. The radio transmitter/receiver would replace the current UK road tax disc.



hydraulics and flywheels salvage at least 70% of the braking energy. Compressed air is used for regenerative braking in trucks; eaton.com say “hydraulic launch assist” captures 70% of the kinetic energy. [5cp27j] The flywheel system of flybridsystems.com also captures 70% of the kinetic energy. www.flybridsystems.com/F1System.html Electric regenerative braking salvages 50%. Source: E4tech (2007).



Electric batteries capable of delivering 60 kW would weigh about 200 kg. Good lithium-ion batteries have a specific power of 300 W/kg (Horie et al., 1997; Mindl, 2003).



the average new car in the UK emits 168 g CO2 per km. This is the figure for the year 2006 (King, 2008). The average emissions of a new passenger vehicle in the USA were 255 g per km (King, 2008).



The Toyota Prius has a more-efficient engine. The Prius’s petrol engine uses the Atkinson cycle, in contrast to the conventional Otto cycle. By cunningly mixing electric power and petrol power as the driver’s demands change, the Prius gets by with a smaller engine than is normal in a car of its weight, and converts petrol to work more efficiently than a conventional petrol engine.



Hybrid technologies give fuel savings of 20% or 30%. For example, from Hitachi’s research report describing hybrid trains (Kaneko et al., 2004): highefficiency power generation and regenerative braking are “expected to give fuel savings of approximately 20% compared with conventional diesel-powered trains.”



Figure 20.21 is generated by the socketEnergy step of this edition’s data-refresh script and figures/socket_energy.py. Values: the e-bike at 0.62 and the Ami at 7.33 are battery capacity divided by claimed range, as set out in the notes above and therefore optimistic; the Hyundai Kona Electric at 13.4 is a WLTP figure and is used as a representative best-in-class rather than as the single most efficient car on sale, since that title changes with each model year; the fleet average of 21 is the real-world measurement across 342 European electric cars; MacKay’s 21 for the G-Wiz is his own, measured at the socket over nineteen recharges; and 30 for a large electric pickup is indicative rather than a specific model. The rows are therefore not on a common basis — two derivations, one test cycle, one real-world measurement and one estimate — which is why the figure is drawn as slopes rather than as a ranking, and why the only comparison it makes in the caption is between the two numbers that happen to be measured the same way. MacKay’s petrol baseline of 80 kWh per 100 km is chemical energy in the fuel, not electricity at a socket, and is drawn only to give the vertical scale a meaning. This figure replaces MacKay’s own rather than sitting beside it. His plots nineteen G-Wiz recharges as a scatter with guide lines at 16, 21 and 33 kWh per 100 km through them; all three of those numbers are stated in his text a few paragraphs below, so the band and the dashed line here are quoted from him and nothing has been read off his axes. What is lost in the merge is the scatter itself — where within the wedge his nineteen points fell — and what is gained is that his measurement and today’s cars are on one pair of axes. The wedge is the most useful thing on the chart: one car, one driver and one city produced a factor of 2.1 between the best recharge and the worst, which is the same order as the gap between the best and worst lines drawn here for entirely different vehicles.



Figure 20.22b is generated by the cotyEfficiency step of this edition’s data-refresh script and figures/coty_efficiency.py. European Car of the Year winners: Jaguar I-Pace (2019), Kia EV6 (2022), Renault Scénic E-Tech (2024), Renault 5 E-Tech (2025) and Mercedes-Benz CLA (2026); the winners of 2020 and 2021 are omitted as non-electric, and the 2023 Jeep Avenger, which launched as a battery-electric model in Europe, is omitted only because a comparable consumption range was not to hand. Figures are WLTP combined energy consumption across published variants — I-Pace 22.0–25.2, EV6 15.9–20.9, Scénic 13.3–17.8, Renault 5 14.9, CLA 12.2–14.1 — and manufacturers quote these on differing wheel and trim assumptions, so the ranges are not strictly comparable between models. WLTP for battery-electric vehicles is measured from the mains and so includes charging losses, which makes it comparable in principle with MacKay’s socket measurement; what it does not include is realistic cabin heating or cooling, high sustained speeds, or cold-soaked batteries. Auxiliary loads of 0.5–1 kW for cabin climate while driving, rising briefly toward 2 kW on a cold start, are consistent with manufacturers’ figures and owner measurements; the seasonal spread of roughly 14 kWh/100 km in summer to 26 in December is from fleet telematics reported in the efficiency literature. Treat every figure on the chart as a floor.



Tesla Model S Plaid: 1020 PS, 0–100 km/h in about 2.1 s, 100 kWh battery, WLTP range about 611 km and consumption 15.7 kWh/100 km. Porsche Taycan Turbo GT: 1108 PS, 105 kWh battery, WLTP range up to about 553 km, giving roughly 19 kWh/100 km when derived from those two figures rather than quoted directly. BYD Yangwang U9: about 1306 PS standard, with a track version quoted above 3000 PS; a U9 variant recorded 496 km/h at Papenburg and has held the electric Nürburgring lap record, which BYD and Xiaomi have traded between them. Xiaomi SU7 Ultra: 1526 hp, under two seconds to 100 km/h, launched in China in 2025 at about $73 000, with European sales announced for 2027. Chinese performance figures are manufacturer claims verified at track events rather than by any regulator, and the record claims in this segment change frequently. Lotus Cars is majority-owned by Zhejiang Geely Holding. The point about speed is chapter A’s: aerodynamic power rises with the cube of speed, so the ratio between 300 and 100 km/h is 27, and no test cycle approaches those speeds.



Only 8.3% of commuters travel over 30 km to their workplace. Source: Eddington (2006). The dependence of the range of an electric car on the size of its battery is discussed in Chapter A.



Lots of electric vehicles. A note added in the 2026 revision: the catalogue that follows is a historical document. Of the twenty-odd vehicles named in it, two have a descendant on sale today — the Tesla, whose 2008 Roadster MacKay treats as an exotic prototype, and the Berlingo van — and only one of the ventures built around them prospered. Several of the manufacturers survive, of course; it is the specialist firms and most of the vehicles that did not. Think Global, which made the Th!nk Ox, went bankrupt in 2011. The Loremo was never produced and its company failed in 2010. Aptera went bankrupt in 2011, was revived in 2019, and has still not delivered a production vehicle. Vectrix, which made the scooter, went bankrupt in 2009. Smith Electric Vehicles, which made the minibus, stopped trading. ZAP, which made the Xebra, folded. The G-Wiz was discontinued. The i MiEV, the most conventional car on the list, was built until 2021 and then dropped.

The vehicles were nearly all wrong and the number was very nearly right, which is the useful lesson. MacKay’s summary — that electric vehicles deliver transport at roughly 15 kWh per 100 km — describes today’s efficient models well: a Tesla Model 3 is rated at about 14.7 and a Hyundai Kona Electric at 13.4 on the European test cycle. What he could not anticipate is that the fleet would not sit at the efficient end. A study of 342 electric cars sold in Europe found a real-world average of 21 ± 4 kWh per 100 km, against a certified average of 19, and the largest electric pickups and sport-utility vehicles are near 30. Chapter A explains the gap in one line: the model has frontal area and mass in it, and both went up.

There is a coincidence in that worth pausing on. MacKay measured a real G-Wiz in London over nineteen recharges and got 21 kWh per 100 km. The real-world European fleet average today is 21 kWh per 100 km. The energy per kilometre has not improved at all in eighteen years — what improved is everything else. Today’s 21 buys a car that is four times faster, several times safer, carries a family, and goes 400 km rather than 60. The efficiency gain was taken as capability, not as energy, which is the same trade chapter 9 finds in lighting and chapter 22 finds in gadgets, and it is the normal way efficiency is spent.

The original list follows unchanged, because it is a good record of what a serious observer could see in 2008, and because the reader who wants to know how hard it is to pick winners should see how many there were.

They are all listed below, in no particular order. Performance figures are mainly from the manufacturers. As we saw above, real-life performance doesn’t always match manufacturers’ claims.



the energy-density of compressed-air energy-stores is only about 11–28Wh per kg. The theoretical limit, assuming perfect isothermal compression: if 1 m3 of ambient air is slowly compressed into a 5-litre container at 200 bar, the potential energy stored is 0.16 kWh in 1.2 kg of air. In practice, a 5-litre container appropriate for this sort of pressure weighs about 7.5 kg if made from steel or 2 kg using kevlar or carbon fibre, and the overall energy density achieved would be about 11–28 Wh per kg. The theoretical energy density is the same, whatever the volume of the container.



Arnold Schwarzenegger … filling up a hydrogen-powered Hummer. Nature 438, 24 November 2005. I’m not saying that hydrogen will never be useful for transportation; but I would hope that such a distinguished journal as Nature would address the hydrogen bandwagon with some critical thought, not only euphoria.



In the Clean Urban Transport for Europe project the overall energy required to power the hydrogen buses was between 80% and 200% greater than that of the baseline diesel bus. Source: CUTE (2006); Binder et al. (2006).



Fuelling the hydrogen-powered car made by BMW requires three times more energy than an average car. Half of the boot of the BMW “Hydrogen 7” car is taken up by its 170-litre hydrogen tank, which holds 8 kg of hydrogen, giving a range of 200 km on hydrogen [news.bbc.co.uk/1/hi/business/6154212.stm]. The calorific value of hydrogen is 39 kWh per kg, and the best-practice energy cost of making hydrogen is 63 kWh per kg (made up of 52 kWh of natural gas and 11 kWh of electricity) (CUTE, 2006). So filling up the 8 kg tank has an energy cost of at least 508 kWh; and if that tank indeed delivers 200 km, then the energy cost is 254 kWh per 100 km.



Sales figures are for 2025 unless stated, from the trade compilations of national registration data; European figures cover the EU, UK and EFTA, and the Chinese figures given are first-half. Rankings from different compilers differ at the margins because of how model variants are grouped — the Volkswagen ID.3 and ID.4 are sometimes counted together and sometimes separately, which moves Volkswagen’s position — so these should be read as the shape of each market rather than as a definitive order. The 20% European market share is for battery-electric cars only, excluding plug-in hybrids. Korean domestic sales are small relative to Korean production, which is why that entry is given by manufacturer rather than by market. Test cycles: WLTP in Europe, EPA in the United States, CLTC in China; published comparisons put CLTC range figures roughly 15–30% above WLTP for the same vehicle, and EPA below WLTP, so consumption figures are not comparable across the three without conversion.



Citroën Ami specifications are the manufacturer’s: 6 kW motor, 5.5 kWh battery, 75 km range, 45 km/h limited, classified as a light quadricycle. The 7.3 kWh per 100 km figure is battery capacity divided by claimed range and is therefore optimistic in the same way every such derivation in this book is — real consumption will be somewhat higher, and the quadricycle class is not subject to the WLTP test that would settle it. Sales of over 75 000 across 18 markets since 2020, a 36% share of the French quadricycle segment and 82% of its electric part in 2023, and the rise in the electric share of that segment from 5% in 2019 to 44% in 2023 are from Citroën and French registration data. The ë-Berlingo Van figure of about 343 km on a 50 kWh battery is a WLTP claim, giving 14.6 kWh per 100 km on the same optimistic basis; MacKay’s 25 kWh per 100 km for the Berlingo Electrique 500E is his own note 16, itself an owner’s estimate, so the comparison is between two figures of comparable roughness. Electric van rankings vary between compilers and between the UK and continental markets; the ordering given is for 2025 European sales.



European e-bike unit sales of 5.1 million in 2023 and 5.5 million in 2022, with a small decline in 2024, are the Confederation of the European Bicycle Industry’s; comparison with battery-electric car sales uses roughly 2.5 million across the EU, UK and EFTA in 2025, derived from a 20% share of the new-car market, so the “about twice” is an order-of-magnitude statement rather than a precise ratio, and the two series count different geographies. Energy figures: the 0.6 kWh per 100 km is a 500 Wh battery divided by an 80 km light-assist range, which is the optimistic end and the same derivation used for figure 20.23b; 15 Wh/km for an electric mountain bike worked hard and 20 Wh/km for a loaded urban delivery bike are manufacturers’ and operators’ figures. The spread across those three is more than threefold, and unlike a car’s it depends mostly on the rider, so any single quoted figure for an e-bike is close to meaningless without stating the assist level. The family cargo bike row is the same 20 Wh/km divided between a rider and two children, on the derivation and with the caveats set out in the note at figure 20.3 — it does not allow for the extra mass of the passengers, which would raise it, and it credits the rider’s own legs with nothing. MacKay’s 1.6 kWh per 100 km for unassisted cycling is food energy at the plate rather than electricity at the socket; the two are both kilowatt-hours and are compared here in this book’s usual way, but they are not the same commodity and the food figure carries agriculture’s own energy cost behind it, which chapter 13 quantifies.



German market figures are the Zweirad-Industrie-Verband’s Marktdaten der Fahrradwirtschaft 2025, presented 11 March 2026: 220 300 cargo bikes sold in 2025 against 220 500 in 2024, of which 185 300 electric and 35 000 not, with e-cargo up 0.4% and unmotorised down 2.8% on the year; cargo bikes are 9.5% of German e-bike sales and 2.0% of unmotorised bicycle sales; the German e-bike stock is 17.2 million, from 2.6 million in 2015. The 2.03 million battery-electric cars is the Kraftfahrt-Bundesamt’s stock figure for 1 January 2026, the first time it passed two million. The two are not the same kind of vehicle and the eight-to-one is not a claim that they do the same work — it is a statement about how many electric motors are on the road, and about where the electrification of German transport has actually happened, which is not where the policy debate is. A cargo bike is also bought alongside a car far more often than instead of one, as the Swiss survey below shows. That survey is Dimitri Marincek, Patrick Rérat and Virginie Lurkin, “Cargo bikes and their modal shift effects: from substitution to car renunciation”, Transportation 53(4), first published 5 December 2024: 696 owners, surveyed online between 13 June and 20 September 2022, recruited through cycling associations, social media, flyers left on parked cargo bikes and two shops. The authors say plainly that the sample is not geographically representative and over-represents French-speaking Switzerland. Every percentage quoted here is theirs: 45.5% car-free against 22% nationally and 7% of family households; 31.2% gave up a car and 30.9% gave up buying one; 68.5% do the school run weekly, 65.6% the shopping and 57.1% a commute; previous modes named were public transport 58.6%, private car 46.1%, car sharing 15.4%, bicycle 46%, e-bike 10.5% and walking 37.9%; since adopting, 59.7% use the car less, 58.9% public transport less and 30.6% walk less. The substitution result is the one to keep. A vehicle that takes trips off public transport and off foot as readily as off the car delivers much less than the headline “a third gave up a car” suggests, and the authors’ own typology puts only 25.3% of the sample in the group that actually became car-free. Switzerland is also the wrong country to generalise from in one specific way: its public transport is unusually good, so there was more of it to substitute. Copenhagen’s widely quoted figure, that about a quarter of families with two or more children own a cargo bike, is the city’s own and dates from the early 2010s; it is a decade old and is repeated here as the order of magnitude it has always been, not as current data. The Babboe recall: the Nederlandse Voedsel- en Warenautoriteit told Babboe on 14 February 2024 that it had not shown its models to be free of safety risk, the company halted sales of its whole range and told owners to stop riding, and in April announced replacement of about 22 000 frames; the regulator had been receiving reports of frame breakage which the company had not passed on as required. Babboe belongs to Accell, the Dutch group that also owns Koga and Raleigh. Smaller recalls followed in the United States (about 300 bicycles) and Canada (about 445).
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The RECUP 1 and RECUP 2 modes, their use on light and steep descents, and the fact that recovery is disabled when the battery is full are from Stromer’s own support documentation, https://www.stromerbike.com/en/support/faq/battery/what-do-the-regenerative-braking-modes-recup-1-and-recup-2-mean-for-the. Stromer publishes no figure for how much energy the modes actually return, so the numbers in the text are this book’s own arithmetic and not the manufacturer’s claim. The claim that mid-drive and geared-hub systems cannot regenerate is a statement about their transmission rather than about any particular product — a freewheel by construction lets the wheel overrun the motor — which is why the text states it as a rule and then sorts the named suppliers by it. Bafang is the one that appears on both sides, since it builds mid-drives and direct-drive hubs alike. The exception added in this revision is Valeo’s, whose Cyclee system — a bottom-bracket motor with a seven-speed automatic gearbox developed with Effigear, 130 Nm of torque, rated for 315 kg all-up including the bicycle, and sold to Ultima, FUELL, Cavalerie and others — lists regenerative braking among its features. Valeo publishes no figure for what it returns either, and the arithmetic in the text applies to it unchanged. It is included because it disproves the tidy form of the rule: a mid-drive can regenerate, provided the transmission between it and the wheel is rigid, which an integrated gearbox permits and a rear derailleur and cassette do not. Zehus’s Bike+, an all-in-one direct-drive rear hub that engages recovery on a few backward pedal strokes, is the other system named; it is the same physics as Stromer’s in a different package. None of the three publishes a recovered-energy figure, which is itself informative.



The arithmetic, term by term. Gravity: 100 kg descending 100 m gives mgh = 100 × 9.81 × 100 = 98 kJ = 0.027 kWh. The 100 kg is a round figure — a Stromer ST model is around 30 kg, heavy for a bicycle because of the battery and the direct-drive hub. What reaches the brakes is much less, and this is the deduction that matters most for a light, un-aerodynamic vehicle: at 10 m/s on a 5% gradient gravity supplies about 490 W, while air drag at a drag area near 0.4 m² takes roughly 245 W and rolling resistance at a coefficient of 0.006 about 60 W, leaving under 190 W — under two fifths — for the brakes to absorb. On a shallower gradient the resistances take all of it, the rider does not brake, and nothing is recoverable. The share is therefore gradient- and speed-dependent and the two fifths is illustrative rather than general. Of what does reach the brakes, this chapter’s only figure for electrical regeneration is MacKay’s own, “roughly 50% of the car’s energy in a braking event”; note that his 70% figure nearby is for hydraulic and flywheel systems and does not apply here. His 50% is capture into the battery, one way — getting it out again through the battery and motor costs perhaps a further tenth or fifth, so the round trip is nearer 40–45%. Two fifths of 0.027 kWh, times something over two fifths again, is about 0.005 kWh. Converted at the mountain-bike figure of 1.5 kWh per 100 km rather than the flat, light-assist 0.6, since the recovery only happens in hilly riding, that is roughly 300 m. The stop: 100 kg from 25 km/h (6.9 m/s) is ½mv² = 2.4 kJ = 0.00067 kWh, which at 1.5 kWh per 100 km is about 45 m gross and some 20 m after the same round-trip losses — a hard stop dumps its energy quickly, and the same capture fraction is used here as on the descent rather than a worse one, for want of a bicycle-specific measurement either way. Note finally that a bicycle already has a form of regeneration a car does not: the rider, who can be pedalling on the descent instead of braking, and who on a light machine is the larger part of the system’s mass. The loaded case, term by term. 250 kg is a family box bike at close to its rated weight — the machine itself is 35 to 45 kg, and a rider and two children with the shopping is most of the remaining 200. Gravity: 250 × 9.81 × 100 = 245 kJ = 0.068 kWh. At 10 m/s on 5%, gravity supplies 1226 W; air drag at a drag area of 0.5 m² — a box bike is a worse shape than a road machine, not a better one — takes 306 W, and rolling resistance at a coefficient of 0.008 on wide tyres takes 196 W, leaving 724 W, or 59%, for the brakes. The improvement over the light machine is entirely this share, and it comes about because weight scales with mass while drag does not scale with it at all. Through the same 42% round trip that is 0.017 kWh, which at 2 kWh per 100 km is 845 m; the text rounds to eight hundred. A stop from 25 km/h is 6.0 kJ against the light machine’s 2.4, or about 35 m recovered. Every caution above applies here too, and one more: the 0.5 m² and the 0.008 are this book’s estimates for a vehicle nobody publishes coastdown data for, and the 59% moves by several points if either is wrong.
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A lithium-ion battery is 3% lithium. Source: Fisher et al. (2006).



Lithium specialist R. Keith Evans says “concerns regarding lithium availability … are unfounded.” – Evans (2008).



Honda ended Clarity Fuel Cell production in 2021 citing low demand; Shell withdrew from American hydrogen retail in 2024; roughly 56 consumer hydrogen filling stations remain in North America, concentrated on the Californian coast with a few in British Columbia, Hawaii and eastern Canada; Toyota sold 147 Mirais in the United States through the third quarter of 2025, a fall of 54%. Three fuel-cell passenger cars remain on sale in the United States — Toyota Mirai, Hyundai Nexo and Honda CR-V e:FCEV — all only in California. Note that this is a statement about passenger cars in developed markets, not about hydrogen generally: fuel-cell buses and trucks continue in service, China and South Korea maintain much larger fuel-cell vehicle programmes than Europe or the United States, and the picture there is different.



Michael Liebreich, “Clean Hydrogen Ladder Version 5.0”, 2023: https://liebreich.com/hydrogen-ladder-version-5-0/. The ladder ranks candidate uses from A, where hydrogen is unavoidable, to G, where it is uncompetitive; fertilizer, hydrogenation, methanol and steel sit near the top, passenger cars and domestic heating at the bottom. It is one analyst’s framework rather than a consensus document, and its rankings are contested at the margins — particularly for shipping, aviation and long-haul trucking, which sit in the disputed middle. Chapter 28a cites the same source from the electricity side.



“Järnväg kan aldrig mer fungera i glesbebodda Sverige”, Cornucopia?, July 2024: https://cornucopia.se/2024/07/jarnvag-kan-aldrig-mer-fungera-i-glesbebodda-sverige/. As with the other citations to this blog in chapters L, N and here, it is an essay arguing a position rather than a study, and its conclusion — that long-distance passenger rail outside Sweden’s three largest metropolitan areas should be abandoned — goes well beyond what this section takes from it. What is used here is the geographic and cost reasoning, which is sound and quantitative, and the observation about station access. The occupancy table is computed from MacKay’s own figure of 3 kWh per 100 seat-km for a full electric high-speed train and his statement that this is 27 times better than the car, implying about 81 kWh per 100 passenger-km for single-occupancy driving.



Mikhail Chester and Arpad Horvath, “Environmental assessment of passenger transportation should include infrastructure and supply chains”, Environmental Research Letters 4 (2009) 024008. Life-cycle energy additions over vehicle operation of 63% for on-road, 155% for rail and 31% for air are their headline results, covering vehicle manufacture and maintenance, infrastructure construction and operation, and fuel production. Three cautions on the table above. The multipliers are American system averages from the 2000s and are applied here to MacKay’s British and generic figures, which is a stretch — the point is the size and direction of the correction rather than the resulting numbers. The rail figure varies enormously with utilisation and with how much of the route is tunnel or viaduct; Chester and Horvath’s own later work on Californian high-speed rail shows the range. And the multipliers are applied to MacKay’s full-occupancy figures, so the life-cycle column inherits that assumption; at realistic occupancies every row rises again, rail most of all, which is the occupancy table above.



Added in the 2026 revision. Every number in the ordered list is either MacKay’s or already sourced elsewhere in this chapter, except the coach, which is derived here. The electric double-decker’s 0.8 to 1.0 is the Zemo Partnership test-cycle figure of 0.67 kWh per vehicle-km from the public-transport note above, divided by a full complement — about eighty passengers seated and standing gives 0.8, and about sixty-five seats alone gives 1.0, which is why the entry is a range rather than a number. The 8 for the same vehicle at London’s average loading, the 13 for the British railway as a system and the 3.0 for a full high-speed train are all from that note and from MacKay. The two speeds are his as well, and they are on different bases, which the list now says: 18 km/h is his average for all London buses, stops included, and 225 km/h is the Class 91’s travelling speed from note 5, which is not. An earlier version of the list gave the bus as 18 to 30 km/h; the upper figure was this edition’s and had no source, so it has gone. The car rows divide the real-world European fleet average of 21 kWh per 100 km, the same figure used in figure 20.21 and in the e-bike table, by one to four occupants, with no allowance for the extra mass of the passengers, which would raise them slightly.

The coach: Yutong’s GTe14 is a 57-seat tri-axle battery-electric coach on sale in Britain, offered with a 563 kWh battery and a claimed range of about 300 miles, or a 621 kWh battery and about 340 miles. Those give 1.17 and 1.14 kWh per vehicle-km respectively, which at 57 seats is 2.0 per 100 seat-km either way. Volvo’s BZR Electric coach chassis, announced in September 2025 with up to 720 kWh in eight 90 kWh packs and a claimed range of up to 700 km, gives 1.03 — but that range is quoted on the SORT 3 cycle, which averages about 39 km/h, so it is not a motorway figure and is not a check on the Yutong arithmetic. For comparison, MacKay’s full diesel coach is 6.0 per 100 seat-km at 49 passengers, so the electric coach is about three times better per seat-km — but only about two and a half at the vehicle, 2.94 kWh per km against 1.17, the rest of the gain being the eight extra seats. The bus section finds a fourfold reduction for the double-decker, which is a different vehicle on a different duty cycle and not the same ratio.

Four cautions, and they are the reason the text says “order of magnitude” rather than quoting 2.0 as a measurement. Both figures are derived from manufacturers’ range claims and neither is an independent measurement; this edition could find no published motorway consumption test for a full-size electric coach. The two errors in the derivation pull opposite ways: a nameplate battery capacity exceeds the usable capacity, which overstates the derived consumption, while a claimed range exceeds a real one, which understates it, and this edition cannot say which dominates. Real motorway running at 100 km/h with heating or cooling will sit at the high end — electric buses in city service at −10 °C are reported at 2.3 to 2.5 kWh per vehicle-km, and no coach equivalent appears to be published. And the per-seat figure assumes every seat sold, exactly the best-behaviour assumption that the occupancy table above exists to criticise; at a half-full coach it is 4.0. Sources: Bus & Coach Buyer’s road test of the GTe14, https://www.busandcoachbuyer.com/road-test-yutong-gte14/; electrive on the Volvo BZR Electric, https://www.electrive.com/2025/09/25/volvo-unveils-electric-coach-chassis-with-700-km-range/; and Sustainable Bus’s survey of electric bus consumption, https://www.sustainable-bus.com/news/electric-bus-range-electricity-consumption/.



The air-cargo share — under 1% of world trade by volume and over 35% by value, on more than 52 million tonnes a year — is the International Air Transport Association’s, and is the figure the industry itself uses to make this argument. The value of freight travel-time savings is a standard input to transport appraisal; see Gerard de Jong, “Value of freight travel-time savings”, which sets out how it varies by commodity, firm and country. The Eurasian rail comparison — roughly 80% cheaper than air at about half the transit time of sea — is from the modal-shift literature on high-value low-density cargo, which finds the mode share turning on the cargo’s value of time rather than on freight rates alone.



Greenpeace’s 2025 European price survey covered 142 routes in 31 countries, 109 cross-border and 33 domestic, comparing fares on nine travel dates. Flights were cheaper than trains on 54% of cross-border routes and trains cheaper on 39%; domestically trains were cheaper on 70%. The country figures — France 95%, Spain 92%, the UK 90%, Italy 88% of cross-border routes more expensive by rail — and the Barcelona–London extreme of €14.99 against up to €389 are from the same survey. It is campaigning research with an explicit policy objective, and its method rewards the low-cost carriers’ cheapest advance fares; it is cited here for the direction and rough magnitude, both of which are corroborated by independent coverage, rather than for the precise percentages. The structural explanation it offers — that kerosene for international aviation is untaxed and exempt from VAT while rail pays track access charges, energy taxes and VAT — is not seriously disputed.



Two Dutch-built liners known as “The Economy Twins.” www.ssmaritime.com/rijndam-maasdam.htm. QE2: www.qe2.org.uk.



Figure 20.23b is generated by the transportEnergy step of this edition’s data-refresh script and the figures/transport_energy.py plotting script, from a table assembled by hand rather than from a dataset — there is no single source that publishes energy per passenger-kilometre across these modes. Every 2008 point is a figure MacKay states in the text of chapter 5 or chapter 20: bicycle 1.6, full 8-car train 1.6 at 161 km/h, full diesel coach 6.0 at 105 km/h, Croydon Tramlink 9.0 at 25 km/h, London Underground system 15 and London buses 32 in 2006–7, the Tesla Roadster at 15, the G-Wiz’s measured 21 in real London use, the average UK car at 80, the Honda FCX Clarity at 69, the BMW Hydrogen 7 at 254, a full 747 at 42, and the Rijndam at 121 at 85% occupancy. Speeds for the road vehicles are not stated by MacKay and are placed at a common 50 km/h so that they are comparable with each other; only their vertical positions carry information. The horizontal axis mixes conventions and the reader should know which is which. Only MacKay’s three whole-system figures are average speeds — the Underground at 33 km/h, London buses at 18 and the Croydon tram at 25, all from his own text. His train is at its maximum speed of 161 km/h, his coach at an assumed 65 mph cruise, and the vessels at cruise too, 25 knots for the P-12 and 22 for the C-8. An average speed includes stops and a cruise speed does not, so everything plotted at a cruise speed sits further right than a like-for-like comparison would put it. The diesel ferry’s speed is not published anywhere and is derived from journey times on the same route, 55 minutes against the P-12’s 30, giving 46.3 × 30/55 = 25 km/h; that derivation assumes the P-12 holds cruise speed for the whole crossing, which it cannot, so 25 km/h is an upper bound on the diesel vessels’ speed rather than an estimate of it. The 2026 land points are a real-world European fleet average of 21 kWh per 100 km across 342 electric cars; two cars on the WLTP cycle — the Mercedes-Benz CLA at 12.2, the most efficient of the Car of the Year winners in figure 20.22b and used here as the best on sale rather than as a verified record, and a Volkswagen ID.7 as an ordinary family car, drawn as the 14.1 to 16.3 range Volkswagen itself publishes across variants with the point at the geometric mean of the two ends; an e-bike computed at about 0.6 kWh per 100 km from a typical 500 Wh battery and 80 km range; and the modern long-haul figure of 32 from chapter 5’s revision. The two car points are test-cycle figures and the fleet average is a measurement, which is why they sit so far apart on the chart: the gap between the ID.7’s 15 and the fleet’s 21 is mostly the difference between a laboratory and a winter, not between one car and another. A Tesla Model 3 at 14.7, used in earlier versions of this figure, falls inside the ID.7’s published range and was dropped when the two cars above were added. The water points are computed in the note below. Both axes are logarithmic, which MacKay’s original was not, because six of the modes now fall within a factor of two of each other and a linear axis makes them illegible.



Computed from Candela’s own published specifications. P-12 Shuttle: 378 kWh nominal and 336 kWh usable battery, 30 seated passengers plus one crew, “up to 40 nautical miles at 25 knots service speed”, giving 336 ÷ (40 × 1.852) = 4.54 kWh per kilometre and 15.1 kWh per 100 passenger-km at full seating. C-8: 69 kWh, “57 nautical miles at 22 knots”, five passengers plus a driver, giving 0.654 kWh per kilometre, 10.9 kWh per 100 passenger-km with six aboard and 32.7 with two. Because a quoted range is a maximum, dividing the battery by it gives a lower bound on consumption; the true figures will be somewhat higher, so these points sit slightly further left on the diagram than reality. Candela separately advertises 0.1 kWh per passenger-kilometre for the P-12, which is 10 rather than 15 per 100; this edition uses the figure it can derive rather than the one quoted.



The P-12 Nova has operated route 89 between Ekerö and central Stockholm since 2024. The energy saving per passenger-kilometre against the diesel vessels Lux and Sunnan is quoted as 66% in Candela’s own trial report, and as 80% and 84% in press coverage and in the manufacturer’s marketing material; the CO2 reduction is given as 94% or 95%, the difference from the energy figure reflecting that Swedish electricity is nearly carbon-free. The 44–94 kWh per 100 passenger-km band for the diesel vessels is this edition’s arithmetic, obtained by dividing the derived P-12 figure of 15.1 by (1 − 0.66) and (1 − 0.84); it is an inference from a contested claim and not a measurement of those vessels. Journey time falling from 55 to about 30 minutes and a 22.5% rise in passenger numbers during the trial are from the same trial report.



Over forty P-12s on order, and the Lake Tahoe deployment replacing part of about 20 000 daily vehicle trips around the lake, are from Candela and from trade reporting in 2026; order books are not audited and should be read as reservations. The Arc Sport is a 23-foot electric wake boat from Arc Boat Company of Los Angeles with a 226 kWh pack and roughly 570 hp, priced from $258 000, with deliveries from 2026. The two Maid of the Mist vessels at Niagara Falls, James V. Glynn and Nikola Tesla, entered service in October 2020 as the first all-electric passenger vessels in the United States, with 316 kWh of battery split between two catamaran hulls, about 38 kWh consumed per trip, and a seven-minute recharge at the dock on local hydroelectricity. No energy-per-passenger-kilometre figure is computed for these three because the trip distances are not published in a form that would support one.



Hybrid Air Vehicles quotes 9 g of CO2 per passenger-kilometre for the planned hybrid-electric Airlander 10, in a 90-seat regional configuration, against “over 50 kg per traveller” for a jet on a comparable trip, and a 90% emissions reduction. The conversion to about 3.4 kWh per 100 passenger-km assumes jet fuel at 3.16 kg of CO2 per kg burned and 12 kWh per kg, giving 2.85 g of fuel and 0.034 kWh per passenger-kilometre. Two warnings. This is a manufacturer’s figure for an aircraft that has not flown in this configuration — the hybrid-electric variant is planned for around 2030 — so it is a design target, not a measurement. And 9 g/p-km is a carbon figure, not an energy one; converting it as done here assumes the hybrid burns kerosene for the fraction of the energy that is not electric, which is the assumption most favourable to the claim.



The Airlander 10 airframe first flew in August 2012 as the US Army’s Long Endurance Multi-Intelligence Vehicle; the programme was cancelled in 2013. Hybrid Air Vehicles reacquired it, flew it in the UK in August 2016, sustained damage to the cockpit on landing during its second flight later that month, and lost the aircraft in November 2017 when it broke free of its mooring mast and deflated. The prototype was retired in 2019. CargoLifter AG filed for insolvency in 2002; its hangar at Brand, near Berlin, is now a tropical water park. The production Airlander 10 is in a type-certification programme with the UK Civil Aviation Authority, with FAA and EASA validation sought, around £1 billion of reserved orders including twenty aircraft for Air Nostrum Group and three for military use, a planned production line in South Yorkshire at up to 24 aircraft a year, first flight planned for 2026 and entry into service for 2028. Those last figures are the company’s own plan; every previous airship programme cited here also had a plan.



The seawater-to-fuel process and its economics are set out in Heather D. Willauer, Dennis R. Hardy, Seth A. Moyer, Felice DiMascio, Frederick W. Williams and David M. Drab, “An economic basis for littoral land-based production of low carbon fuel from nuclear electricity and seawater for naval or commercial use”, Energy Policy, 2015, https://doi.org/10.1016/j.enpol.2015.02.006, which is the source of the 0.60 kWh-of-fuel-per-kWh-of-electricity figure and of a cost range of $1.48–8.67 per gallon for 82 000 gallons a day, against a fully burdened delivered-at-sea price then estimated at $6–7 per gallon. The underlying chemistry is covered by a series of US Navy patents naming Willauer and colleagues, including electrochemical acidification of seawater to recover carbon dioxide with simultaneous hydrogen production (US 9,719,178; US 11,421,331) and alkali-doped molybdenum carbide catalysts for the reverse water-gas shift (US 11,266,980; US 11,890,598). Commercialisation figures — Sea Dragon Energy Inc., about $19.2 million in 2024 for a pilot unit and $9.5 million in August 2025 for a phase-two demonstration, with a deployable demonstration targeted for 2027, and partners at the universities of Rochester and Pittsburgh and Emerging Fuels Technology — are from trade reporting. Two cautions. The 60% figure is the thermodynamic conversion claimed for the process and does not include the energy of building the plant, the reactor or the seawater handling; a full-system figure would be lower. And the cost range spans nearly a factor of six because it depends almost entirely on the assumed capital cost of nuclear electricity, which chapter 24 shows is the least settled number in the subject.



The ECLIF3 campaign (Airbus, Rolls-Royce, the German Aerospace Center DLR and Neste) flew an Airbus A350-941 with both Trent XWB engines on 100% HEFA sustainable aviation fuel, chased by DLR’s instrumented Falcon; it found the number of contrail ice crystals per mass of fuel burned reduced by 56% against a reference Jet A-1. See Märkl et al., “Powering aircraft with 100% sustainable aviation fuel reduces ice crystals in contrails”, Atmospheric Chemistry and Physics 24, 3813–3837 (2024). The earlier DLR–NASA campaigns on an A320 burning low-aromatic blends found 50–70% reductions in soot and ice-crystal number: Voigt et al., “Cleaner burning aviation fuels can reduce contrail cloudiness”, Communications Earth & Environment 2, 114 (2021). Fuel sulphur content has since been shown to modulate ice-crystal number independently of aromatics. Two qualifications belong with these numbers. Fewer, larger ice crystals is not automatically less warming in every atmospheric condition, though it is in most; and these are per-mass-of-fuel measurements from a small number of flights, not a fleet-wide climate accounting. The energy-density point is that paraffinic kerosene runs roughly 43.5–44 MJ/kg against about 43.0 for Jet A-1, with lower density, so the gain appears on weight-limited sectors and not on volume-limited ones.



Truck energy: Daimler Truck’s own report of its 2024 European Testing Tour, two near-production eActros 600 at 40 tonnes gross, 15 000 km in 22 countries, average 103 kWh per 100 km, range 85 to 140. This is the manufacturer’s test and not an independent measurement, and 40 tonnes gross is not 40 tonnes of payload. The diesel comparison of about 30 litres per 100 km for a European long-haul tractor-trailer is indicative, converted at MacKay’s 10 kWh per litre. The day-length arithmetic is this book’s: 700 km at 103 kWh per 100 km is 721 kWh; at 170 Wh/kg that is 4.2 tonnes, and the 170 is CATL’s claim for its Tectrans II truck battery shown at IAA Transportation in September 2026, together with the claimed 1000 km range and 80% charge in 25 minutes; it is not clear whether the density is for cells or the pack, and the difference is large. The Megawatt Charging System figure of 3.75 MW (3000 A at 1250 V) is CharIN’s. Chinese market figures: 231 100 new-energy heavy trucks in 2025, 28.89% of the market, and 45 300 in December, 53.89%, are CV World’s as reported by CnEVPost; the swapping share of about a third is from the first quarter of 2025, when swap models were 32.39% of new-energy heavy-truck sales, and from industry reporting for the year, and should be read as approximate. The plan is 推动新能源重卡规模化应用实施方案, Implementation plan for promoting the large-scale application of new-energy heavy trucks, issued 12 June 2026 by the Ministry of Transport, the National Development and Reform Commission, the Ministry of Industry and Information Technology, the Ministry of Public Security, the Ministry of Natural Resources, the Ministry of Ecology and Environment, the People’s Bank of China, the State Administration for Market Regulation, the National Financial Regulatory Administration, the National Energy Administration and the State Post Bureau; the targets are quoted from Chinese press reports of the plan rather than from the document itself, which this edition has not obtained. The 3000 stations are “charging and swapping” together, and the plan as reported does not split them. Qiji’s 300 stations and 900-station plan, and the Qiyuan transaction — 24.8726% for 2.556597 billion yuan on 25 August 2026, over 1600 stations in 208 prefecture-level cities, a format compatible with over 80% of existing swap trucks — are from CATL’s announcements as reported by CarNewsChina. Almost every figure about swapping in this section comes from, or through, CATL, which sells the batteries, the packs and now the stations; the direction is not in doubt, the precise counts should be held loosely. Swaptopus: CATL and Octopus Energy, 22 June 2026, set out in the note to chapter 13. DHL: a memorandum of understanding signed in Hanover on 14 September 2026, at the same IAA Transportation show, building on a global memorandum between the two companies from September 2024; it covers corridor identification, engagement with truck makers, mobile and stationary charging, battery-swap pilots and low- or zero-emission logistics in Europe, with QUIBO Energy (mobile power, backed by CATL and Xiaomi), FleetBoost (mobile charging) and Swaptopus named as participants. CATL’s own announcement, https://www.catl.com/en/news/6999.html, attaches no station count, vehicle number, timetable or money to any of it, and this is the source to prefer: press reports dated 18 September repeat it with a battery-cell price that belongs to a different announcement.
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The four nuclear merchant ships are NS Savannah (United States, 1962, laid up 1972), NS Otto Hahn (West Germany, commissioned 11 October 1968, reactor deactivated and replaced by a diesel plant in 1979 after eleven years and some 650 000 nautical miles under nuclear power; she then traded as a conventional container ship under several names until being scrapped in Bangladesh in 2009), NS Mutsu (Japan, radiation leak through a defective reactor shield on first criticality in August 1974, refused entry at Ōminato, never entered commercial service) and Sevmorput (Soviet Union, 1988, in service 1988–2007 and again 2016–2023, laid up since and not formally decommissioned; status checked August 2026). Icebreakers are excluded because they are state vessels operating in state waters and never face the port-call problem that defeats the merchant ships. The Savannah’s 0.14 kWh per ton-km is MacKay’s own figure in this chapter; the Ever Uberty’s 0.015 is his in chapter 15’s notes. The comparison should be read as a caution against assuming nuclear propulsion is efficient, not as a measurement of what a purpose-built modern nuclear cargo ship would achieve: the Savannah devoted a large fraction of her displacement to shielding and to passenger accommodation, ran at 21 knots, and carried 14 000 t against the Ever Uberty’s 63 000 t deadweight.



The regulatory study by Maersk, Lloyd’s Register and Core Power was announced in August 2024 and ran for twelve months from September 2024, covering a feeder containership operating from a European port with a fourth-generation reactor. Enabling Nuclear-Powered Feeder Ships — A Joint Development Project on Port Call Feasibility and Regulatory Pathways was published on 12 June 2026 by Core Power, Maersk, Lloyd’s Register and the Port of Rotterdam; the quoted finding about barriers being regulatory rather than technical is from that report, and it should be read with the awareness that every party to it has a commercial interest in the conclusion that the engineering is ready. The IMO is revising the Code of Safety for Nuclear Merchant Ships, originally adopted in 1981 and never applied to a ship built since. The Chinese design is CSSC Jiangnan Shipbuilding’s KUN-24AP, a 24 000-TEU containership with a thorium molten-salt reactor, presented at Marintec China in December 2023 and holding an approval in principle from DNV. Approval in principle is a statement that a concept has no obvious showstopper, not a class certificate; no keel has been laid, and the South China Morning Post reported in December 2025 a stated intention to build by 2035.



Edward Barlow and Daniel Skeffington, Powering the Future: Leveraging the UK’s Nuclear and Maritime Heritage, Policy Exchange, 2026, with a foreword by Professor Dame Fiona Murray: https://policyexchange.org.uk/publication/powering-the-future/. Policy Exchange is a British think tank and this is an advocacy document, not a neutral assessment; its case is explicitly that Britain should position itself as the rule-setting and insurance centre for allied civil maritime nuclear, and its recommendations are chosen to that end. What is taken from it here is the diagnosis rather than the prescription. The 1962 Brussels Convention on the Liability of Operators of Nuclear Ships was adopted on 25 May 1962 and never entered into force; the Paris Convention’s exclusive liability regime is constructed around nuclear installations and around material in transport, and does not fit a mobile reactor that is itself the vessel. The IMO timetable is from the Sub-Committee on Ship Design and Construction’s 12th session, 19–23 January 2026, with finalisation, approval and adoption targeted for 2030; the Code of Safety for Nuclear Merchant Ships dates from 1981. The London market figure of £104.8 billion of premiums in 2024, of which about £5.8 billion was maritime, is the International Underwriting Association’s; the UK-flagged share — 0.4% of world deadweight tonnage in 2025 for the UK-registered trading fleet, about 4% for the broader fleet including ships beneficially owned, managed or operated from the UK — is from the Department for Transport’s Shipping fleet statistics: 2025. Britain does already have the Merchant Shipping (Nuclear Ships) Regulations 2022 as a domestic framework. The report also notes Jiangnan Shipyard’s stated intention to build a thorium-powered container vessel by 2035, which is the design referred to above and is a stated intention rather than a construction contract.



The American figures — over 7600 reactor-years with no reactor accident, 33 distinct reactor plant designs, 273 reactor plants operated, 562 reactor cores brought critical, a current fleet of 77 nuclear-powered ships, and roughly 233 million kilometres steamed — are the Naval Nuclear Propulsion Program’s own, reported as of 2025, and are not independently audited. The programme also states that no personnel have exceeded a federal radiation limit. They are a claim about reactor accidents specifically. Note also that the reactor-years are cumulative across the whole programme since 1955 while the ship count is the fleet today; the two must not be multiplied together. The losses of USS Thresher (1963) and USS Scorpion (1968), with all hands, were not reactor accidents, and the same distinction applies to the Russian losses of K-278 Komsomolets (1989) and K-141 Kursk (2000). Soviet accidents cited: K-19’s loss of primary coolant in July 1961; K-11’s two core-loading accidents at Severodvinsk in February 1965; K-27’s core damage in 1968, in which nine crewmen received fatal doses; and the refuelling explosion aboard K-431 at Chazhma Bay near Vladivostok on 10 August 1985, which killed ten. Estimates of about ten Soviet naval reactor accidents in total are from the Bellona Foundation’s survey of the Northern Fleet. Akademik Lomonosov, two KLT-40S reactors on a moored barge, first supplied power to Pevek in Chukotka in December 2019 and entered full commercial operation in May 2020. Ulyanovsk (Project 1143.7), 73 000 t and four reactors, was laid down at the Black Sea Shipyard, Nikolayev, on 25 November 1988 and dismantled on the slipway between February and October 1992 under a decree of the Ukrainian government, at about 40% complete.



US and UK naval reactors use uranium enriched to approximately 93% U-235; France uses low-enriched fuel, with the Suffren class reported below 6% enrichment, achieved by increasing core volume within the same reactor envelope at the cost of periodic refuelling; China is widely assessed to do the same, but its naval enrichment level is not publicly confirmed and estimates differ. The legal basis for holding unsafeguarded HEU is that the NPT and the associated IAEA comprehensive safeguards agreements provide for nuclear material to be withdrawn from safeguards for non-proscribed military use, of which naval propulsion is the standing example; no state has ever had this arrangement fully verified in practice, and the IAEA has no field access to fuel once it is installed in a submarine. The AUKUS agreement, under which Australia — a non-nuclear-weapon state — would receive HEU-fuelled submarines, has made the arrangement contentious, and the precedent it sets is disputed among safeguards specialists rather than settled. Nothing in this paragraph is a claim that naval HEU has been diverted; the point is only that the verification gap exists and that it is unavailable to commercial operators by design.



The convoy arithmetic — a 345 MW reactor ship supplying propulsive power to vessels whose main engines are around 80 MW each — is from the trade literature on small-scale marine nuclear and is an illustrative sizing rather than a design; 345/80 is four such ships, and the twenty-feeder figure in the text assumes a feeder’s engine nearer 15 MW, which is typical for the 1000–3000 TEU class. Neither figure allows for transfer or conversion losses. Ulstein’s Thor is a 149-metre replenishment, research and rescue concept with a thorium molten-salt reactor, presented with Sif, a 100-metre battery-electric expedition cruise ship it recharges at sea; Thor’s charging capacity is scaled for four such ships simultaneously. Both are design concepts announced in 2022 and neither has been ordered. Core Power’s Liberty programme, with a feasibility study alongside BWX Technologies on the mPower small modular reactor — an integral light-water pressurised-water reactor whose original programme was shelved in 2014 — proposes shipyard-produced floating nuclear power plants moored at ports or anchored offshore, with an orderbook opening in 2028 and full commercialisation targeted for the middle of the 2030s. Those dates are the company’s. The molten-salt designs assumed by Ulstein’s Thor and by the KUN-24AP have no operating commercial example anywhere; the only sustained operating experience is the Oak Ridge Molten-Salt Reactor Experiment, which ran from 1965 to 1969, and China’s experimental TMSR-LF1, which reached criticality in 2023. Core Power is not committed to molten salt, as the mPower assessment above shows, so “molten salt” should not be read as a claim about every concept in this section.



This configuration — a military replenishment vessel supplying both electricity and synthesised hydrocarbon to ships in company — is an inference drawn in this edition from three separately documented things: the naval fuel exemption set out in the naval-fuel note, the convoy concepts set out in the convoy note, and the Naval Research Laboratory seawater-to-fuel programme set out in the Sea Dragon note attached to the electrofuels section. It is not, as far as this reviser can establish, a published programme of any navy, and it should be read as an argument about where the constraints point rather than as a report of anything under way. The 1.7 in the text is 1/0.6 rounded — the reciprocal of the 60% conversion efficiency claimed in the Energy Policy paper cited in that note — and applies to fuel energy delivered. Taken unrounded against a 50% engine it gives 1/(0.6 × 0.5) = 3.3 units of reactor electricity per unit of shaft work, which is why multiplying the rounded 1.7 by two lands slightly high at 3.4. Both inherit that paper’s boundary — they exclude the energy of building the plant and the reactor. The direct-electric comparison assumes about 90% for battery round-trip and about 90% for motor, drive and propeller, giving roughly 1.2 kWh of electricity per kWh of shaft work; a ship taking power by cable rather than through a battery does better still. Marine engine efficiency is taken at 50%, which is generous — it is about right for a large slow-speed two-stroke and well above what a gas turbine in a fast vessel achieves, so the 3.3 figure is a floor rather than a central estimate.



Transrapid magnetic levitation train. MacKay cited the manufacturer’s site at www.transrapid.de, which no longer resolves — the consortium behind it was wound down after the Shanghai line remained its only commercial deployment and the German Emsland test track closed in 2012 following the 2006 collision there. The page as MacKay would have seen it is at the Internet Archive; Wikipedia carries the project history. Link updated in the 2026 revision.



The claim is one of the energy- and economics-related entries in the Skeptical Science catalogue of climate arguments, https://skepticalscience.com/argument.php. The answer given here is this book’s own, worked from the arithmetic in this chapter rather than restated from that source; the reference is included because the catalogue is the most complete list of what is actually argued, and because a reader meeting one of these claims deserves somewhere to go that is not this book. Chapter 31 explains why most of that catalogue is not this book’s argument, and carries the counts.



Link check, 2026. This note covers the five addresses cited as live hyperlinks in the figure captions and vehicle notes below, all of which have stopped resolving — it is not a count of everything dead in the chapter, which an eighteen-year-old bibliography has plenty of. Transrapid is dealt with separately at note 24; several other cited hosts, among them www.valence.com, are gone too and are left as MacKay wrote them. Each of the five here has been handled on its own facts. The UK street design guide now points at Manual for Streets on gov.uk, the document having outlived its own website. Team Crocodile, the Lightning Car Company and the Loremo point at Internet Archive captures from 2011, 2010 and 2009 — the Loremo never entered production and its company folded, and the Lightning Car Company’s site is simply gone. The University of South Australia’s TREV pages are the exception: the deep link w3.unisa.edu.au/solarcar/trev/ was never captured by the Archive, so there is nothing to point at and the address is left as text rather than as a link to nothing. An earlier draft of this note claimed three of the five appeared only as photo credits and not as links. That was wrong — all three also appear as hyperlinks in the body of this chapter, and the note has been corrected along with them. Added in the 2026 revision.





21 Smarter heating
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Figure 21.1. My house.

In the last chapter, we learned that electrification could shrink transport’s energy consumption to one fifth of its current levels; and that public transport and cycling can be about 40 times more energy-efficient than cardriving. How about heating? What sort of energy-savings can technology or lifestyle-change offer?

The power used to heat a building is given by multiplying together three quantities:

power used AAAAAAAAAAAAAAAAAAAAAAAA=average temperature difference × leakiness of buildingefficiency of heating system
\begin{matrix}
{\text{power\ used~}\phantom{\text{AAAAAAAAAAAAAAAAAAAAAAAA}}} \\
{= \frac{\text{average\ temperature\ difference~} \times \text{~leakiness\ of\ building}}{\text{efficiency\ of\ heating\ system}}} \\
\end{matrix}


Let me explain this formula (which is discussed in detail in Chapter E) with an example. My house is a three-bedroom semi-detached house built about 1940 (figure 21.1). The average temperature difference between the inside and outside of the house depends on the setting of the thermostat and on the weather. If the thermostat is permanently at 20 °C, the average temperature difference might be 9 °C. The leakiness of the building describes how quickly heat gets out through walls, windows, and cracks, in response to a temperature difference. The leakiness is sometimes called the heat-loss coefficient of the building. It is measured in kWh per day per degree of temperature difference. In Chapter E, I calculate that the leakiness of my house in 2006 was 7.7 kWh/d/°C. The product

average temperature difference × leakiness of building

is the rate at which heat flows out of the house by conduction and ventilation. For example, if the average temperature difference is 9 °C then the heat loss is

9 °C × 7.7 kWh/d/°C ≅ 70 kWh/d.

Finally, to calculate the power required, we divide this heat loss by the efficiency of the heating system. In my house, the condensing gas boiler has an efficiency of 90%, so we find:

power used =9 °C × 7.7 kWh/d/°C0.9= 77 kWh/d.
\text{power\ used~} = \ \frac{\text{9~°C~} \times \text{~7.7\ kWh/d/°C}}{\text{0.9}}\  = \text{~77\ kWh/d}\text{.}


That’s bigger than the space-heating requirement we estimated in Chapter 7. It’s bigger for two reasons: first, this formula assumes that all the heat is supplied by the boiler, whereas in fact some heat is supplied by incidental heat gains from occupants, gadgets, and the sun; second, in Chapter 7 we assumed that a person kept just two rooms at 20 °C all the time; keeping an entire house at this temperature all the time would require more.

OK, how can we reduce the power used by heating? Well, obviously, there are three lines of attack.


	Reduce the average temperature difference. This can be achieved by turning thermostats down (or, if you have friends in high places, by changing the weather).

	Reduce the leakiness of the building. This can be done by improving the building’s insulation – think triple glazing, draught-proofing, and fluffy blankets in the loft – or, more radically, by demolishing the building and replacing it with a better insulated building; or perhaps by living in a building of smaller size per person. (Leakiness tends to be bigger, the larger a building’s floor area, because the areas of external wall, window, and roof tend to be bigger too.)

	Increase the efficiency of the heating system. You might think that 90% sounds hard to beat, but actually we can do much better.



[image: Figure 21.2]

Figure 21.2. Actual heat consumption in 12 identical houses with identical heating systems. All houses had floor area 86 m2 and were designed to have a leakiness of 2.7 kWh/d/°C. Source: Carbon Trust (2007).


Cool technology: the thermostat

The thermostat (accompanied by woolly jumpers) is hard to beat, when it comes to value-for-money technology. You turn it down, and your building uses less energy. Magic! In Britain, for every degree that you turn the thermostat down, the heat loss decreases by about 10%. Turning the thermostat down from 20 °C to 15 °C would nearly halve the heat loss. Thanks to incidental heat gains by the building, the savings in heating power will be even bigger than these reductions in heat loss.

Unfortunately, however, this remarkable energy-saving technology has side-effects. Some humans call turning the thermostat down a lifestyle change, and are not happy with it. I’ll make some suggestions later about how to sidestep this lifestyle issue. Meanwhile, as proof that “the most important smart component in a building with smart heating is the occupant,” figure 21.2 shows data from a Carbon Trust study, observing the heat consumption in twelve identical modern houses. This study permits us to gawp at the family at number 1, whose heat consumption is twice as big as that of Mr. and Mrs. Woolly at number 12. However, we should pay attention to the numbers: the family at number 1 are using 43 kWh per day. But if this is shocking, hang on – a moment ago, didn’t I estimate that my house might use more than that? Indeed, my average gas consumption from 1993 to 2003 was a little more than 43 kWh per day (figure 7.10), and I thought I was a frugal person! The problem is the house. All the modern houses in the Carbon Trust study had a leakiness of 2.7 kWh/d/°C, but my house had a leakiness of 7.7 kWh/d/°C! People who live in leaky houses…



The war on leakiness
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Figure 21.3. Estimates of the space heating required in a range of UK houses. From Eden and Bending (1985).

What can be done with leaky old houses, apart from calling in the bulldozers? Figure 21.3 shows estimates of the space heating required in old detached, semi-detached, and terraced houses as progressively more effort is put into patching them up. Adding loft insulation and cavity-wall insulation reduces heat loss in a typical old house by about 25%. 1 Thanks to incidental heat gains, this 25% reduction in heat loss translates into roughly a 40% reduction in heating consumption.

Let’s put these ideas to the test.



A case study

I introduced you to my house in chapter 7. Let’s pick up the story. In 2004 I had a condensing boiler installed, replacing the old gas boiler. (Condensing boilers use a heat-exchanger to transfer heat from the exhaust gases to incoming air.) At the same time I removed the house’s hot-water tank (so hot water is now made only on demand), and I put thermostats on all the bedroom radiators. Along with the new condensing boiler came a new heating controller that allows me to set different target temperatures for different times of day. With these changes, my consumption decreased from an average of 50 kWh/d to about 32 kWh/d.

[image: Figure 21.4]

Figure 21.4. My domestic gas consumption, each year from 1993 to 2007. Each line shows the cumulative consumption during one year in kWh. The number at the end of each year is the average rate of consumption for that year, in kWh per day. Meter-readings are indicated by the blue points. Evidently, the more frequently I read my meter, the less gas I use!
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Figure 21.5. Cavity-wall insulation going in.

This reduction from 50 to 32 kWh/d is quite satisfying, but it’s not enough, if the aim is to reduce one’s fossil fuel footprint below one ton of CO2 per year. 32 kWh/d of gas corresponds to over 2 tons CO2 per year.

In 2007, I started paying more careful attention to my energy meters. I had cavity-wall insulation installed (figure 21.5) and improved my loft insulation. I replaced the single-glazed back door by a double-glazed door, and added an extra double-glazed door to the front porch (figure 21.6). Most important of all, I paid more attention to my thermostat settings. This attentiveness has led to a further halving in gas consumption. The latest year’s consumption was 13 kWh/d!

Because this case study is such a hodge-podge of building modifications and behaviour changes, it’s hard to be sure which changes were the most important. According to my calculations (in Chapter E), the improvements in insulation reduced the leakiness by 25%, from 7.7 kWh/d/°C to 5.8 kWh/d/°C. This is still much leakier than any modern house. It’s frustratingly difficult to reduce the leakiness of an already-built house!
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Figure 21.6. A new front door.

So, my main tip is cunning thermostat management. What’s a reasonable thermostat setting to aim for? Nowadays many people seem to think that 17 °C is unbearably cold. However, the average winter-time temperature in British houses in 1970 was 13 °C! 2 A human’s perception of whether they feel warm depends on what they are doing, and what they’ve been doing for the last hour or so. My suggestion is, don’t think in terms of a thermostat setting. Rather than fixing the thermostat to a single value, try just leaving it at a really low value most of the time (say 13 or 15 °C), and turn it up temporarily whenever you feel cold. It’s like the lights in a library. If you allow yourself to ask the question “what is the right light level in the bookshelves?” then you’ll no doubt answer “bright enough to read the book titles,” and you’ll have bright lights on all the time. But that question presumes that we have to fix the light level; and we don’t have to. We can fit light switches that the reader can turn on, and that switch themselves off again after an appropriate time. Similarly, thermostats don’t need to be left up at 20°C all the time.

Before leaving the topic of thermostat settings, I should mention airconditioning. Doesn’t it drive you crazy to go into a building in summer where the thermostat of the air-conditioning is set to 18 °C? These loony building managers are subjecting everyone to temperatures that in wintertime they would whinge are too cold! In Japan, the government’s “CoolBiz” guidelines recommend that air-conditioning be set to 28 °C (82 °F).



Better buildings

If you get the chance to build a new building then there are lots of ways to ensure its heating consumption is much smaller than that of an old building. Figure 21.2 gave evidence that modern houses are built to much better insulation standards than those of the 1940s. But the building standards in Britain could be still better, as Chapter E discusses. The three key ideas for the best results are: (1) have really thick insulation in floors, walls, and roofs; (2) ensure the building is completely sealed and use active ventilation to introduce fresh air and remove stale and humid air, with heat exchangers passively recovering much of the heat from the removed air; (3) design the building to exploit sunshine as much as possible.



The energy cost of heat

So far, this chapter has focused on temperature control and leakiness. Now we turn to the third factor in the equation:

power used AAAAAAAAAAAAAAAAAAAAAAAA=average temperature difference × leakiness of buildingefficiency of heating system
\begin{matrix}
{\text{power\ used~}\phantom{\text{AAAAAAAAAAAAAAAAAAAAAAAA}}} \\
{= \frac{\text{average\ temperature\ difference~} \times \text{~leakiness\ of\ building}}{\text{efficiency\ of\ heating\ system}}} \\
\end{matrix}


How efficiently can heat be produced? Can we obtain heat on the cheap? Today, building-heating in Britain is primarily delivered by burning a fossil fuel, natural gas, in boilers with efficiencies of 78%–90%. Can we get off fossil fuels at the same time as making building-heating more efficient?

One technology that is held up as an answer to Britain’s heating problem is called “combined heat and power” (CHP), or its cousin, “microCHP.” I will explain combined heat and power now, but I’ve come to the conclusion that it’s a bad idea, because there’s a better technology for heating, called heat pumps, which I’ll describe in a few pages.
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Figure 21.7. Eggborough. Not a power station participating in smart heating.
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Figure 21.8. How a power station works. There has to be a cold place to condense the steam to make the turbine go round. The cold place is usually a cooling tower or river.


Combined heat and power

The standard view of conventional big centralised power stations is that they are terribly inefficient, chucking heat willy-nilly up chimneys and cooling towers. A more sophisticated view recognizes that to turn thermal energy into electricity, we inevitably have to dump heat in a cold place (figure 21.8). That is how heat engines work. There has to be a cold place. But surely, it’s argued, we could use buildings as the dumping place for this “waste” heat instead of cooling towers or sea water? This idea is called “combined heat and power” (CHP) or cogeneration, and it’s been widely used in continental Europe for decades – in many cities, a big power station is integrated with a district heating system. Proponents of the modern incarnation of combined heat and power, “micro-CHP,” suggest that tiny power stations should be created within single buildings or small collections of buildings, delivering heat and electricity to those buildings, and exporting some electricity to the grid.
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Figure 21.9. Combined heat and power. District heating absorbs heat that would have been chucked up a cooling tower.

There’s certainly some truth in the view that Britain is rather backward when it comes to district heating and combined heat and power, 3 but discussion is hampered by a general lack of numbers, and by two particular errors. First, when comparing different ways of using fuel, the wrong measure of “efficiency” is used, namely one that weights electricity as having equal value to heat. The truth is, electricity is more valuable than heat. Second, it’s widely assumed that the “waste” heat in a traditional power station could be captured for a useful purpose without impairing the power station’s electricity production. This sadly is not true, as the numbers will show. Delivering useful heat to a customer always reduces the electricity produced to some degree. The true net gains from combined heat and power are often much smaller than the hype would lead you to believe.

A final impediment to rational discussion of combined heat and power is a myth that has grown up recently, that decentralizing a technology somehow makes it greener. So whereas big centralized fossil fuel power stations are “bad,” flocks of local micro-power stations are imbued with goodness. But if decentralization is actually a good idea then “small is beautiful” should be evident in the numbers. Decentralization should be able to stand on its own two feet. And what the numbers actually show is that centralized electricity generation has many benefits in both economic and energy terms. Only in large buildings is there any benefit to local generation, and usually that benefit is only about 10% or 20%.

The government has a target for growth of combined heat and power to 10 GW of electrical capacity by 2010, but I think that growth of gas-powered combined heat and power would be a mistake. Such combined heat and power is not green: it uses fossil fuel, and it locks us into continued use of fossil fuel. Given that heat pumps are a better technology, I believe we should leapfrog over gas-powered combined heat and power and go directly for heat pumps.



Heat pumps

Like district heating and combined heat and power, heat pumps are already widely used in continental Europe, but strangely rare in Britain. Heat pumps are back-to-front refrigerators. Feel the back of your refrigerator: it’s warm. A refrigerator moves heat from one place (its inside) to another (its back panel). So one way to heat a building is to turn a refrigerator inside-out – put the inside of the refrigerator in the garden, thus cooling the garden down; and leave the back panel of the refrigerator in your kitchen, thus warming the house up. What isn’t obvious about this whacky idea is that it is a really efficient way to warm your house. For every kilowatt of power drawn from the electricity grid, the back-to-front refrigerator can pump three kilowatts of heat from the garden, so that a total of four kilowatts of heat gets into your house. So heat pumps are roughly four times as efficient as a standard electrical bar-fire. 4 Whereas the bar-fire’s efficiency is 100%, the heat pump’s is 400%. The efficiency of a heat pump is usually called its coefficient of performance or CoP. If the efficiency is 400%, the coefficient of performance is 4.
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Figure 21.10. Heat pumps.
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Figure 21.11. The inner and outer bits of an air-source heat pump that has a coefficient of performance of 4. The inner bit is accompanied by a ball-point pen, for scale. One of these Fujitsu units can deliver 3.6 kW of heating when using just 0.845 kW of electricity. It can also run in reverse, delivering 2.6 kW of cooling when using 0.655 kW of electricity.

Heat pumps can be configured in various ways (figure 21.10). A heat pump can cool down the air in your garden using a heat-exchanger (typically a 1-metre tall white box, figure 21.11), in which case it’s called an air-source heat pump. Alternatively, the pump may cool down the ground using big loops of underground plumbing (many tens of metres long), in which case it’s called a ground-source heat pump. Heat can also be pumped from rivers and lakes.

Some heat pumps can pump heat in either direction. When an airsource heat pump runs in reverse, it uses electricity to warm up the outside air and cool down the air inside your building. This is called air-conditioning. Many air-conditioners are indeed heat-pumps working in precisely this way. Ground-source heat pumps can also work as air-conditioners. So a single piece of hardware can be used to provide winter heating and summer cooling.

People sometimes say that ground-source heat pumps use “geothermal energy,” but that’s not the right name. As we saw in Chapter 16, geothermal energy offers only a tiny trickle of power per unit area (about 50 mW/m2), in most parts of the world; heat pumps have nothing to do with this trickle, and they can be used both for heating and for cooling. Heat pumps simply use the ground as a place to suck heat from, or to dump heat into. When they steadily suck heat, that heat is actually being replenished by warmth from the sun.

There’s two things left to do in this chapter. We need to compare heat pumps with combined heat and power. Then we need to discuss what are the limits to ground-source heat pumps.



Heat pumps, compared with combined heat and power

I used to think that combined heat and power was a no-brainer. “Obviously, we should use the discarded heat from power stations to heat buildings rather than just chucking it up a cooling tower!” However, looking carefully at the numbers describing the performance of real CHP systems, I’ve come to the conclusion that there are better ways of providing electricity and building-heating.

I’m going to build up a diagram in three steps. The diagram shows how much electrical energy or heat energy can be delivered from chemical energy. The horizontal axis shows the electrical efficiency and the vertical axis shows the heat efficiency.



The standard solution with no CHP

In the first step, we show simple power stations and heating systems that deliver pure electricity or pure heat.
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Condensing boilers (the top-left dot, A) are 90% efficient because 10% of the heat goes up the chimney. Britain’s gas power stations (the bottomright dot, B) are currently 49% efficient at turning the chemical energy of gas into electricity. If you want any mix of electricity and heat from natural gas, you can obtain it by burning appropriate quantities of gas in the electricity power station and in the boiler. Thus the new standard solution can deliver any electrical efficiency and heat efficiency on the line A–B by making the electricity and heat using two separate pieces of hardware.

To give historical perspective, the diagram also shows the old standard heating solution (an ordinary non-condensing boiler, with an efficiency of 79%) and the standard way of making electricity a few decades ago (a coal power station with an electrical efficiency of 37% or so).



Combined heat and power

Next we add combined heat and power systems to the diagram. These simultaneously deliver, from chemical energy, both electricity and heat.
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Each of the filled dots shows actual average performances of CHP systems in the UK, grouped by type. The hollow dots marked “CT” show the performances of ideal CHP systems quoted by the Carbon Trust; the hollow dots marked “Nimbus” are from a manufacturer’s product specifications. The dots marked “ct” are the performances quoted by the Carbon Trust for two real systems (at Freeman Hospital and Elizabeth House).

The main thing to notice in this diagram is that the electrical efficiencies of the CHP systems are significantly smaller than the 49% efficiency delivered by single-minded electricity-only gas power stations. So the heat is not a “free by-product.” Increasing the heat production hurts the electricity production.

It’s common practice to lump together the two numbers (the efficiency of electricity production and heat production) into a single “total efficiency” – for example, the back pressure steam turbines delivering 10% electricity and 66% heat would be called “76% efficient,” but I think this is a misleading summary of performance. After all, by this measure, the 90%-efficient condensing boiler is “more efficient” than all the CHP systems! The fact is, electrical energy is more valuable than heat.

Many of the CHP points in this figure are superior to the “old standard way of doing things” (getting electricity from coal and heat from standard boilers). And the ideal CHP systems are slightly superior to the “new standard way of doing things” (getting electricity from gas and heat from condensing boilers). But we must bear in mind that this slight superiority comes with some drawbacks – a CHP system delivers heat only to the places it’s connected to, whereas condensing boilers can be planted anywhere with a gas main; and compared to the standard way of doing things, CHP systems are not so flexible in the mix of electricity and heat they deliver; a CHP system will work best only when delivering a particular mix; this inflexibility leads to inefficiencies at times when, for example, excess heat is produced; in a typical house, much of the electricity demand comes in relatively brief spikes, bearing little relation to heating demand. A final problem with some micro-CHP systems is that when they have excess electricity to share, they may do a poor job of delivering power to the network.

Finally we add in heat pumps, which use electricity from the grid to pump ambient heat into buildings.
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The steep green lines show the combinations of electricity and heat that you can obtain assuming that heat pumps have a coefficient of performance of 3 or 4, assuming that the extra electricity for the heat pumps is generated by an average gas power station or by a top-of-the-line gas power station, and allowing for 8% loss in the national electricity network between the power station and the building where the heat pumps pump heat. The top-of-the-line gas power station’s efficiency is 53%, assuming it’s running optimally. (I imagine the Carbon Trust and Nimbus made a similar assumption when providing the numbers used in this diagram for CHP systems.) In the future, heat pumps will probably get even better than I assumed here. In Japan, thanks to strong legislation favouring efficiency improvements, heat pumps are now available with a coefficient of performance of 4.9.

Notice that heat pumps offer a system that can be “better than 100%-efficient.” For example the “best gas” power station, feeding electricity to heat pumps can deliver a combination of 30%-efficient electricity and 80%-efficient heat, a “total efficiency” of 110%. No plain CHP system could ever match this performance.

Let me spell this out. Heat pumps are superior in efficiency to condensing boilers, even if the heat pumps are powered by electricity from a power station burning natural gas. If you want to heat lots of buildings using natural gas, you could install condensing boilers, which are “90% efficient,” or you could send the same gas to a new gas power station making electricity and install electricity-powered heat pumps in all the buildings; the second solution’s efficiency would be somewhere between 140% and 185%. It’s not necessary to dig big holes in the garden and install underfloor heating to get the benefits of heat pumps; the best air-source heat pumps (which require just a small external box, like an air-conditioner’s) can deliver hot water to normal radiators with a coefficient of performance above 3. The air-source heat pump in figure 21.11 directly delivers warm air to an office.

I thus conclude that combined heat and power, even though it sounds a good idea, is probably not the best way to heat buildings and make electricity using natural gas, assuming that air-source or ground-source heat pumps can be installed in the buildings. The heat-pump solution has further advantages that should be emphasized: heat pumps can be located in any buildings where there is an electricity supply; they can be driven by any electricity source, so they keep on working when the gas runs out or the gas price goes through the roof; and heat pumps are flexible: they can be turned on and off to suit the demand of the building occupants.

I emphasize that this critical comparison does not mean that CHP is always a bad idea. What I’m comparing here are methods for heating ordinary buildings, which requires only very low-grade heat. CHP can also be used to deliver higher-grade heat to industrial users (at 200 °C, for example). In such industrial settings, heat pumps are unlikely to compete so well because their coefficient of performance would be lower.



Limits to growth (of heat pumps)

Because the temperature of the ground, a few metres down, stays sluggishly close to 11 °C, whether it’s summer or winter, the ground is theoretically a better place for a heat pump to grab its heat than the air, which in midwinter may be 10 or 15 °C colder than the ground. So heat-pump advisors encourage the choice of ground-source over air-source heat pumps, where possible. (Heat pumps work less efficiently when there’s a big temperature difference between the inside and outside.)
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Figure 21.12. How close together can ground-source heat pumps be packed?

However, the ground is not a limitless source of heat. The heat has to come from somewhere, and ground is not a very good thermal conductor. If we suck heat too fast from the ground, the ground will become as cold as ice, and the advantage of the ground-source heat pump will be diminished.

In Britain, the main purpose of heat pumps would be to get heat into buildings in the winter. The ultimate source of this heat is the sun, which replenishes heat in the ground by direct radiation and by conduction through the air. The rate at which heat is sucked from the ground must satisfy two constraints: it must not cause the ground’s temperature to drop too low during the winter; and the heat sucked in the winter must be replenished somehow during the summer. If there’s any risk that the natural trickling of heat in the summer won’t make up for the heat removed in the winter, then the replenishment must be driven actively – for example by running the system in reverse in summer, putting heat down into the ground (and thus providing air-conditioning up top).




	Urban area
	Area per person (m2)





	Bangalore
	37



	Manhattan
	39



	Paris
	40



	Chelsea
	66



	Tokyo
	72



	Moscow
	97



	Taipei
	104



	The Hague
	152



	San Francisco
	156



	Singapore
	156



	Cambridge MA
	164



	Sydney
	174



	Portsmouth
	213





Table 21.13. Some urban areas per person.

Let’s put some numbers into this discussion. How big a piece of ground does a ground-source heat pump need? Assume that we have a neighbourhood with quite a high population density – say 6200 people per km2 (160 m2 per person), the density of a typical British suburb. Can everyone use ground-source heat pumps, without using active summer replenishment? A calculation in Chapter E (p303) gives a tentative answer of no: if we wanted everyone in the neighbourhood to be able to pull from the ground a heat flow of about 48 kWh/d per person (my estimate of our typical winter heat demand), we’d end up freezing the ground in the winter. Avoiding unreasonable cooling of the ground requires that the sucking rate be less than 12 kWh/d per person. So if we switch to ground-source heat pumps, we should plan to include substantial summer heat-dumping in the design, so as to refill the ground with heat for use in the winter. This summer heat-dumping could use heat from air-conditioning, or heat from roof-mounted solar water-heating panels. (Summer solar heat is stored in the ground for subsequent use in winter by Drake Landing Solar Community in Canada [www.dlsc.ca].) Alternatively, we should expect to need to use some air-source heat pumps too, and then we’ll be able to get all the heat we want – as long as we have the electricity to pump it. In the UK, air temperatures don’t go very far below freezing, so concerns about poor winter-time performance of air-source pumps, which might apply in North America and Scandinavia, probably do not apply in Britain.
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My conclusion: can we reduce the energy we consume for heating? Yes. Can we get off fossil fuels at the same time? Yes. Not forgetting the low-hanging fruit – building-insulation and thermostat shenanigans – we should replace all our fossil-fuel heaters with electric-powered heat pumps; we can reduce the energy required to 25% of today’s levels. Of course this plan for electrification would require more electricity. But even if the extra electricity came from gas-fired power stations, that would still be a much better way to get heating than what we do today, simply setting fire to the gas. Heat pumps are future-proof, allowing us to heat buildings efficiently with electricity from any source.

Nay-sayers object that the coefficient of performance of air-source heat pumps is lousy – just 2 or 3. But their information is out of date. If we are careful to buy top-of-the-line heat pumps, we can do much better. The Japanese government legislated a decade-long efficiency drive that has greatly improved the performance of air-conditioners; thanks to this drive, there are now air-source heat pumps with a coefficient of performance of 4.9; these heat pumps can make hot water as well as hot air. 5

Another objection to heat pumps is “oh, we can’t approve of people fitting efficient air-source heaters, because they might use them for air-conditioning in the summer.” Come on – I hate gratuitous air-conditioning as much as anyone, but these heat pumps are four times more efficient than any other winter heating method! Show me a better choice. Wood pellets? Sure, a few wood-scavengers can burn wood. But there is not enough wood for everyone to do so. For forest-dwellers, there’s wood. For everyone else, there’s heat pumps.




The retrofit that one physicist managed

A section added in the 2026 revision. This chapter contains the most useful experiment in the book, because MacKay ran it on himself and reported the failures.


What he achieved, and what the country did

His gas consumption went from 50 kWh/d to 32 with a condensing boiler, radiator thermostats, a programmable controller and the removal of the hot water tank; then to 13 kWh/d with cavity wall insulation, better loft insulation, two double-glazed doors, and — his emphasis — paying attention to the thermostat.

That is a 74% reduction, achieved by one attentive person in a 1940s semi.

Britain as a whole has reduced domestic gas consumption per household by about 43% since 2008, as chapter 7 records. So the country, over eighteen years and with the benefit of new boilers, better appliances, higher prices and warmer winters, has managed a little over half of what MacKay did to one leaky house by himself.

And even that overstates the technical achievement. The European efficiency index described in chapter L, which is climate-corrected and measures efficiency rather than consumption, has households improving at about 1.6% a year across the EU from 2010 to 2023 — accelerating to 2.4% after 2019, but still only some 19% in total. That is the honest measure of what better buildings and better boilers have delivered. The rest of the fall in what households burn is warmer weather, higher prices and smaller rooms heated less.



The sentence that turned out to matter most

Buried in the case study is this:


It’s frustratingly difficult to reduce the leakiness of an already-built house!



The numbers behind it are the important part. All that insulation work reduced his leakiness by 25%, from 7.7 to 5.8 kWh/d/°C. The modern houses in the Carbon Trust study he cites were built to 2.7. After cavity walls, loft and new doors, his house still lost heat more than twice as fast as one built to 2007 standards.

Which means most of his 74% did not come from the fabric at all. It came from the boiler, the controls, and the thermostat — from the machine and the occupant, not the building.



Why that sentence now decides whether heat pumps work

In 2008 this was a footnote about the difficulty of retrofit. It has since become the gate on the whole heating transition.

Chapter 7 reports the British evidence review’s finding that a heat pump reaches a seasonal performance factor of 3.0 — the level at which the sums in this chapter work — only in a house at EPC band C or better. Below that it does not, and the running-cost case collapses with it.

The English housing stock in 2024: 52% of homes at band C, up from 45% in 2022, with 56% at bands A to C and a median score of 69, which is just inside band C. 85% of new dwellings are rated A or B. About half of privately rented homes are still below C.6

So roughly two homes in five are below the standard at which a heat pump performs as this chapter assumes — and post-war housing with cavity walls filled and loft insulated is described in the official statistics as sitting at the C boundary, which is precisely where MacKay’s house ended up after all his work.

The man who wrote the book advocating heat pumps had, after his own best retrofit, a house that would only just support one. That is the retrofit problem stated as exactly as it can be stated.



And “strangely rare in Britain”

He writes that heat pumps are “already widely used in continental Europe, but strangely rare in Britain”. The strangeness has since been resolved, and it is worth recording that the answer is not mysterious.

It is a price ratio of about 3.6 in Britain against 1.3 in Sweden, so that the efficient machine is the expensive one to run; and a fabric standard that two homes in five fail, so that the machine underperforms where it is installed. Chapter 7 covers the first and this chapter covers the second.

Neither is strange. Both are specific, both are measurable, and neither is physics — which is chapter 18’s finding arriving in the one chapter of Part II that is about what to actually do.




Notes and further reading

[image: Figure 21.14]

Figure 21.14. Advertisement from the Mayor of London’s “DIY planet repairs” campaign of 2007. The text reads “Turn down. If every London household turned down their thermostat by one degree, we could save 837 000 tons of CO2 and £110m per year.” [london.gov.uk/diy] Expressed in savings per person, that’s 0.12 t CO2 per year per person. That’s about 1% of one person’s total (11 t), so this is good advice. Well done, Ken!

Further reading on heat pumps: European Heat Pump Network

 ehpn.fiz-karlsruhe.de/en/, www.kensaengineering.com, www.heatking.co.uk, www.iceenergy.co.uk. 







Loft and cavity insulation reduces heat loss in a typical old house by about a quarter. Eden and Bending (1985).



The average internal temperature in British houses in 1970 was 13 °C! Source: Dept. of Trade and Industry (2002a, para 3.11)



Britain is rather backward when it comes to district heating and combined heat and power. The rejected heat from UK power stations could meet the heating needs of the entire country (Wood, 1985). In Denmark in 1985, district heating systems supplied 42% of space heating, with heat being transmitted 20 km or more in hot pressurized water. In West Germany in 1985, 4 million dwellings received 7 kW per dwelling from district heating. Two thirds of the heat supplied was from power stations. In Vasteras, Sweden in 1985, 98% of the city’s heat was supplied from power stations.



Heat pumps are roughly four times as efficient as a standard electrical barfire. See www.gshp.org.uk. Some heat pumps available in the UK already have a coefficient of peformance bigger than 4.0 [yok2nw]. Indeed there is a government subsidy for water-source heat pumps that applies only to pumps with a coefficient of peformance better than 4.4 [2dtx8z]. Commercial ground-source heat pumps are available with a coefficient of performance of 5.4 for cooling and 4.9 for heating [2fd8ar].



Air-source heat pumps with a coefficient of performance of 4.9… According to HPTCJ (2007), heat pumps with a coefficient of performance of 6.6 have been available in Japan since 2006. The performance of heat pumps in Japan improved from 3 to 6 within a decade thanks to government regulations. HPTCJ (2007) describe an air-source-heat-pump water-heater called Eco Cute with a coefficient of performance of 4.9. The Eco Cute came on the market in 2001. www.ecosystem-japan.com.



English Housing Survey and Energy Performance Certificate statistics: 52% of English homes at EPC band C in 2024 against 45% in 2022, band D falling to 35%, bands A–C covering 56% of the stock, and a median EPC score of 69 in England (band C) against 68 in Wales (band D) over the ten years to March 2025; 85% of new dwellings rated A or B in the third quarter of 2025; roughly half of privately rented homes still below band C. Two cautions. EPC ratings are modelled from a survey of the property rather than metered, are known to correlate imperfectly with measured consumption, and the methodology has changed over the period, so the improvement from 45% to 52% is partly real and partly reassessment. And band C is a threshold chosen here because the heat-pump evidence review in chapter 7 uses it, not because anything physical happens at that line; a house just below it is not meaningfully different from one just above.





22 Efficient electricity use
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Figure 22.1. An awful AC lamp-adaptor from IKEA – the adaptor uses nearly 10 W even when the lamp is switched off!

Can we cut electricity use? Yes, switching off gadgets when they’re not in use is an easy way to make a difference. Energy-efficient light bulbs will save you electricity too.

We already examined gadgets in Chapter 11. Some gadgets are unimportant, but some are astonishing guzzlers. The laser-printer in my office, sitting there doing nothing, is slurping 17 W – nearly 0.5 kWh per day! A friend bought a lamp from IKEA. Its awful adaptor (figure 22.1) guzzles 10 W (0.25 kWh per day) whether or not the lamp is on. If you add up a few stereos, DVD players, cable modems, and wireless devices, you may even find that half of your home electricity consumption can be saved.

According to the International Energy Agency, standby power consumption accounts for roughly 8% of residential electricity demand. 1 In the UK and France, the average standby power is about 0.75 kWh/d per household. The problem isn’t standby itself – it’s the shoddy way in which standby is implemented. It’s perfectly possible to make standby systems that draw less than 0.01 W; but manufacturers, saving themselves a penny in the manufacturing costs, are saddling the consumer with an annual cost of pounds.

[image: Figure 22.2]

Figure 22.2. Efficiency in the offing. I measured the electricity savings from switching off vampires during a week when I was away at work most of each day, so both days and nights were almost devoid of useful activity, except for the fridge. The brief little blips of consumption are caused by the microwave, toaster, washing machine, or vacuum cleaner. On the Tuesday I switched off most of my vampires: two stereos, a DVD player, a cable modem, a wireless router, and an answering machine. The red line shows the trend of “nobody-at-home” consumption before, and the green line shows the “nobody-at-home” consumption after this change. Consumption fell by 45 W, or 1.1 kWh per day.


A vampire-killing experiment

Figure 22.2 shows an experiment I did at home. First, for two days, I measured the power consumption when I was out or asleep. Then, switching off all the gadgets that I normally left on, I measured again for three more days. I found that the power saved was 45 W – which is worth £45 per year if electricity costs 11p per unit.

[image: Figure 22.3]

Figure 22.3. My cumulative domestic electricity consumption, in kWh, each year from 1993 to 2008. The grey lines show years from 1993 to 2003. (I haven’t labelled these with their years, to avoid clutter.) The coloured lines show the years 2004 onwards. The scale on the right shows the average rate of energy consumption, in kWh per day. The vampire experiment took place on 2nd October 2007. The combination of vampire-banishment with energy-saving-lightbulb installation reduced my electricity consumption from 4 kWh/d to 2 kWh/d.

Since I started paying attention to my meter readings, my total electricity consumption has halved (figure 22.3). I’ve cemented this saving in place by making a habit of reading my meters every week, so as to check that the electricity-sucking vampires have been banished. If this magic trick could be repeated in all homes and all workplaces, we could obviously make substantial savings. So a bunch of us in Cambridge are putting together a website devoted to making regular meter-reading fun and informative. The website, www.readyourmeter.org, aims to help people carry out similar experiments to mine, make sense of the resulting numbers, and get a warm fuzzy feeling from using less.

I do hope that this sort of smart-metering activity will make a difference. In the future cartoon-Britain of 2050, however, I’ve assumed that all such electricity savings are cancelled out by the miracle of growth. Growth is one of the tenets of our society: people are going to be wealthier, and thus able to play with more gadgets. The demand for ever-more-superlative computer games forces computers’ power consumption to increase. Last decade’s computers used to be thought pretty neat, but now they are found useless, and must be replaced by faster, hotter machines.



What happened to the vampires

A section added in the 2026 revision. This chapter has dated better than almost any other, because its recommendation was adopted almost immediately and then enforced by law.

MacKay’s complaint was precise: “the problem isn’t standby itself – it’s the shoddy way in which standby is implemented.” Within a year of the book appearing, the European Union made shoddy implementation illegal. Regulation (EC) 1275/2008 capped off-mode and standby power at 1 watt from 6 January 2010, or 2 watts for a device showing a display, and halved both limits to 0.5 and 1 watt from 6 January 2013. A later amendment extended the rules to networked standby, the state in which a device sits idle but connected. The replacement regulation, 2023/826, took effect on 9 May 2025 and tightens off mode to 0.3 watts from May 2027.2

Measure the examples in this chapter against that. The IKEA adaptor that drew 10 W could not legally be sold in the EU after 2010, and would be twenty times over the limit that applied from 2013. The office laser printer idling at 17 W is in a different equipment class, but the direction is the same. A device at the 0.5 W limit, left on permanently, consumes 0.012 kWh per day — against the 0.25 kWh/day MacKay measured from a single bad adaptor. The category he was writing about has largely been legislated out of existence, and the preparatory studies estimated the savings at about 35 TWh a year across the EU by 2020 from standby, and another 36 TWh from networked standby — together roughly a fifth of Sweden’s annual electricity consumption, obtained by regulating a design detail.

This is worth dwelling on, because it is the clearest case in the book of an argument of the “every BIG helps” kind actually working. The saving did not come from persuading millions of people to switch things off at the wall. It came from a rule that made the wasteful design illegal, applied once at the point of manufacture, and it then required nothing at all from the user. MacKay’s own experiment — reading his meters weekly and hunting vampires by hand — recovered 45 W. The regulation recovered a comparable amount in every household in Europe without anyone noticing.

One thing has not gone his way, and one has gone better than he expected. Lighting has been transformed twice over: the compact fluorescent bulbs he was recommending have themselves been superseded by LEDs, which do the same job again at roughly half the power and last far longer. Against that, the gadget category has grown in ways he did not anticipate — his 2008 house had no smart speakers, no broadband router running a mesh, and no home server — and networked standby is precisely the loophole the 2013 amendment had to be written to close.

And his closing assumption deserves testing, because he stated it plainly: “in the future cartoon-Britain of 2050, I’ve assumed that all such electricity savings are cancelled out by the miracle of growth.” That has not happened in Britain. As chapter L sets out, British energy use per person has fallen by 44% since he wrote — from about 123 kWh per day to 69 — while the economy grew. Growth did not cancel efficiency. It is fair to add that some of that fall is production moving abroad rather than disappearing, which chapter L also quantifies, but even on a consumption basis the decline is real. On this point the book was too pessimistic, and it is a pleasure to record it.



Notes and further reading







Standby power consumption accounts for roughly 8% of residential electricity. Source: International Energy Agency (2001). For further reading on standby-power policies, see: www.iea.org/textbase/subjectqueries/standby.asp.



Commission Regulation (EC) No 1275/2008 on ecodesign requirements for standby and off mode, as amended by Regulation (EU) No 801/2013 for networked standby, and replaced by Regulation (EU) 2023/826 with effect from 9 May 2025. The savings estimates of 35 TWh/year for standby and 36 TWh/year for networked standby are from the Commission’s preparatory studies, the latter from the 2011 Lot 26 study.





23 Sustainable fossil fuels?
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Figure 23.1. Coal being delivered to Kingsnorth power station (capacity 1940 MW) in 2005. Photos by Ian Boyle www.simplonpc.co.uk.

[image: Figure 23.2]

Figure 23.2. “Sustainable fossil fuels.”


It is an inescapable reality that fossil fuels will continue to be an important part of the energy mix for decades to come.

UK government spokesperson, April 2008




Our present happy progressive condition is a thing of limited duration.

William Stanley Jevons, 1865



We explored in the last three chapters the main technologies and lifestyle changes for reducing power consumption. We found that we could halve the power consumption of transport (and de-fossilize it) by switching to electric vehicles. We found that we could shrink the power consumption of heating even more (and de-fossilize it) by insulating all buildings better and using electric heat pumps instead of fossil fuels. So yes, we can reduce consumption. But still, matching even this reduced consumption with power from Britain’s own renewables looks very challenging (figure 18.7). It’s time to discuss non-renewable options for power production.

Take the known reserves of fossil fuels, which are overwhelmingly coal: 1600 Gt of coal. Share them equally between six billion people, and burn them “sustainably.” What do we mean if we talk about using up a finite resource “sustainably”? Here’s the arbitrary definition I’ll use: the burn-rate is “sustainable” if the resources would last 1000 years. 1 A ton of coal delivers 8000 kWh of chemical energy, 2 so 1600 Gt of coal shared between 6 billion people over 1000 years works out to a power of 6 kWh per day per person. A standard coal power station would turn this chemical power into electricity with an efficiency of about 37% – that means about 2.2 kWh(e) per day per person. If we care about the climate, however, then presumably we would not use a standard power station. Rather, we would go for “clean coal,” also known as “coal with carbon capture and storage” 3 – an as-yet scarcely-implemented technology that sucks most of the carbon dioxide out of the chimney-flue gases and then shoves it down a hole in the ground. Cleaning up power station emissions in this way has a significant energy cost – it would reduce the delivered electricity by about 25%. So a “sustainable” use of known coal reserves would deliver only about 1.6 kWh(e) per day per person.

We can compare this “sustainable” coal-burning rate – 1.6 Gt per year – with the current global rate of coal consumption: 6.3 Gt per year, and rising.

What about the UK alone? Britain is estimated to have 7 Gt of coal left. 4 OK, if we share 7 Gt between 60 million people, we get 100 tons per person. If we want a 1000-year solution, this corresponds to 2.5 kWh per day per person. In a power station performing carbon capture and storage, this sustainable approach to UK coal would yield 0.7 kWh(e) per day per person.


(Figure omitted from this edition: third-party rights.)



Figure 23.3. A caterpillar grazing on old leaves. Photo by Peter Gunn.

Our conclusion is clear:


Clean coal is only a stop-gap.



If we do develop “clean coal” technology in order to reduce greenhouse gas emissions, we must be careful, while patting ourselves on the back, to do the accounting honestly. The coal-burning process releases greenhouse gases not only at the power station but also at the coal mine. 5 Coal-mining tends to release methane, carbon monoxide, and carbon dioxide, both directly from the coal seams as they are exposed, and subsequently from discarded shales and mudstones; for an ordinary coal power station, these coal-mine emissions bump up the greenhouse gas footprint by about 2%, so for a “clean” coal power station, these emissions may have some impact on the accounts. There’s a similar accounting problem with natural gas: if, say, 5% of the natural gas leaks out along the journey from hole in the ground to power station, then this accidental methane pollution is equivalent (in greenhouse effect) to a 40% boost in the carbon dioxide released at the power station. 6


New coal technologies

Stanford-based company www.directcarbon.com are developing the Direct Carbon Fuel Cell, which converts fuel and air directly to electricity and CO2, without involving any water or steam turbines. They claim that this way of generating electricity from coal is twice as efficient as the standard power station.



When’s the end of business as usual?

The economist Jevons did a simple calculation in 1865. People were discussing how long British coal would last. They tended to answer this question by dividing the estimated coal remaining by the rate of coal consumption, getting answers like “1000 years.” But, Jevons said, consumption is not constant. It’s been doubling every 20 years, and “progress” would have it continue to do so. So “reserves divided by consumption-rate” gives the wrong answer.

Instead, Jevons extrapolated the exponentially-growing consumption, calculating the time by which the total amount consumed would exceed the estimated reserves. This was a much shorter time. Jevons was not assuming that consumption would actually continue to grow at the same rate; rather he was making the point that growth was not sustainable. His calculation estimated for his British readership the inevitable limits to their growth, and the short time remaining before those limits would become evident. Jevons made the bold prediction that the end of British “progress” would come within 100 years of 1865. Jevons was right. British coal production peaked in 1910, and by 1965 Britain was no longer a world superpower.

Let’s repeat his calculation for the world as a whole. In 2006, the coal consumption rate was 6.3 Gt per year. Comparing this with reserves of 1600 Gt of coal, people often say “there’s 250 years of coal left.” But if we assume “business as usual” implies a growing consumption, we get a different answer. If the growth rate of coal consumption were to continue at 2% per year (which gives a reasonable fit to the data from 1930 to 2000), then all the coal would be gone in 2096. If the growth rate is 3.4% per year (the growth rate over the last decade), the end of business-as-usual is coming before 2072. Not 250 years, but 60!

If Jevons were here today, I am sure he would firmly predict that unless we steer ourselves on a course different from business as usual, there will, by 2050 or 2060, be an end to our happy progressive condition.



Jevons, redone with 2025 numbers

A section added in the 2026 revision. Both halves of this chapter can now be checked against eighteen years of outcome, and both were wrong in instructive ways.

Take the arithmetic first. MacKay used a world coal consumption of 6.3 Gt a year in 2006 against reserves of 1600 Gt. The 2026 Statistical Review puts production at 8.06 Gt in 2025 and proved reserves at 1074 Gt, giving a reserves-to-production ratio of 139 years rather than the 250 that was quoted in his day.7 Note which number moved. Consumption rose by 28% over nineteen years, an average of 1.3% a year — considerably slower than the doubling-every-twenty-years that worried Jevons, and slower than MacKay’s own business-as-usual case. Reserves, meanwhile, were revised down by a third. The static ratio fell from 250 years to 139 mostly because the geologists changed their minds, not because we burned through it.

Repeating Jevons’ calculation properly, with consumption growing at the 1.3% a year actually observed, cumulative production passes 1074 Gt in about 78 years, which is the 2100s rather than MacKay’s 2050 or 2060. So the specific prediction in this chapter is too early by roughly half a century.

But the reason it is wrong is not that we found more coal. It is that exhaustion turned out not to be the binding constraint at all. Coal-fired electricity generation is now falling — down 0.3% worldwide in 2025, and down 3.4% in Europe — even as coal consumption set a record, because industry still wants it for steel and cement. What limits coal now is the price of the alternatives and the policy attached to the carbon, not the depth of the seam. Jevons framed the question as “how long until we run out?” and MacKay followed him. On present evidence the answer is that we will stop long before we run out, and the interesting question is what stops us.



What happened to clean coal

The other half of the chapter has aged less kindly. This chapter surveys the technologies that were expected to let fossil fuels continue with their carbon captured and stored, and the tone of the survey is reasonably hopeful.

Here is where that has got to. Total carbon capture capacity worldwide reached 206 million tonnes a year in 2024, up from 180 million in 2020 — growth of about 15% in four years. Set that against energy-related carbon dioxide emissions of 35 806 million tonnes in 2025 and it is 0.6% of the problem, and that is installed capacity, which flatters the position, since capture facilities routinely run below nameplate.8 After three decades of expectation, carbon capture removes about one part in 170 of the carbon dioxide the energy system emits.

That does not make it useless. It makes it a specialised tool rather than a general licence, and it changes what the chapter’s question means. “Can we have sustainable fossil fuels?” was posed as a technical question about whether the carbon could be caught. It can be, and at Sleipner in Norway it has been since 1996. The eighteen years since this book was written have established something narrower and more useful: capture works, and it has not been built, and it has not been built for reasons of cost and incentive rather than physics. That is exactly the shape of the argument in chapter 28a — a technology whose returns depend on a price that policy has not set will not be financed, however well it works.


What “cost and incentive” means, in numbers

Added in the 2026 revision. The paragraph above asserts that capture works and has not been built, and that the reason is money. That deserves the numbers, because the project record is where the argument actually lives.

Gorgon, on Barrow Island off Western Australia, is the largest carbon capture project in the world. Chevron committed to capturing 80% of the reservoir carbon dioxide from its liquefied-gas plant as a condition of approval. In 2023–24 it managed 30%, its worst year on record, and the cost has risen to about $222 (£175) per tonne captured. Petra Nova, in Texas, was the flagship retrofit of a coal plant: about $1 billion to build, roughly 70% capture when running well, shut down in 2020 when the oil price collapsed — because the carbon it captured was being sold for enhanced oil recovery, so its revenue depended on the price of the product it was meant to displace. NRG later sold its 50% interest for $3.6 million — against a half share of a roughly $1 billion build, so under a hundredth of what that stake originally represented. Kemper County, in Mississippi, was to gasify lignite and capture the carbon before combustion; it was estimated at $3 billion, reached $7.5 billion, and was abandoned as a coal project in 2017.9

Two numbers frame that record. The United States Department of Energy’s own assessment was that capture cost would have to halve, to about $30 (£24) a tonne, to be commercially viable without support. And there is now support: the American 45Q credit pays $85 (£67) per tonne for point-source capture with geological storage and $180 (£142) for direct air capture, indexed from 2027. For the first time the subsidy exceeds the cost of capture at some well-suited sources — concentrated streams from ethanol, ammonia and gas processing, where the carbon dioxide is nearly pure and separation is cheap. It does not exceed the cost at a coal or gas power station, where the flue gas is dilute and the parasitic load is large.

That is the real shape of the thing, and it is not the shape either the enthusiasts or the opponents describe. Capture is already economic where the carbon dioxide arrives pure and uneconomic where it arrives dilute — which is to say, economic almost everywhere except the application this chapter was written about. Sleipner has worked since 1996 because stripping carbon dioxide out of natural gas is something the gas industry has to do anyway.

One more caution on the capacity figure above. The 206 million tonnes a year is capacity, and the industry’s own trackers put operating capacity in early 2025 nearer 50 million tonnes. Against 35 800 million tonnes of energy-related emissions, that is 0.14%, or one part in seven hundred. Net-zero pathways of the kind the IEA publishes assume something like 1300 million tonnes a year. The gap is not a factor of two.




Methane: MacKay’s calculation, now measurable

A section added in the 2026 revision. This chapter’s notes contain a piece of arithmetic that has become far more important than it looked in 2008. MacKay observes that leaked methane is worth about 8.4 times the warming of the carbon dioxide you would get by burning it — twenty-three times as potent per tonne, divided by the 2.75 tonnes of carbon dioxide each tonne of methane would have become — and concludes that a 5% leak is equivalent to a 40% boost in carbon dioxide.

The arithmetic is right. What he could not do was measure the leak. In 2008 leakage rates were inventory estimates: production multiplied by an assumed emission factor. Since 2024 they have been observed from orbit. MethaneSAT, launched in March 2024, measures basin-scale methane intensity directly — emissions as a percentage of the gas produced — and the results have not flattered the inventories. American oil and gas methane emissions came out over four times higher than the Environmental Protection Agency’s estimates. The Permian Basin alone was releasing on the order of 440 tonnes of methane an hour, more than half a billion dollars a year of wasted gas.10

Now apply MacKay’s own factor to the measured rates:









	
	Measured leakage
	Extra warming on MacKay’s 8.4×





	Permian, New Mexico side
	1.2%
	+10% on the combustion CO2



	Permian, Texas side
	3.1%
	+26%



	MacKay’s illustrative case
	5%
	+42%





The two rows that matter are the first two, and they are the same basin. The Delaware Basin straddles a state line; the rock is the same, the companies are largely the same, and the leakage rate on one side is two and a half times the other. New Mexico has rules requiring 98% gas capture and the venting and flaring restrictions that go with them; Texas does not.

That is as clean a natural experiment as this subject offers, and it settles a question this chapter could only pose. Whether gas is better than coal is not a property of gas. At 1.2% leakage the case for gas over coal in power generation is comfortable. At 3.1% it is narrower than usually claimed, and for the short-lived warming that matters most on a twenty-year view it is narrower still. The difference between those two worlds is not geology, technology, or price. It is regulation, and it is now visible from space, which is why it has started to change.11
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Notes and further reading

The average methane content in British coal seams is 4.7 m3 per ton of coal (Jackson and Kershaw, 1996); this methane, if released to the atmosphere, has a global warming potential about 5% of that of the CO2 from burning the coal.

Further reading: World Energy Council [yhxf8b]

Further reading about underground coal gasification: [e2m9n]







1000 years – my arbitrary definition of “sustainable.” As precedent for this sort of choice, Hansen et al. (2007) equate “more than 500 years” with “forever.”



1 ton of coal equivalent = 29.3 GJ = 8000 kWh of chemical energy. This figure does not include the energy costs of mining, transport, and carbon sequestration.



Carbon capture and storage (CCS). There are several CCS technologies. Sucking the CO2 from the flue gases is one; others gasify the coal and separate the CO2 before combustion. See Metz et al. (2005). The first prototype coal plant with CCS was opened on 9th September 2008 by the Swedish company Vattenfall [5kpjk8].



UK coal. In December 2005, the reserves and resources at existing mines were estimated to be 350 million tons. In November 2005, potential opencast reserves were estimated to be 620 million tons; and the underground coal gasification potential was estimated to be at least 7 billion tons. [yebuk8]



Coal-mining tends to release greenhouse gases. For information about methane release from coal-mining see www.epa.gov/cmop/, Jackson and Kershaw (1996), Thakur et al. (1996). Global emissions of methane from coal mining are about 400 Mt CO2e per year. This corresponds to roughly 2% of the greenhouse gas emissions from burning the coal.



If 5% of the natural gas leaks, it’s equivalent to a 40% boost in carbon dioxide. Accidental methane pollution has nearly eight times as big a global-warming effect as the CO2 pollution that would arise from burning the methane; eight times, not the standard “23 times,” because “23 times” is the warming ratio between equal masses of methane and CO2. Each ton of CH4 turns into 2.75 tons of CO2 if burned; if it leaks, it’s equivalent to 23 tons of CO2. And 23/2.75 is 8.4.



Coal production, reserves and generation from the Energy Institute’s Statistical Review of World Energy 2026 edition. Reserves are as at end-2020, the most recent assessment, and the Review notes that its methodology for updating reserves is under review. The 78-year figure is a Jevons-style calculation: cumulative production at 1.3% annual growth from a 2025 base of 8.06 Gt, reaching 1074 Gt.



Capture capacity from the Statistical Review’s “CCUS Capture Capacity” sheet: 180.1 Mt/year in 2020 and 206.5 Mt/year in 2024. Compared with 35 806 Mt of energy-related CO2 in 2025 from the same source, that is 0.58%.



Gorgon’s 2023–24 capture performance and its cost per tonne are from the Institute for Energy Economics and Financial Analysis’s annual assessments of the project; the 80% target is the condition of the Western Australian environmental approval, and Chevron has acknowledged missing it since start-up in 2019. Petra Nova’s approximately $1 billion construction cost, its suspension in 2020 and NRG Energy’s later sale of its 50% interest for about $3.6 million are widely reported; the plant restarted under new ownership in 2023. Kemper County’s escalation from about $3 billion to $7.5 billion and Southern Company’s 2017 decision to abandon the gasification and capture portion are from the company’s own filings. The $30 per tonne commercial-viability figure was given by an assistant secretary for fossil energy at the Department of Energy in 2020. IEEFA is a research organisation with a critical stance on fossil-fuel investment and its framing should be read with that in mind; the underlying performance figures come from Chevron’s own reporting to the Western Australian regulator. The operating-versus-capacity distinction is the reason the 50 Mt and 206 Mt figures differ: the larger number counts announced and installed nameplate capacity, the smaller counts what was actually operating.



MethaneSAT, an Environmental Defense Fund mission launched in March 2024, measures methane column concentrations at basin scale and derives a methane intensity — emissions as a fraction of gas produced. The Permian figures of about 1.2% intensity on the New Mexico side of the Delaware Basin and about 3.1% on the Texas side, and the finding that United States oil and gas methane emissions are more than four times the EPA inventory, are from its 2025–26 releases and the associated peer-reviewed work. Two cautions. EDF is an advocacy organisation as well as a science funder, though the retrievals are published in the open literature and are broadly consistent with earlier aircraft campaigns, which put Permian leakage near 3.7% and the national figure near 2.3%. And satellite retrievals have their own limitations — they see a column at a moment, are poor over water and at high latitudes, and require assumptions about wind fields to convert concentration into flux. The mission itself ceased operating in mid-2025 after losing contact; its published data remain.



New Mexico’s 2021 natural gas waste rules require operators to capture 98% of produced natural gas by the end of 2026 and restrict routine venting and flaring; Texas has no equivalent statewide capture requirement. Attributing the whole intensity difference to regulation is more than the data strictly support — the two sides of the basin also differ in well age, operator mix and gathering infrastructure — but the regulatory difference is the largest identified factor and is the one the observing teams themselves emphasise. The 8.4× ratio and the 5%-equals-40% calculation are MacKay’s own, in this chapter’s note 6, and use a 100-year global warming potential of 23 for methane; more recent assessments put the 100-year figure nearer 28–30 and the 20-year figure near 80, which makes the comparison worse for gas rather than better.





24 Nuclear?
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Figure 24.1. Electricity generated per capita from nuclear fission in 2007, in kWh per day per person, in each of the countries with nuclear power. 1


We made the mistake of lumping nuclear energy in with nuclear weapons, as if all things nuclear were evil. I think that’s as big a mistake as if you lumped nuclear medicine in with nuclear weapons.

Patrick Moore, former Director of Greenpeace International



Nuclear power comes in two flavours. Nuclear fission is the flavour that we know how to use in power stations; fission uses uranium, an exceptionally heavy element, as fuel. Nuclear fusion is the flavour that we don’t yet know how to implement in power stations; fusion would use light elements, especially hydrogen, as its fuel. Fission reactions split up heavy nuclei into medium-sized nuclei, releasing energy. Fusion reactions fuse light nuclei into medium-sized nuclei, releasing energy.

Both forms of nuclear power, fission and fusion, have an important property: the nuclear energy available per atom is roughly one million times bigger than the chemical energy per atom of typical fuels. This means that the amounts of fuel and waste that must be dealt with at a nuclear reactor can be up to one million times smaller than the amounts of fuel and waste at an equivalent fossil-fuel power station.

Let’s try to personalize these ideas. The mass of the fossil fuels consumed by “the average British person” is about 16 kg per day (4 kg of coal, 4 kg of oil, and 8 kg of gas). That means that every single day, an amount of fossil fuels with the same weight as 28 pints of milk is extracted from a hole in the ground, transported, processed, and burned somewhere on your behalf. The average Brit’s fossil fuel habit creates 11 tons per year of waste carbon dioxide; that’s 30 kg per day. In the previous chapter we raised the idea of capturing waste carbon dioxide, compressing it into solid or liquid form, and transporting it somewhere for disposal. Imagine that one person was responsible for capturing and dealing with all their own carbon dioxide waste. 30 kg per day of carbon dioxide is a substantial rucksack-full every day – the same weight as 53 pints of milk!

In contrast, the amount of natural uranium required to provide the same amount of energy as 16 kg of fossil fuels, in a standard fission reactor, is 2 grams; and the resulting waste weighs one quarter of a gram. (This 2 g of uranium is not as small as one millionth of 16 kg per day, by the way, because today’s reactors burn up less than 1% of the uranium.) To deliver 2 grams of uranium per day, the miners at the uranium mine would have to deal with perhaps 200 g of ore per day.

So the material streams flowing into and out of nuclear reactors are small, relative to fossil-fuel streams. “Small is beautiful,” but the fact that the nuclear waste stream is small doesn’t mean that it’s not a problem; it’s just a “beautifully small” problem.


“Sustainable” power from nuclear fission

Figure 24.1 shows how much electricity was generated globally by nuclear power in 2007, broken down by country.




	Million tonnes of uranium
	MacKay, 2008
	2026 edition





	Australia
	1.14
	1.67



	Kazakhstan
	0.82
	0.81



	Canada
	0.44
	0.58



	Namibia
	0.28
	0.50



	Russian Federation
	0.17
	0.48



	Niger
	—
	0.34



	South Africa
	0.34
	0.32



	China
	—
	0.27



	Brazil
	0.28
	0.17



	Mongolia
	—
	0.14



	Ukraine
	—
	0.11



	USA
	0.34
	0.07



	Uzbekistan
	0.12
	—



	World total, in the ground
	4.7
	5.93



	Phosphate deposits
	22
	22



	Seawater
	4500
	4500





Table 24.2. Known recoverable resources of uranium, as MacKay gave them and as they stand in the 2026 revision. Both columns are “identified resources” — reasonably assured plus inferred — recoverable at under $130 per kilogram of uranium; MacKay’s are as of 1 January 2005, the current column as of 1 January 2023. Countries shown with a dash were not listed separately in that column’s source. Phosphate and seawater figures are geological estimates of a different kind and have not been restated.2

Added in the 2026 revision. Two things in that comparison are worth stating, because they run opposite ways.

The world total went up, not down. Identified resources rose from 4.7 to 5.93 million tonnes, about 26%, over eighteen years in which the world also consumed something over a million tonnes. Exploration more than replaced what was burned. This is the same pattern chapter 23 finds for coal in reverse: there, the resource estimate was revised down by a third while consumption rose slowly. Resource estimates are not measurements of what is in the ground. They are measurements of how hard anyone has recently looked, at a stated price.

The American entry fell by four-fifths, from 0.34 to 0.07 million tonnes, and almost none of that is uranium being mined. It is reporting: the United States has largely stopped submitting the resource categories the Red Book asks for, and what remains understates what is there. It is a useful warning about this kind of table. A national figure that collapses is more often a change in the reporting than a change in the rock, and the same caution applies to the coal reserves in chapter 23 and to every resource estimate in this book.

Neither correction touches MacKay’s argument. His question is whether fission could support humanity for generations, and he answers it with the world total, the seawater figure and the difference between once-through and breeder reactors. Those are unchanged. The resource was never the binding constraint, and eighteen years of data have made that more obvious rather than less.


Uranium from seawater, and why the price barely matters

MacKay’s seawater figure — 4.5 billion tonnes, a thousand times everything in the ground — carries the weight of his sustainability argument, and the obvious objection is that nobody has ever extracted uranium from seawater at scale. That objection is correct and it matters less than it sounds, for a reason this chapter has already established.

Nuclear’s fuel is a rounding error in its cost. A one-gigawatt light-water reactor consumes about 180 tonnes of uranium a year and, at 90% availability, generates about 7.9 TWh. Multiply out and the raw uranium is worth roughly $0.023 per MWh for every dollar per kilogram it costs. So:




	Uranium price
	Raw uranium in the electricity





	$225/kgU — spot, August 2026
	$5/MWh



	$300/kgU
	$7/MWh



	$500/kgU
	$11/MWh



	$800/kgU
	$18/MWh



	$1200/kgU
	$27/MWh





Published estimates of what seawater extraction would cost span the middle and upper parts of that range, depending almost entirely on how many times the adsorbent can be reused. So moving the entire world fleet from mined uranium to seawater uranium would add something like $10 to $20 per MWh.

Now set that beside figure 24.18. The same reactor moves from about €72/MWh to about €175/MWh depending on who lends the money — a swing of more than €100. The whole distance from today’s uranium price to the most pessimistic seawater estimate is worth about a fifth of what the discount rate is worth. Fuel is not where nuclear’s cost lives, and this is the strongest single defence of MacKay’s sustainability argument: even if his backstop resource turns out five times more expensive than anyone hopes, the electricity is still recognisably the same price.3

What that does not settle is whether it can be built. Dungan and colleagues review the engineering honestly, and the obstacles are physical rather than economic. The leading system is a braided polyethylene adsorbent carrying amidoxime groups, and a cost analysis attributes 88% of the total to just two items — mooring and collection, and manufacturing the adsorbent. The adsorbent degrades with each cycle, fouls biologically, and has to be recovered from open water. Uranium is present at 3.3 parts per billion, so the volumes are enormous: the Japan Atomic Energy Agency’s proposal for an initial deployment covers 1031 square kilometres of seabed and over 100 000 tonnes of adsorbent. A farm that size is a legal object as well as an engineering one, since the Law of the Sea governs exploitation of marine resources and its marine-protection provisions were not written with this in mind.4

The chemistry has moved a long way since that review, and it has moved in the wrong direction to matter. Two families of material have appeared since 2017 and both beat the braid handsomely on the laboratory bench.









	Route
	Capacity from real seawater
	Scale demonstrated





	Amidoxime braid — the baseline
	>3 mg/g in 56 days
	5–10 g, at sea, in flowing water



	Electrochemical, porous aromatic framework electrode
	12.6 mg/g in 24 days
	laboratory



	Electrocatalytic, indium–nitrogen–carbon
	6.35 mg/g in 24 hours
	laboratory



	Covalent organic framework, hydroxy-rich
	23.7 mg/g in 7 days
	laboratory



	Covalent organic framework nanowires, under light
	34.5 mg/g in 42 days
	laboratory





Those are real gains — roughly an order of magnitude in capacity and considerably more in speed. They also improve the thing that is not the bottleneck. The cost analysis quoted above puts 88% of the total in mooring and collection, and in manufacturing the adsorbent. Better chemistry reduces the mass of adsorbent needed, which helps the second of those. It does nothing about the first, which is the business of putting a structure the size of a small county into open ocean and getting it back again.

And the electrochemical routes make the dominant cost worse rather than better. The braid’s virtue is that it is passive: you moor it, the current runs through it, and you collect it. An electrode needs electrical contact, a counter-electrode, a cell, and a circuit — which means either powering a mooring field at sea or pumping seawater to a plant on shore. Both attack the largest cost item from the wrong side. It is not an argument against the chemistry; it is an argument that the chemistry was never where the difficulty was.

The energy cost of the electrochemical route, by contrast, is a non-objection, and the arithmetic is worth doing because the instinct runs the other way. A gigawatt-year of electricity is 8.76 billion kWh, from about 180 tonnes of uranium — so each kilogram of natural uranium is worth roughly 49 000 kWh of electricity in a once-through reactor. Extraction could spend a thousand kilowatt-hours per kilogram and still return fifty times over. Whatever stops seawater uranium, it is not the energy budget.

The variable nobody quotes is reuse, and it is the one the field data actually constrains. Elution with potassium bicarbonate recovers essentially all of the braid’s capacity the first time; by the fourth cycle it is down to 28% of the original, because the amidoxime groups convert to carboxylates during long seawater exposure. Since adsorbent manufacture is one of the two dominant costs, the number of usable cycles matters as much as the capacity per cycle — and not one of the new materials has a comparable durability figure measured in real seawater over months.5

So the honest summary is the one that keeps recurring in this chapter. Seawater uranium works as a price ceiling rather than as a supply. Its function is to bound how expensive uranium can ever get, because if the price rose far enough this becomes worth doing — and the arithmetic above shows that a bounded uranium price bounds almost nothing about the cost of nuclear electricity anyway. The resource question was answered before it was asked. The construction and financing questions were not.

[image: Figure 24.3]

Figure 24.3. Workers push uranium slugs into the X-10 Graphite Reactor.

Could nuclear power be “sustainable”? Leaving aside for a moment the usual questions about safety and waste-disposal, a key question is whether humanity could live for generations on fission. How great are the world wide supplies of uranium, and other fissionable fuels? Do we have only a few decades’ worth of uranium, or do we have enough for millennia?

To estimate a “sustainable” power from uranium, I took the total recoverable uranium in the ground and in seawater, divided it fairly between 6 billion humans, and asked “how fast can we use this if it has to last 1000 years?”

Almost all the recoverable uranium is in the oceans, not in the ground: seawater contains 3.3 mg of uranium per m3 of water, which adds up to 4.5 billion tons worldwide. I called the uranium in the ocean “recoverable” but this is a bit inaccurate – most ocean waters are quite inaccessible, and the ocean conveyor belt rolls round only once every 1000 years or so; and no-one has yet demonstrated uranium-extraction from seawater on an in dustrial scale. So we’ll make separate estimates for two cases: first using only mined uranium, and second using ocean uranium too.

The uranium ore in the ground that’s extractable at prices below $130 per kg of uranium is about one thousandth of this. If prices went above $130 per kg, phosphate deposits that contain uranium at low concentrations would become economic to mine. Recovery of uranium from phosphates is perfectly possible, and was done in America and Belgium before 1998. For the estimate of mined uranium, I’ll add both the conventional uranium ore and the phosphates, to give a total resource of 27 million tons of uranium (table 24.2).

We’ll consider two ways to use uranium in a reactor: (a) the widely-used once-through method gets energy mainly from the 235U (which makes up just 0.7% of uranium), and discards the remaining 238U; (b) fast breeder reactors, which are more expensive to build, convert the 238U to fissionable plutonium-239 and obtain roughly 60 times as much energy from the uranium. 6



Once-through reactors, using uranium from the ground

[image: Figure 24.4]

Figure 24.4. Three Mile Island nuclear power plant.

A once-through one-gigawatt nuclear power station uses 162 tons per year of uranium. 7 So the known mineable resources of uranium, shared between 6 billion people, would last for 1000 years if we produced nuclear power at a rate of 0.55 kWh per day per person. This sustainable rate is the output of just 136 nuclear power stations, and is half of today’s nuclear power production. It’s very possible this is an underestimate of uranium’s potential, since, as there is not yet a uranium shortage, there is no incentive for exploration and little uranium exploration has been undertaken since the 1980s; so maybe more mineable uranium will be discovered. Indeed, one paper published in 1980 estimated that the low-grade uranium resource is more than 1000 times greater than the 27 million tons we just assumed. 8

Could our current once-through use of mined uranium be sustainable? It’s hard to say, since there is such uncertainty about the result of future exploration. Certainly at today’s rate of consumption, once-through reactors could keep going for hundreds of years. But if we wanted to crank up nuclear power 40-fold worldwide, in order to get off fossil fuels and to allow standards of living to rise, we might worry that once-through reactors are not a sustainable technology.



Fast breeder reactors, using uranium from the ground


(Figure omitted from this edition: third-party rights.)



Figure 24.5. Dounreay Nuclear Power Development Establishment, whose primary purpose was the development of fast breeder reactor technology. Photo by John Mullen.

Uranium can be used 60 times more efficiently in fast breeder reactors, which burn up all the uranium – both the 238U and the 235U (in contrast to the once-through reactors, which burn mainly 235U). As long as we don’t chuck away the spent fuel that is spat out by once-through reactors, this source of depleted uranium could be used too, so uranium that is put in once-through reactors need not be wasted. If we used all the mineable uranium (plus the depleted uranium stockpiles) in 60-times-more-efficient fast breeder reactors, the power would be 33 kWh per day per person. Attitudes to fast breeder reactors range from “this is a dangerous failed experimental technology whereof one should not speak” to “we can and should start building breeder reactors right away.” I am not competent to comment on the risks of breeder technology, and I don’t want to mix ethical assertions with factual assertions. My aim is just to help understand the numbers. The one ethical position I wish to push is “we should have a plan that adds up.”



Once-through, using uranium from the oceans

The oceans’ uranium, if completely extracted and used in once-through reactors, corresponds to a total energy of

4.5 billion tons per planet162 tons uranium per GW-year   = 28 million GW-years per planet.
\begin{matrix}
\frac{\text{4.5\ billion\ tons\ per\ planet}}{\text{162\ tons\ uranium\ per\ GW-year}} \\
{\text{\quad\quad\quad} = \text{~28\ million\ GW-years\ per\ planet.}} \\
\end{matrix}


How fast could uranium be extracted from the oceans? The oceans circulate slowly: half of the water is in the Pacific Ocean, and deep Pacific waters circulate to the surface on the great ocean conveyor only every 1600 years. Let’s imagine that 10% of the uranium is extracted over such a 1600-year period. That’s an extraction rate of 280 000 tons per year. In once-through reactors, this would deliver power at a rate of

2.8 million GW-years / 1600 years = 1750 GW,

which, shared between 6 billion people, is 7 kWh per day per person. (There’s currently 369 GW of nuclear reactors, so this figure corresponds to a 4-fold increase in nuclear power over today’s levels.) I conclude that ocean extraction of uranium would turn today’s once-through reactors into a “sustainable” option – assuming that the uranium reactors can cover the energy cost of the ocean extraction process.



Fast breeder reactors, using uranium from the oceans

If fast reactors are 60 times more efficient, the same extraction of ocean uranium could deliver 420 kWh per day per person. At last, a sustainable figure that beats current consumption! – but only with the joint help of two technologies that are respectively scarcely-developed and unfashionable: ocean extraction of uranium, and fast breeder reactors.



Using uranium from rivers

The uranium in the oceans is being topped up by rivers, which deliver uranium at a rate of 32 000 tons per year. If 10% of this influx were captured, it would provide enough fuel for 20 GW of once-through reactors, or 1200 GW of fast breeder reactors. The fast breeder reactors would deliver 5 kWh per day per person.

All these numbers are summarized in figure 24.6.

[image: Figure 24.6]

Figure 24.6. “Sustainable” power from uranium. For comparison, world nuclear power production today is 1.2 kWh/d per person. British nuclear power production used to be 4 kWh/d per person and is declining.



What about costs?

As usual in this book, my main calculations have paid little attention to economics. However, since the potential contribution of ocean-uranium-based power is one of the biggest in our “sustainable” production list, it seems appropriate to discuss whether this uranium-power figure is at all economically plausible.

Japanese researchers have found a technique for extracting uranium from seawater 9 at a cost of $100–300 per kilogram of uranium, in comparison with a current cost of about $20/kg for uranium from ore. Because uranium contains so much more energy per ton than traditional fuels, this 5-fold or 15-fold increase in the cost of uranium would have little effect on the cost of nuclear power: nuclear power’s price is dominated by the cost of power-station construction and decommissioning, not by the cost of the fuel. Even a price of $300/kg would increase the cost of nuclear energy by only about 0.3 p per kWh. The expense of uranium extraction could be reduced by combining it with another use of seawater – for example, power-station cooling. 10

We’re not home yet: does the Japanese technique scale up? What is the energy cost of processing all the seawater? In the Japanese experiment, three cages full of adsorbent uranium-attracting material weighing 350 kg collected “more than 1 kg of yellow cake in 240 days;” this figure corresponds to about 1.6 kg per year. The cages had a cross-sectional area of 48 m2. To power a once-through 1 GW nuclear power station, we need 160 000 kg per year, which is a production rate 100 000 times greater than the Japanese experiment’s. If we simply scaled up the Japanese technique, which accumulated uranium passively from the sea, a power of 1 GW would thus need cages having a collecting area of 4.8 km2 and containing a weight of 350 000 tons of adsorbent material – more than the weight of the steel in the reactor itself. To put these large numbers in human terms, if uranium were delivering, say, 22 kWh per day per person, each 1 GW reactor would be shared between 1 million people, each of whom needs 0.16 kg of uranium per year. So each person would require one tenth of the Japanese experimental facility, with a weight of 35 kg per person, and an area of 5 m2 per person. The proposal that such uranium-extraction facilities should be created is thus similar in scale to proposals such as “every person should have 10 m2 of solar panels” and “every person should have a one-ton car and a dedicated parking place for it.” A large investment, yes, but not absurdly off scale. And that was the calculation for once-through reactors. For fast breeder reactors, 60 times less uranium is required, so the mass per person of the uranium collector would be 0.5 kg.




Thorium




	Country
	Reserves (1000 tons)





	Turkey
	380



	Australia
	300



	India
	290



	Norway
	170



	USA
	160



	Canada
	100



	South Africa
	35



	Brazil
	16



	Other countries
	95



	World total
	1580





Table 24.7. Known world thorium resources in monazite (economically extractable). 11

Thorium is a radioactive element similar to uranium. Formerly used to make gas mantles, it is about three times as abundant in the earth’s crust as uranium. Soil commonly contains around 6 parts per million of thorium, and some minerals contain 12% thorium oxide. Seawater contains little thorium, because thorium oxide is insoluble. Thorium can be completely burned up in simple reactors (in contrast to standard uranium reactors which use only about 1% of natural uranium). Thorium is used in nuclear reactors in India. If uranium ore runs low, thorium will probably become the dominant nuclear fuel.

Thorium reactors deliver 3.6 billion kWh of heat per ton of thorium, 12 which implies that a 1 GW reactor requires about 6 tons of thorium per year, assuming its generators are 40% efficient. Worldwide thorium resources are estimated to total about 6 million tons, four times more than the known reserves shown in table 24.7. As with the uranium resources, it seems plausible that these thorium resources are an underestimate, since thorium prospecting is not highly valued today. If we assume, as with uranium, that these resources are used up over 1000 years and shared equally among 6 billion people, we find that the “sustainable” power thus generated is 4 kWh/d per person.

[image: Figure 24.8]

Figure 24.8. Thorium options.


(Figure omitted from this edition: third-party rights.)



Figure 24.9. Sizewell’s power stations. Sizewell A, in the foreground, had a capacity of 420 MW, and was shut down at the end of 2006. Sizewell B, behind, has a capacity of 1.2 GW. Photo by William Connolley.

An alternative nuclear reactor for thorium, the “energy amplifier” or “accelerator-driven system” proposed by Nobel laureate Carlo Rubbia and his colleagues 13 would, they estimated, convert 6 million tons of thorium to 15 000 TWy of energy, or 60 kWh/d per person over 1000 years. Assuming conversion to electricity at 40% efficiency, this would deliver 24 kWh/d per person for 1000 years. And the waste from the energy amplifier would be much less radioactive too. They argue that, in due course, many times more thorium would be economically extractable than the current 6 million tons. If their suggestion – 300 times more – is correct, then thorium and the energy amplifier could offer 120 kWh/d per person for 60 000 years.



Land use

Let’s imagine that Britain decides it is serious about getting off fossil fuels, and creates a lot of new nuclear reactors, even though this may not be “sustainable.” If we build enough reactors to make possible a significant decarbonization of transport and heating, can we fit the required nuclear reactors into Britain? The number we need to know is the power per unit area of nuclear power stations, which is about 1000W/m2 (figure 24.10). Let’s imagine generating 22 kWh per day per person of nuclear power – equivalent to 55 GW (roughly the same as France’s nuclear power), which could be delivered by 55 nuclear power stations, each occupying one square kilometre. That’s about 0.02% of the area of the country. Wind farms delivering the same average power would require 500 times as much land: 10% of the country. If the nuclear power stations were placed in pairs around the coast (length about 3000 km, at 5 km resolution), then there’d be two every 100 km. Thus while the area required is modest, the fraction of coastline gobbled by these power stations would be about 2% (2 kilometres in every 100).


(Figure omitted from this edition: third-party rights.)



Figure 24.10. Sizewell occupies less than 1 km2. The blue grid’s spacing is 1 km. © Crown copyright; Ordnance Survey.



Economics of cleanup

What’s the cost of cleaning up nuclear power sites? The nuclear decommissioning authority has an annual budget of £2 billion for the next 25 years. 14 The nuclear industry sold everyone in the UK 4 kWh/d for about 25 years, 15 so the nuclear decommissioning authority’s cost is 2.3 p/kWh. That’s a hefty subsidy – though not, it must be said, as hefty as the subsidy currently given to offshore wind (7 p/kWh).

Erratum: “The nuclear decommissioning authority has an annual budget of 2 billion.” In fact this is to clean up not only the civilian nuclear power stations but also the military nuclear-bomb-making facilities at Sellafield. The lion’s share of the money is thus cleaning up military mess, not civilian-power mess. This means I have overestimated the cost per kWh of cleaning up old civilian nuclear power.



Safety

The safety of nuclear operations in Britain remains a concern. The THORP reprocessing facility at Sellafield, built in 1994 at a cost of £1.8 billion, had a growing leak from a broken pipe from August 2004 to April 2005. Over eight months, the leak let 85 000 litres of uranium-rich fluid flow into a sump which was equipped with safety systems that were designed to detect immediately any leak of as little as 15 litres. But the leak went undetected because the operators hadn’t completed the checks that ensured the safety systems were working; and the operators were in the habit of ignoring safety alarms anyway.

The safety system came with belt and braces. Independent of the failed safety alarms, routine safety-measurements of fluids in the sump should have detected the abnormal presence of uranium within one month of the start of the leak; but the operators often didn’t bother taking these routine measurements, because they felt too busy; and when they did take measurements that detected the abnormal presence of uranium in the sump (on 28 August 2004, 26 November 2004, and 24 February 2005), no action was taken.

By April 2005, 22 tons of uranium had leaked, but still none of the leak-detection systems detected the leak. The leak was finally detected by accountancy, when the bean-counters noticed that they were getting 10% less uranium out than their clients claimed they’d put in! Thank goodness this private company had a profit motive, hey? The criticism from the Chief Inspector of Nuclear Installations was withering: “The Plant was operated in a culture that seemed to allow instruments to operate in alarm mode rather than questioning the alarm and rectifying the relevant fault.” 16

[image: Figure 24.11]

Figure 24.11. Death rates of electricity generation technologies. x: European Union estimates by the ExternE project. O: Paul Scherrer Institute.

[image: Deaths per TWh of electricity on a logarithmic axis: coal 24.6, oil 18.4, biomass 4.6, gas 2.8, hydropower 1.3, wind 0.04, nuclear 0.03, solar 0.02.]

Figure 24.11b. Deaths per unit of electricity generated, on current figures. Added in the 2026 revision. MacKay’s figure 24.11 used ExternE and Paul Scherrer estimates that predate this book; the ordering has not changed, but the sources have improved and the numbers can now be given in both his unit and the one the literature uses. Coal is about eight hundred times nuclear.17 One harm is missing from every row of it, and it falls on coal hardest: the methane that leaks out of a mine rather than the smoke that leaves a furnace.18

Interactive figure. View it live at Our World in Data.

Figure 24.11c. The same comparison, live from Our World in Data, which maintains the underlying series. The figure above is drawn from it and will not update; this one will.

And the accident that dominates the argument is worth quantifying too, because almost every public discussion of nuclear safety is really a discussion about Chernobyl. The confirmed toll is fewer than 100: two killed in the explosion, twenty-eight from acute radiation syndrome within weeks, and fifteen confirmed deaths from the thyroid cancers caused by contaminated milk. Projections of eventual cancer deaths span a wide range and depend on assumptions about very low doses that cannot be tested; Our World in Data’s own best approximation is 300 to 500. For Fukushima, the confirmed radiation toll is one, and the toll from the evacuation is about 2313 — a ratio that inverts the popular understanding of the event.19

If we let private companies build new reactors, how can we ensure that higher safety standards are adhered to? I don’t know.

At the same time, we must not let ourselves be swept off our feet in horror at the danger of nuclear power. Nuclear power is not infinitely dangerous. It’s just dangerous, 20 much as coal mines, petrol repositories, fossil-fuel burning and wind turbines are dangerous. Even if we have no guarantee against nuclear accidents in the future, I think the right way to assess nuclear is to compare it objectively with other sources of power. Coal power stations, for example, expose the public to nuclear radiation, because coal ash typically contains uranium. Indeed, according to a paper published in the journal Science, people in America living near coal-fired power stations are exposed to higher radiation doses than those living near nuclear power plants. 21

When quantifying the public risks of different power sources, we need a new unit. I’ll go with “deaths per GWy (gigawatt-year).” Let me try to convey what it would mean if a power source had a death rate of 1 death per GWy. One gigawatt-year is the energy produced by a 1 GW power station, if it operates flat-out for one year. Britain’s electricity consumption is roughly 45 GW, or, if you like, 45 gigawatt-years per year. So if we got our electricity from sources with a death rate of 1 death per GWy, that would mean the British electricity supply system was killing 45 people per year. For comparison, 3000 people die per year on Britain’s roads. So, if you are not campaigning for the abolition of roads, you may deduce that “1 death per GWy” is a death rate that, while sad, you might be content to live with. Obviously, 0.1 deaths per GWy would be preferable, but it takes only a moment’s reflection to realize that, sadly, fossil-fuel energy production must have a cost greater than 0.1 deaths per GWy – just think of disasters on oil rigs; helicopters lost at sea; pipeline fires; refinery explosions; and coal mine accidents: there are tens of fossil-chain fatalities per year in Britain.

So, let’s discuss the actual death rates of a range of electricity sources. The death rates vary a lot from country to country. In China, for example, the death rate in coal mines, per ton of coal delivered, is 50 times that of most nations. Figure 24.11 shows numbers from studies by the Paul Scherrer Institute and by a European Union project called ExternE, which made comprehensive estimates of all the impacts of energy production. According to the EU figures, coal, lignite, and oil have the highest death rates, followed by peat and biomass-power, with death rates above 1 per GWy. Nuclear and wind are the best, with death rates below 0.2 per GWy. 22 Hydroelectricity is the best of all according to the EU study, but comes out worst in the Paul Scherrer Institute’s study, because the latter surveyed a different set of countries.


Inherently safe nuclear power

Spurred on by worries about nuclear accidents, engineers have devised many new reactors with improved safety features. The GT-MHR power plant, for example, is claimed to be inherently safe; and, moreover it has a higher efficiency of conversion of heat to electricity than conventional nuclear plants [gt-mhr.ga.com].
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Figure 24.12. Chernobyl power plant (top), and the abandoned town of Prypiat, which used to serve it (bottom). Photos by Nik Stanbridge.




Waste: somebody finally built somewhere to put it

A section added in the 2026 revision. The standard objection to nuclear power is not cost or safety but waste, and the standard form of the objection is that nobody knows what to do with it. For the whole of this book’s life that was true in the only sense that counts: every country with a nuclear programme had a design for a deep geological repository, and no country had one.

That changed in Finland. Onkalo, at Olkiluoto, is the first deep geological repository for spent nuclear fuel anywhere. Posiva received a construction licence in 2015 — the first in the world — applied for an operating licence in 2021, and ran the commissioning trial from late 2024, encapsulating and emplacing canisters filled with non-radioactive test material about 430 metres down. Disposal of real spent fuel is planned to begin in 2026.

The method is not Finnish. It is KBS-3, developed in Sweden over four decades: the fuel goes into a corrosion-resistant copper canister with a cast-iron insert, the canister is surrounded by compacted bentonite clay that swells when wet and seals the gap, and the whole thing sits in stable crystalline bedrock. Sweden approved its own repository at Forsmark in January 2022 and began construction in 2025, with disposal expected in the 2030s. So the first repository in the world uses a Swedish design and was built by a Finn, which is a reasonable summary of how this technology has actually progressed.23

Three things should be said about what that does and does not settle.

It settles the demonstration question and not the thousand-year question. A repository is an argument about geology over a hundred thousand years, and the only test available within a human lifetime is whether the engineering behaves as modelled. The copper canister in particular was contested during Swedish licensing, with a live scientific dispute about whether copper corrodes in oxygen-free water faster than the safety case assumed; a Swedish court declined to approve on those grounds in 2018 before the government approved in 2022. That dispute was resolved administratively rather than experimentally, because it cannot be resolved experimentally on the relevant timescale.

And the obstacle was never technical. The United States spent decades and billions on Yucca Mountain and then cancelled it politically; Britain has no site and no process that has produced one. Finland and Sweden succeeded where richer and more nuclear countries did not, and the difference is not geology — plenty of countries have stable bedrock. It is that both ran genuinely consent-based siting, with a local veto that was real, over decades, in communities that already lived with reactors. That is the same finding as the rest of this section, arrived at from the waste end: the binding constraints are institutional.

Finally, transferability is not obvious. Both countries have small, homogeneous spent-fuel inventories, no reprocessing, unusually high public trust in institutions, and Precambrian shield to build in. A country with military legacy waste, a reprocessing history and a contested politics has a harder problem than the one Finland has solved. What Finland has demonstrated is that the problem is solvable, which is a different claim from having solved it for everybody — but after fifty years of the opposite being asserted, it is not a small one.



Mythconceptions

Two widely-cited defects of nuclear power are construction costs, and waste. Let’s examine some aspects of these issues.


Building a nuclear power station requires huge amounts of concrete and steel, materials whose creation involves huge CO2 pollution.

The steel and concrete in a 1 GW nuclear power station have a carbon footprint of roughly 300 000 t CO2. 24

Spreading this “huge” number over a 25-year reactor life we can express this contribution to the carbon intensity in the standard units (g CO2 per kWh(e)),

carbon intensityconstructionassociated with construction=300×109 g106 kW(e) × 220 000 h=1.4 g/kWh(e),constru
\begin{matrix}
{\text{carbon\ intensity}\phantom{\text{construction}}} \\
\text{associated\ with\ construction} \\
{\quad = \ \frac{300 \times 10^{9}\text{~g}}{10^{6}\text{~kW(e)~} \times \text{~220\ 000\ h}}} \\
{= \ 1.4\text{~g/kWh(e),}\phantom{\text{constru}}} \\
\end{matrix}


which is much smaller than the fossil-fuel benchmark of 400g CO2/kWh(e). The IPCC estimates that the total carbon intensity of nuclear power (including construction, fuel processing, and decommissioning) is less than 40 g CO2/kWh(e) (Sims et al., 2007).

Please don’t get me wrong: I’m not trying to be pro-nuclear. I’m just pro-arithmetic.



Isn’t the waste from nuclear reactors a huge problem?

As we noted in the opening of this chapter, the volume of waste from nuclear reactors is relatively small. Whereas the ash from ten coal-fired power stations would have a mass of four million tons per year (having a volume of roughly 40 litres per person per year), the nuclear waste from Britain’s ten nuclear power stations has a volume of just 0.84 litres per person per year – think of that as a bottle of wine per person per year (figure 24.13).

Most of this waste is low-level waste. 7% is intermediate-level waste, and just 3% of it – 25 ml per year – is high-level waste.

The high-level waste is the really nasty stuff. It’s conventional to keep the high-level waste at the reactor for its first 40 years. It is stored in pools of water and cooled. After 40 years, the level of radioactivity has dropped 1000-fold. The level of radioactivity continues to fall; after 1000 years, if we reprocess the waste, separating off the uranium and plutonium for use in new nuclear fuel, then after 1000 years, the radioactivity of the high-level waste is about the same as that of uranium ore. Thus waste storage engineers need to make a plan to secure high-level waste for about 1000 years. 25

[image: Figure 24.13]

Figure 24.13. British nuclear waste, per person, per year, has a volume just a little larger than one wine bottle.

Is this a difficult problem? 1000 years is certainly a long time compared with the lifetimes of governments and countries! But the volumes are so small, I feel nuclear waste is only a minor worry, compared with all the other forms of waste we are inflicting on future generations. At 25 ml per year, a lifetime’s worth of high-level nuclear waste would amount to less than 2 litres. Even when we multiply by 60 million people, the lifetime volume of nuclear waste doesn’t sound unmanageable: 105 000 cubic metres. That’s the same volume as 35 olympic swimming pools. If this waste were put in a layer one metre deep, it would occupy just one tenth of a square kilometre.

There are already plenty of places that are off-limits to humans. I may not trespass in your garden. Nor should you in mine. We are neither of us welcome in Balmoral. “Keep out” signs are everywhere. Downing Street, Heathrow airport, military facilities, disused mines – they’re all off limits. Is it impossible to imagine making another one-square-kilometre spot – perhaps deep underground – off limits for 1000 years?

Compare this 25 ml per year per person of high-level nuclear waste with the other traditional forms of waste we currently dump: municipal waste – 517 kg per year per person; hazardous waste – 83 kg per year per person.

People sometimes compare possible new nuclear waste with the nuclear waste we already have to deal with, thanks to our existing old reactors. Here are the numbers for the UK. The projected volume of “higher activity wastes” up to 2120, following decommissioning of existing nuclear facilities, is 478 000 m3. Of this volume, 2% (about 10 000 m3) will be the high level waste (1290 m3) and spent fuel (8150 m3) that together contain 92% of the activity. Building 10 new nuclear reactors (10 GW) would add another 31 900 m3 of spent fuel to this total. That’s the same volume as ten swimming pools.



If we got lots and lots of power from nuclear fission or fusion, wouldn’t this contribute to global warming, because of all the extra energy being released into the environment?

[image: ]

That’s a fun question. And because we’ve carefully expressed everything in this book in a single set of units, it’s quite easy to answer. First, let’s recap the key numbers about global energy balance from chapter 1: the average solar power absorbed by atmosphere, land, and oceans is 238 W/m2; doubling the atmospheric CO2 concentration would effectively increase the net heating by 4 W/m2. This 1.7% increase in heating is believed to be bad news for climate. Variations in solar power during the 11-year solar cycle have a range of 0.25 W/m2. So now let’s assume that in 100 years or so, the world population is 10 billion, and everyone is living at a European standard of living, using 125 kWh per day derived from fossil sources, from nuclear power, or from mined geothermal power. The area of the earth per person would be 51 000 m2. Dividing the power per person by the area per person, we find that the extra power contributed by human energy use would be 0.1 W/m2. That’s one fortieth of the 4 W/m2 that we’re currently fretting about, and a little smaller than the 0.25 W/m2 effect of solar variations. So yes, under these assumptions, human power production would just show up as a contributor to global climate change.



I heard that nuclear power can’t be built at a sufficient rate to make a useful contribution.

[image: Figure 24.14]

Figure 24.14. Graph of the total nuclear power in the world that was built since 1967 and that is still operational today. The world construction rate peaked at 30 GW of nuclear power per year in 1984.

The difficulty of building nuclear power fast has been exaggerated with the help of a misleading presentation technique I call “the magic playing field.” In this technique, two things appear to be compared, but the basis of the comparison is switched halfway through. The Guardian’s environment editor, summarizing a report from the Oxford Research Group, wrote “For nuclear power to make any significant contribution to a reduction in global carbon emissions in the next two generations, the industry would have to construct nearly 3000 new reactors – or about one a week for 60 years. A civil nuclear construction and supply programme on this scale is a pipe dream, and completely unfeasible. The highest historic rate is 3.4 new reactors a year.” 3000 sounds much bigger than 3.4, doesn’t it! In this application of the “magic playing field” technique, there is a switch not only of timescale but also of region. While the first figure (3000 new reactors over 60 years) is the number required for the whole planet, the second figure (3.4 new reactors per year) is the maximum rate of building by a single country (France)!

A more honest presentation would have kept the comparison on a per-planet basis. France has 59 of the world’s 429 operating nuclear reactors, so it’s plausible that the highest rate of reactor building for the whole planet was something like ten times France’s, that is, 34 new reactors per year. And the required rate (3000 new reactors over 60 years) is 50 new reactors per year. So the assertion that “civil nuclear construction on this scale is a pipe dream, and completely unfeasible” is poppycock. Yes, it’s a big construction rate, but it’s in the same ballpark as historical construction rates.

How reasonable is my assertion that the world’s maximum historical construction rate must have been about 34 new nuclear reactors per year? Let’s look at the data. Figure 24.14 shows the power of the world’s nuclear fleet as a function of time, showing only the power stations still operational in 2007. The rate of new build was biggest in 1984, and had a value of (drum-roll please…) about 30 GW per year – about 30 1-GW reactors. So there!




What about nuclear fusion?


We say that we will put the sun into a box. The idea is pretty. The problem is, we don’t know how to make the box.

S´ebastien Balibar, Director of Research, CNRS




(Figure omitted from this edition: third-party rights.)



Figure 24.15. The inside of an experimental fusion reactor. Split image showing the JET vacuum vessel with a superimposed image of a JET plasma, taken with an ordinary TV camera. Photo: EFDA-JET.


(Figure omitted from this edition: third-party rights.)



Figure 24.16. Lithium-based fusion, if used fairly and “sustainably,” could match our current levels of consumption. Mined lithium would deliver 10 kWh/d per person for 1000 years; lithium extracted from seawater could deliver 105 kWh/d per person for over a million years.

Fusion power is speculative and experimental. I think it is reckless to assume that the fusion problem will be cracked, but I’m happy to estimate how much power fusion could deliver, if the problem is cracked.

The two fusion reactions that are considered the most promising are:

the DT reaction, which fuses deuterium with tritium, making helium; and

the DD reaction, which fuses deuterium with deuterium.

Deuterium, a naturally occurring heavy isotope of hydrogen, can be obtained from seawater; tritium, a heavier isotope of hydrogen, isn’t found in large quantities naturally (because it has a half-life of only 12 years) but it can be manufactured from lithium.

ITER is an international project to figure out how to make a steadily working fusion reactor. The ITER prototype will use the DT reaction. DT is preferred over DD, because the DT reaction yields more energy and because it requires a temperature of “only” 100 million °C to get it going, whereas the DD reaction requires 300 million °C. (The maximum temperature in the sun is 15 million °C.)

Let’s fantasize, and assume that the ITER project is successful. What sustainable power could fusion then deliver? Power stations using the DT reaction, fuelled by lithium, will run out of juice when the lithium runs out. Before that time, hopefully the second installment of the fantasy will have arrived: fusion reactors using deuterium alone.

I’ll call these two fantasy energy sources “lithium fusion” and “deuterium fusion,” naming them after the principal fuel we’d worry about in each case. Let’s now estimate how much energy each of these sources could deliver.


Lithium fusion

World lithium reserves are estimated to be 9.5 million tons in ore deposits. 26 If all these reserves were devoted to fusion over 1000 years, the power delivered would be 10 kWh/d per person.

There’s another source for lithium: seawater, where lithium has a concentration of 0.17 ppm. 27 To produce lithium at a rate of 100 million kg per year from seawater is estimated to have an energy requirement of 2.5 kWh(e) per gram of lithium. If the fusion reactors give back 2300 kWh(e) per gram of lithium, the power thus delivered would be 105 kWh/d per person (assuming 6 billion people). At this rate, the lithium in the oceans would last more than a million years. 28

[image: Figure 24.17]

Figure 24.17. Deuterium-based fusion, if it is achievable, offers plentiful sustainable energy for millions of years. This diagram’s scale is shrunk ten-fold in each dimension so as to fit fusion’s potential contribution on the page. The red and green stacks from figure 18.1 are shown to the same scale, for comparison.



Deuterium fusion

If we imagine that scientists and engineers crack the problem of getting the DD reaction going, we have some very good news. There’s 33 g of deuterium in every ton of water, and the energy that would be released from fusing just one gram of deuterium is a mind-boggling 100 000 kWh. Bearing in mind that the mass of the oceans is 230 million tons per person, we can deduce that there’s enough deuterium to supply every person in a ten-fold increased world population with a power of 30 000 kWh per day (that’s more than 100 times the average American consumption) for 1 million years (figure 24.17).




What eighteen years actually did to nuclear power

A section added in the 2026 revision. This chapter asks a resource question — could humanity live for generations on fission? — and answers it carefully with geology and arithmetic. That answer has not changed, because it depends on how much uranium there is and how much energy a kilogram of it contains, and neither is subject to revision by events. Everything else in the subject has changed, and none of it is about resources.


Nuclear did not shrink. It was outgrown

In 2025 the world’s reactors produced about 2810 to 2845 TWh, an all-time record — the range being a genuine disagreement between compilers — up around 1.3% on the year. In the same year nuclear’s share of world electricity fell to 8.9%, its lowest since the early 1980s.29

Both statements are true and the second is the one that matters. Nuclear output has been roughly flat-to-rising for two decades while electricity demand has grown much faster, so a constant absolute contribution becomes a shrinking share. This is the same arithmetic that chapter 18 applies to Britain’s renewables from the other direction, and it is worth stating plainly: a technology can be doing fine and losing at the same time.

[image: China's nuclear generation against Germany's, 1965 to 2025. Germany peaks at 171 TWh in 2001 and reaches zero in 2023; China passes Germany in 2013 and reaches 485 TWh in 2025, above France's all-time peak.]

Figure 24.17b. Two decisions about nuclear power. Added in the 2026 revision. Germany’s fleet reached 171 TWh in 2001 and was shut down completely in April 2023; China’s passed it in 2013 and has now passed France’s all-time peak. Neither trajectory was decided by uranium, geology or reactor physics.30



The Western build record is the story




	
	Original estimate
	Outturn or latest
	Build time





	Olkiluoto 3, Finland
	€3.2bn
	€11bn
	4 years → 18



	Flamanville 3, France
	€3.3bn
	€23.7bn
	5 years → 17



	Hinkley Point C, UK
	£18bn
	£46–49bn+
	to 2017 → 2030–31





These are the same reactor. All three are EPRs, designed by the same company. Divide each outturn above by its capacity and the cost per megawatt runs about €6.9m at Olkiluoto (1600 MW), €14.4m at Flamanville (1650 MW) and roughly €16m at Hinkley Point C (3260 MW) — so the third build of a design costs well over twice what the first did.31

That is not a learning curve. It is a learning curve running backwards, and it is the exact inverse of the solar story in chapter 6, where each doubling of cumulative production took about 20% off the price. The section “Fabricated, not constructed” in chapter 20 explains why, and nuclear is its clearest case: an EPR is constructed on site, one at a time, by a supply chain assembled for that project and dispersed afterwards. Nothing about the physics prevents serial production. The industry simply has not done it in the West for forty years, and the skill of building these machines is not retained between attempts.

Meanwhile, elsewhere, it plainly is. As of early 2026 China operates 58 reactors, about 56 GW, with 33 more under construction; of roughly 70 reactors being built worldwide in 15 countries, almost all are in Asia. Chinese units come in around five to six years at a fraction of Western capital cost, against an American overnight cost the EIA puts near $7800–8100 per kilowatt, about £6100–6400. The difference is not a different physics or a materially different reactor. It is a standing workforce, repeated builds of the same design, and a regulator that does not reopen the design each time.32

A 2025 study in Nature assembles the construction costs of essentially every reactor ever built, in dollars per watt at constant prices, plotted against the date each entered service. The shape is the argument of this section drawn once: American costs begin near $1–2 per watt in the early 1970s and scatter up to $6–15 by the late 1980s; French costs stay near $1–2 through the 1990s and then jump to about $9 for Flamanville; South Korea holds around $2–3; and China’s cluster sits near $2 and is flat, with no upward drift across thirty units. The paper’s title asks whether China can break nuclear’s “cost curse”. The data say that China is the only builder that never caught it.33



Small modular reactors are that argument, and they are untested

The entire case for SMRs is chapter 20’s fabricated-versus-constructed argument applied to nuclear: move the work from the site into a factory, build the same thing many times, and let serial production do what it did for photovoltaics.

The argument is sound. It is also, as of 2026, unproven, because no SMR has been produced serially anywhere. The one Western project that got as far as firm customers cancelled: NuScale’s scheme with a Utah municipal consortium was abandoned in 2023 when the estimated cost rose and subscribers withdrew — the first SMR to be killed by its own price rather than by politics. Britain ran a two-year competition and selected Rolls-Royce SMR in 2025, with up to three units at Wylfa and a £2.5 billion commitment; its design assessment completes in 2026, first concrete is hoped for 2027 and first power around 2031.

So the honest position is that the most promising idea in nuclear economics has not yet been tested by the only test that matters, which is building the tenth one.



Fusion: the schedule slipped again, and the money arrived

This chapter’s fusion section is sceptical and its scepticism has held. ITER’s 2024 rebaseline moved the start of research to 2034 and operation on deuterium–tritium fuel to 2039 — four years later than the previous plan and about a decade later than the schedule current when this book was written.34

Two things did happen. In December 2022 the National Ignition Facility achieved ignition: for the first time a fusion target released more energy than the laser light delivered to it. That is a genuine scientific first and it is not an energy source — the laser system draws vastly more from the wall than the target gives back, and the facility fires a few times a day rather than ten times a second. And private money arrived: more than $7 billion across some 45 companies. Whether capital changes a schedule that has resisted it for seventy years is the open question, and this edition does not pretend to know.



Safety, and the accident that happened after this book

MacKay wrote before Fukushima Daiichi, in March 2011, and the numbers deserve stating precisely because almost nobody states them precisely. The earthquake and tsunami killed about 18 000 people. Radiation released by the reactor accident has been linked to one confirmed death, a worker whose lung cancer was officially recognised in 2018. The evacuation itself is estimated to have caused over 2000 deaths, mostly among elderly people moved from hospitals and care homes.35

That distribution — a catastrophic natural disaster, a reactor accident that killed almost nobody by radiation, and a response that killed thousands — is the whole difficulty of this subject in one event. Germany completed its nuclear exit in April 2023 largely in consequence of it, and chapter 25 records what that did to German emissions. On deaths per unit of energy delivered, nuclear sits with wind and solar and orders of magnitude below coal, and it has sat there throughout.



The problem this chapter’s framework cannot see

MacKay’s question is whether the uranium lasts. The question that now decides whether reactors get built is different, and chapter 28a is about it.

[image: Levelised cost as low-central-high ranges for renewables and nuclear. The five nuclear rows span 55 to 200 euro per MWh, a factor of 3.6, for what is essentially one technology financed and built five ways.]

Figure 24.18. What it costs to build, as a range rather than a number. Added in the 2026 revision. Every published levelised cost is a range; for the renewables the range is mostly resource and site, and for nuclear it is mostly the discount rate. For what each technology’s output actually earned against what it cost, see figure 28a.4.36

Nuclear’s cost is almost entirely capital, which means its levelised cost is almost entirely a statement about the discount rate. Swedish figures make this vivid: the same reactor costs about €150–200 per MWh (£130–170) at commercial financing and about €72 (£62) at a 4% state rate. The €60-to-€200 range quoted for nuclear across the literature is not a range of reactor technologies. It is a range of financing conditions.

And on the revenue side, nuclear has the opposite problem to wind and solar. It runs flat, so it cannot avoid the hours when prices are low — as variable renewables grow and the average price falls, nuclear’s capture price falls with it, while wind and solar at least share the specific hours they cannibalise. In the Swedish price area SE3, nuclear captures around €80/MWh, about £69 against a commercial levelised cost twice that. No merchant investor builds on those numbers.37

Which is why every Western nuclear project now arrives with a financing instrument attached — Hinkley’s contract for difference, the regulated asset base model for Sizewell C, Swedish state loans and two-way contracts for difference. Chapter M’s point applies with unusual force here: a levelised cost computed at a common discount rate over a horizon set by the shortest-lived asset in the comparison is not a neutral measurement of a technology that lasts sixty to eighty years. American reactors are now being licensed to 80 years. An LCOE that stops at 25 or 40 charges the full capital against a fraction of the output.

So the answer to this chapter’s title has become two answers. Can we? Yes — the arithmetic above still holds, and it was never the obstacle. Will we? That depends on whether anyone learns to build the same reactor twice, and on who carries the cost of capital for a machine that pays back over eighty years. Neither is a question about uranium.




Notes and further reading

[yju4a4] omits the figure for Turkey, which is found here: [yeyr7z].

Further reading about fission: Hodgson (1999), Nuttall (2004), Rogner (2000), Williams (2000). Uranium Information Center – www.uic.com.au. www.world-nuclear.org, [wnchw]. On costs: Zaleski (2005). On waste repositories: [shrln]. On breeder reactors and thorium: www.energyfromthorium.com.

Further reading about fusion: www.fusion.org.uk, www.askmar.com/Fusion.html.







Figure 24.1. Source: World Nuclear Association [5qntkb]. The total capacity of operable nuclear reactors is 372 GW(e), using 65 000 tons of uranium per year. The USA has 99 GW, France 63.5 GW, Japan 47.6 GW, Russia 22 GW, Germany 20 GW, South Korea 17.5 GW, Ukraine 13 GW, Canada 12.6 GW, and UK 11 GW. In 2007 all the world’s reactors generated 2608 TWh of electricity, which is an average of 300 GW, or 1.2 kWh per day per person.



The 2026 column is from the OECD Nuclear Energy Agency and IAEA’s Uranium 2024: Resources, Production and Demand — the thirtieth edition of the “Red Book” — reporting identified recoverable resources at under $130/kgU as of 1 January 2023, with a world total of 5 925 700 tonnes; country figures via the World Nuclear Association’s tabulation of the same source. That total was itself down about 3% on the 2021 edition, so the rise since 2008 is not monotonic. Total identified resources across the whole cost range up to $260/kgU are 7 934 500 tonnes. MacKay’s column is his Table 24.2, on the same $130/kg basis as of 1 January 2005. Two cautions about comparing the columns. Costs are in nominal dollars in both cases, so a constant $130 threshold is a falling real threshold and the later column is, if anything, conservative. And the American collapse from 0.34 to 0.07 million tonnes reflects reporting practice rather than depletion — the United States has not submitted full resource estimates to recent editions — so the world total is understated by an unknown amount for that reason too. The Red Book itself concludes that identified resources are sufficient for both low- and high-growth nuclear scenarios through 2050 and beyond, while warning that development investment is needed to convert resources into production; the World Nuclear Association puts 5.9 million tonnes at roughly 90 years of supply at present consumption in conventional reactors, which is the once-through case MacKay computes separately.



The sensitivity is computed as follows. A 1 GWe light-water reactor consumes about 180 tonnes of uranium a year (Dungan et al.; MacKay’s own figure in this chapter is 162 t per GW-year, which would make these numbers about 10% lower). At 90% availability it generates 1e6 kW x 8760 h x 0.90 = 7.884e9 kWh, or 7.884 million MWh, so 180 000 kg at $P per kg works out at 180 000P/7.884e6 = 0.0228P dollars per MWh. The spot price of about $225/kgU is derived from $86.63 per pound of U3O8 on 3 August 2026: a pound is 0.4536 kg, and U3O8 is 84.8% uranium by mass. These are raw uranium costs only — conversion, enrichment and fabrication roughly double to triple the delivered fuel cost, and waste management and decommissioning are additional — but those stages do not scale with the uranium price, so the incremental effect of moving to a dearer source is as shown. The comparison with the discount rate uses figure 24.18’s own range and treats dollars and euros as roughly interchangeable at 2026 rates, which is adequate for a claim about a factor of five.



K. Dungan, G. Butler, F.R. Livens and L.M. Warren, “Uranium from seawater — Infinite resource or improbable aspiration?”, Progress in Nuclear Energy 99 (2017) 81–85, https://doi.org/10.1016/j.pnucene.2017.04.016. Source of the 180 t per GW-year consumption figure, the amidoxime braid description, the finding by Schneider and Sachde that mooring and collection plus adsorbent production account for 88% of cost, the Japan Atomic Energy Agency deployment proposal of 1031 square kilometres and over 100 million kg of adsorber (Tamada et al.), and the discussion of the United Nations Convention on the Law of the Sea. It is a review rather than an experimental result, and its own conclusion is cautious: a commercial seawater supply is “becoming a more realistic target” but the technology “still needs extensive development”. Published extraction cost estimates have fallen substantially since the early work — figures above $1000/kgU were common a decade ago, and later estimates from the Oak Ridge and Pacific Northwest national laboratories are several hundred — but no estimate rests on operation at anything like the required scale, so the range quoted above should be read as the span of the literature rather than as a cost.



Baseline field performance is from the Oak Ridge and Pacific Northwest national laboratories’ joint programme: braided amidoxime adsorbents in 5–10 g samples exposed to natural flowing seawater at PNNL’s Marine Sciences Laboratory, exceeding 3 g of uranium per kilogram of adsorbent over 56 days. Reuse data are from the same programme — potassium bicarbonate elution recovers close to 100% of capacity on the first reuse, falling to about 28% by the fourth, with infrared spectroscopy showing amidoxime groups converting to carboxylates during exposure. The comparison figures are: 12.6 mg/g over 24 days in natural seawater for a self-standing porous aromatic framework electrode (ACS Central Science, 2023); 6.35 mg/g in 24 hours for an amidoxime-functionalised indium–nitrogen–carbon electrocatalyst; 23.7 mg/g in seven days from natural seawater for a hydroxy-rich covalent organic framework; and 34.5 mg/g over 42 days under irradiation for triazine-linked covalent organic framework nanowires. The half-wave rectified alternating-current method that opened the electrochemical line is Liu et al., Nature Energy 2 (2017) 17007.

Three cautions on reading that table. The baseline row is the only one measured at sea, at gram scale, in flowing water, with biofouling; every other row is a laboratory result on milligram quantities in a tank, and the history of this field is that bench capacities do not survive the move. Many headline figures in the literature are measured in spiked seawater at concentrations a thousand times natural, and are not comparable at all — only figures explicitly reported for natural seawater are quoted here. And capacity per gram is the wrong figure of merit for an economic comparison; capacity per gram per deployment cycle, multiplied by the number of cycles the material survives, is the one that enters the cost, and it is almost never reported.



Fast breeder reactors obtain 60 times as much energy from the uranium. Source: www.world-nuclear.org/info/inf98. html. Japan currently leads the development of fast breeder reactors.



A once-through one-gigawatt nuclear power station uses 162 tons per year of uranium. Source: www.world-nuclear.org/info/inf03.html. A 1 GW(e) station with a thermal efficiency of 33% running at a load factor of 83% has the following upstream footprint: mining – 16 600 tons of 1%-uranium ore; milling – 191 t of uranium oxide (containing 162 t of natural uranium); enrichment and fuel fabrication – 22.4 t of uranium oxide (containing 20 t of enriched uranium). The enrichment requires 115 000 SWU; see p102 for the energy cost of SWU (separative work units).



it’s been estimated that the low-grade uranium resource is more than 1000 times greater than the 22 million tons we just assumed. Deffeyes and MacGregor (1980) estimate that the resource of uranium in concentrations of 30 ppm or more is 3×1010 tons. (The average ore grade processed in South Africa in 1985 and 1990 was 150 ppm. Phosphates typically average 100 ppm.) Here’s what the World Nuclear Association said on the topic of uranium reserves in June 2008: “From time to time concerns are raised that the known resources might be insufficient when judged as a multiple of present rate of use. But this is the Limits to Growth fallacy, … which takes no account of the very limited nature of the knowledge we have at any time of what is actually in the Earth’s crust. Our knowledge of geology is such that we can be confident that identified resources of metal minerals are a small fraction of what is there.”Measured resources of uranium, the amount known to be economically recoverable from orebodies, are … dependent on the intensity of past exploration effort, and are basically a statement about what is known rather than what is there in the Earth’s crust. “The world’s present measured resources of uranium (5.5 Mt) … are enough to last for over 80 years. This represents a higher level of assured resources than is normal for most minerals. Further exploration and higher prices will certainly, on the basis of present geological knowledge, yield further resources as present ones are used up.” “Economically rational players will only invest in finding these new reserves when they are most confident of gaining a return from them, which usually requires positive price messages caused by undersupply trends. If the economic system is working correctly and maximizing capital efficiency, there should never be more than a few decades of any resource commodity in reserves at any point in time.” [Exploration has a cost; exploring for uranium, for example, has had a cost of $1–$1.50 per kg of uranium ($3.4/MJ), which is 2% of the spot price of $78/kgU; in contrast, the finding costs of crude oil have averaged around $6/barrel ($1050/MJ) (12% of the spot price) over at least the past three decades.] “Unlike the metals which have been in demand for centuries, society has barely begun to utilize uranium. There has been only one cycle of exploration-discovery-production, driven in large part by late 1970s price peaks.”It is premature to speak about long-term uranium scarcity when the entire nuclear industry is so young that only one cycle of resource replenishment has been required.” www.world-nuclear.org/info/inf75.html Further reading: Herring (2004); Price and Blaise (2002); Cohen (1983). The IPCC, citing the OECD, project that at the 2004 utilization levels, the uranium in conventional resources and phosphates would last 670 years in once-through reactors, 20 000 years in fast reactors with plutonium recycling, and 160 000 years in fast reactors recycling uranium and all actinides (Sims et al., 2007).



Japanese researchers have found a technique for extracting uranium from seawater. The price estimate of $100 per kg is from Seko et al. (2003) and [y3wnzr]; the estimate of $300 per kg is from OECD Nuclear Energy Agency (2006, p130). The uranium extraction technique involves dunking tissue in the ocean for a couple of months; the tissue is made of polymer fibres that are rendered sticky by irradiating them before they are dunked; the sticky fibres collect uranium to the tune of 2 g of uranium per kilogram of fibre.



The expense of uranium extraction could be reduced by combining it with another use of seawater – for example, power-station cooling. The idea of a nuclear-powered island producing hydrogen was floated by C. Marchetti. Breeder reactors would be cooled by seawater and would extract uranium from the cooling water at a rate of 600 t uranium per 500 000 Mt of seawater.



World thorium resources in monazite. source: US Geological Survey, Mineral Commodity Summaries, January 1999. [yl7tkm] Quoted in UIC Nuclear Issues Briefing Paper #67 November 2004. “Other ore minerals with higher thorium contents, such as thorite, would be more likely sources if demand significantly increased.”



Thorium reactors deliver 3.6×109 kWh of heat per ton of thorium. Source: www.world-nuclear.org/info/inf62.html. There remains scope for advancement in thorium reactors, so this figure could be bumped up in the future.



An alternative nuclear reactor for thorium, the “energy amplifier”… See Rubbia et al. (1995), web.ift.uib.no/~lillestol/Energy_Web/EA.html, [32t5zt], [2qr3yr], [ynk54y].



The nuclear decommissioning authority has an annual budget of £2 billion. In fact, this clean-up budget seems to rise and rise. The latest figure for the total cost of decommissioning is £73 billion. news.bbc.co.uk/1/hi/uk/7215688.stm



The nuclear industry sold everyone in the UK 4 kWh/d for about 25 years. The total generated to 2006 was about 2200 TWh. Source: Stephen Salter’s Energy Review for the Scottish National Party.



The criticism of the Chief Inspector of Nuclear Installations was withering… (Weightman, 2007).



Figure 24.11b is generated by the deathRates step of this edition’s data-refresh script and figures/death_rates.py. Values are Our World in Data’s compilation: fossil fuels and biomass from Anil Markandya and Paul Wilkinson, “Electricity generation and health”, The Lancet 370 (2007), which counts deaths from air pollution as well as accidents; hydropower, wind, solar and nuclear from Benjamin Sovacool and colleagues (2016), which counts accident deaths from historical records. Conversion to MacKay’s unit uses 1 GW-year = 8.76 TWh. Three cautions. The two halves of the comparison are not on the same basis — the fossil rows include air pollution and the low-carbon rows do not — and correcting that would widen the gap rather than narrow it, since the low-carbon sources emit almost nothing to attribute. Our World in Data has published slightly different values for the three smallest entries across revisions, with nuclear between 0.03 and 0.07 and solar between 0.02 and 0.04; nothing in the ordering or the conclusion depends on which is used. And the nuclear figure is sensitive to how Chernobyl deaths are attributed, where estimates in the literature range over more than an order of magnitude; even the highest published attribution leaves nuclear below natural gas.



Ember, “Annual coal mine methane emissions are linked to tens of thousands of deaths”, 2026: https://ember-energy.org/latest-insights/annual-coal-mine-methane-emissions-are-linked-to-tens-of-thousands-of-deaths/. A single year’s coal-mine methane is found to commit about 26 400 premature deaths over the following decades, with a 95% interval of 11 500 to 41 700. The mechanism is not the one figure 24.11b measures. Methane survives nine to twelve years in the atmosphere, disperses worldwide, and reacts in sunlight to form ground-level ozone, a respiratory toxin for which no safe exposure threshold is established; so the deaths occur far from the mine and long after the coal was cut. Global coal-mine methane is put at about 35.7 million tonnes a year and broadly flat since 2021, with a further 3.3 million tonnes from abandoned workings, and the mortality coefficient is McDuffie and colleagues’ (2023) 760 deaths per megatonne of methane, integrated to 2100 over an eighty-year attribution window, though most of the deaths fall within two decades. Mine-level attribution uses Global Energy Monitor’s record of 5347 mines. China accounts for 20 100 of the deaths plus 1570 from its abandoned mines, more than the rest of the world together; the single worst mine is Kazakhstan’s Bogatyr at some 271 deaths a year; and the United Kingdom carries 28 from workings it has already closed, which is the figure a British reader should sit with, because it is a body count from coal that is no longer being dug. About 12 600 of the deaths, interval 5500 to 19 900, could be prevented with commercially available pre-drainage and ventilation-air oxidation, so roughly half of this harm is a deployment question rather than a technical one. Set beside the figure, the arithmetic is this edition’s and so are its weaknesses: against the 10 396 TWh of coal-fired electricity the Our World in Data series gives for 2023, attributing every one of the 26 400 deaths to electricity would add about 2.5 deaths per TWh to coal’s 24.6, and attributing the roughly seven-tenths of coal that is burnt for power rather than coked for steel would add about 1.8 — so of order 7 to 10% on top of the bar, and no change to any ordering in the figure, where coal already stands nine times gas and some six hundred times wind. Five cautions, and the first is the one that matters. The two quantities are not on the same basis, which is the same objection this edition raises against the figure’s own two halves: 24.6 is contemporaneous deaths per terawatt-hour generated, while Ember’s number is deaths committed now and discharged over eighty years, so the two may not simply be added and the sum above is an indication of scale rather than a corrected death rate. The interval spans nearly a factor of four. The split between thermal and metallurgical coal is this edition’s assumption and not Ember’s, and coal mining serves steelmaking as well as power. The piece states no carbon-dioxide-equivalent figure, so none is quoted here. And the headline figure and the stated volume do not multiply out exactly — 35.7 megatonnes at 760 deaths implies 27 100 rather than 26 400, which would correspond to about 34.7 megatonnes — a discrepancy this edition has not resolved and records rather than smooths over. One further point belongs with the method rather than the number: a death rate per unit of electricity attributes a harm to whoever generated the power, and this harm lands on people who had no part in the decision, which is the same blindness chapter N names about supply chains.



Hannah Ritchie, “What was the death toll from Chernobyl and Fukushima?”, Our World in Data, https://ourworldindata.org/what-was-the-death-toll-from-chernobyl-and-fukushima, which compiles the UNSCEAR and World Health Organization assessments. Chernobyl: 2 killed in the explosion, 28 dying of acute radiation syndrome within weeks, and 15 confirmed deaths by 2005 among the thyroid cancer cases; a further 19 acute-syndrome survivors had died by 2006, mostly of causes not attributed to radiation. Estimates of eventual thyroid-cancer deaths run to a few hundred, and the article’s own best approximation for the total is 300–500. Higher figures circulate, including some in the tens of thousands; they come from applying a linear no-threshold dose model across very large populations receiving very small doses, a method whose validity at those doses is disputed and which produces numbers that cannot be tested epidemiologically. This edition quotes the confirmed toll and the article’s approximation, and notes the disagreement rather than adjudicating it. Fukushima: one worker death officially recognised as radiation-linked, against 2313 deaths attributed to the evacuation as of September 2020 — and the article’s own caution applies, that separating evacuation deaths from those caused by the earthquake and tsunami is not clean.



Nuclear power is not infinitely dangerous. It’s just dangerous. Further reading on risk: Kammen and Hassenzahl (1999).



People in America living near coal-fired power stations are exposed to higher radiation doses than those living near nuclear power plants. Source: McBride et al. (1978). Uranium and thorium have concentrations of roughly 1 ppm and 2 ppm respectively in coal. Further reading: gabe.web.psi.ch/research/ra/ra_res.html, www.physics.ohio-state.edu/~wilkins/energy/Companion/E20.12.pdf.xpdf.



Nuclear power and wind power have the lowest death rates. See also Jones (1984). These death rates are from studies that are predicting the future. We can also look in the past. In Britain, nuclear power has generated 200 GWy of electricity, and the nuclear industry has had 1 fatality, a worker who died at Chapelcross in 1978 [4f2ekz]. One death per 200 GWy is an impressively low death rate compared with the fossil fuel industry. Worldwide, the nuclear-power historical death rate is hard to estimate. The Three Mile Island meltdown killed no-one, and the associated leaks are estimated to have perhaps killed one person in the time since the accident. The accident at Chernobyl first killed 62 who died directly from exposure, and 15 local people who died later of thyroid cancer; it’s estimated that nearby, another 4000 died of cancer, and that worldwide, about 5000 people (among 7 million who were exposed to fallout) died of cancer because of Chernobyl (Williams and Baverstock, 2006); but these deaths are impossible to detect because cancers, many of them caused by natural nuclear radiation, already cause 25% of deaths in Europe. One way to estimate a global death rate from nuclear power worldwide is to divide this estimate of Chernobyl’s deathtoll (9000 deaths) by the cumulative output of nuclear power from 1969 to 1996, which was 3685 GWy. This gives a death rate of 2.4 deaths per GWy. As for deaths attributed to wind, Caithness Windfarm Information Forum www.caithnesswindfarms.co.uk list 49 fatalities worldwide from 1970 to 2007 (35 wind industry workers and 14 members of the public). In 2007, Paul Gipe listed 34 deaths total worldwide [www.wind-works.org/articles/BreathLife.html]. In the mid-1990s the mortality rate associated with wind power was 3.5 deaths per GWy. According to Paul Gipe, the worldwide mortality rate of wind power dropped to 1.3 deaths per GWy by the end of 2000. So the historical death rates of both nuclear power and wind are higher than the predicted future death rates.



Posiva received the world’s first construction licence for a spent-fuel repository in November 2015, applied for an operating licence at the end of 2021, and began the commissioning trial in 2024, encapsulating and emplacing test canisters containing non-radioactive material. Finland’s regulator STUK delayed its statement on the safety case, so the operating decision ran later than Posiva’s original plan; disposal operations are expected from 2026. See STUK’s nuclear waste management pages, https://stuk.fi/en/nuclear-waste-management, and the Finnish Ministry of Economic Affairs and Employment’s national programme, Management of spent nuclear fuel and radioactive waste in Finland. The KBS-3 method is SKB’s, developed in Sweden from the late 1970s; the Swedish government approved the Forsmark repository and the Oskarshamn encapsulation plant in January 2022, and construction began in 2025 with disposal expected in the 2030s. On the copper question: the Swedish Land and Environment Court in 2018 declined to recommend approval pending further evidence on copper corrosion in oxygen-free conditions, a dispute in which researchers at KTH and SKB reached opposite conclusions; the government approved in 2022 on SKB’s supplemented case. This edition takes no position on that dispute beyond noting that it was settled by decision rather than by demonstration, which is unavoidable given the timescales, and that it remains the most substantive open technical objection to the method.



The steel and concrete in a 1 GW nuclear power station have a carbon footprint of roughly 300 000 t CO2. A 1 GW nuclear power station contains 520 000 m3 of concrete (1.2 million tons) and 67 000 tons of steel [2k8y7o]. Assuming 240 kg CO2 per m3 of concrete [3pvf4j], the concrete’s footprint is around 100 000 t CO2. From Blue Scope Steel [4r7zpg], the footprint of steel is about 2.5 tons of CO2 per ton of steel. So the 67 000 tons of steel has a footprint of about 170 000 tons of CO2.



Nuclear waste discussion. Sources: www.world-nuclear.org/info/inf04.html, [49hcnw], [3kduo7]. New nuclear waste compared with old. Committee on Radioactive Waste Management (2006).



World lithium reserves are estimated as 9.5 million tons. The main lithium sources are found in Bolivia (56.6%), Chile (31.4%) and the USA (4.3%). www.dnpm.gov.br



There’s another source for lithium: seawater… Several extraction techniques have been investigated (Steinberg and Dang, 1975; Tsuruta, 2005; Chitrakar et al., 2001).



Fusion power from lithium reserves. The energy density of natural lithium is about 7500 kWh per gram (Ongena and Van Oost, 2006). There’s considerable variation among the estimates of how efficiently fusion reactors would turn this into electricity, ranging from 310 kWh(e)/g (Eckhartt, 1995) to 3400 kWh(e)/g of natural lithium (Steinberg and Dang, 1975). I’ve assumed 2300 kWh(e)/g, based on this widely quoted summary figure: “A 1 GW fusion plant will use about 100 kg of deuterium and 3 tons of natural lithium per year, generating about 7 billion kWh.” [69vt8r], [6oby22], [63l2lp].



World nuclear generation in 2025 is given as 2812 TWh by Ember and 2845 TWh by the Energy Institute’s Statistical Review, a difference of about 1% arising from country coverage and from how combined-heat units are treated; this edition quotes the range. The rise of about 1.3% and the share of 8.9% of world electricity — the lowest since the early 1980s — are from Ember’s Global Electricity Review and the World Nuclear Association’s performance reporting, which agree on the direction if not to the last terawatt-hour. The share figure and the record-output figure are not in tension: absolute output rose while demand rose faster.



Figure 24.17b is generated by the nuclearHistory step of this edition’s data-refresh script and figures/nuclear_history.py, from the Energy Institute’s Statistical Review of World Energy 2026, sheet “Nuclear Generation - TWh”. Peaks read from that series: Germany 171.3 TWh in 2001, France 451.5 TWh in 2005, the United States 852.0 TWh in 2019, China 485.2 TWh in 2025, world 2845.4 TWh in 2025. The crossover year is computed from the two series rather than read off the chart. Germany’s last three reactors closed on 15 April 2023; the small residual in the series after that is generation earlier in that year. Note that Germany’s decision was taken in 2011 and executed over twelve years, so the decline visible from 2011 is policy rather than plant failure.



Olkiluoto 3 rose from about €3.2bn to about €11bn and from a four-year to an eighteen-year build; Flamanville 3 from about €3.3bn to a widely reported €23.7bn including financing costs, over seventeen years; Hinkley Point C from an original £18bn to £46bn or more in 2015 prices, with EDF’s own statements putting it near £49bn if the first unit runs in 2030 and higher if it slips to 2031. The per-megawatt figures in the text are computed from those same outturns divided by net capacity — 1600 MW, 1650 MW and 3260 MW — and are therefore on the outturns’ own basis, which is latest reported cost including financing, in mixed price years, with Hinkley converted at roughly €1.16 to the pound. That is not a like-for-like engineering comparison: an earlier version of this section quoted a set of per-megawatt figures (£5.97m, £7.24m, £10.03m) taken from overnight construction costs in 2015 prices, which gave a much smaller ratio, and mixing the two bases is exactly the error chapter M warns about. Read the ordering, not the ratio. Cost figures for these projects are contested by the operators and the higher numbers often originate with critics of the projects; what is not contested is that all three ran several times over budget and roughly three times over schedule.



Chinese fleet figures — 58 reactors and about 56 GW operating with 33 units and over 35 GW under construction as of early 2026, against roughly 70 reactors under construction worldwide in 15 countries — are from the World Nuclear Association’s country and outlook reporting and the IAEA’s Power Reactor Information System, which differ by a unit or two depending on when a grid connection is counted. The American overnight capital cost of about $7800–8100 per kilowatt in 2024 dollars is the Energy Information Administration’s. Chinese construction costs are not published on a comparable basis; the claim that units come in at a fraction of Western capital cost rests on the Nature study cited below rather than on Chinese disclosure, and the five-to-six-year build times are from commissioning dates.



Shangwei Liu, Gang He, Minghao Qiu and Daniel M. Kammen, “Can China break the ‘cost curse’ of nuclear power?”, Nature, 2025. Overnight construction costs in 2020 dollars per watt against date of commercial operation, including retired plants; the figures quoted here are read from the published distribution rather than from a table, so they describe where the clusters sit rather than giving exact values for named units. “Overnight” means the cost if construction were instantaneous, which strips out financing — so this chart isolates the construction problem from the discount-rate problem that figure 24.18 is about. The two are separate and both matter: China is cheaper on both.



The ITER Council accepted a revised baseline in 2024 moving the start of research operations to 2034 and deuterium–tritium operation to 2039, a four-year slip attributed to the pandemic, component quality problems and optimistic first-of-a-kind planning. The National Ignition Facility first achieved target gain greater than one in December 2022 and has repeated it since; target gain is not facility gain, and the facility’s wall-plug energy per shot exceeds the yield by a large factor. Private fusion investment of more than $7bn across roughly 45 companies is the Fusion Industry Association’s own tally and counts announced raises, not deployed capital.



The Great East Japan Earthquake and tsunami of 11 March 2011 killed approximately 18 000 people. The United Nations Scientific Committee on the Effects of Atomic Radiation has consistently reported no discernible increase in radiation-related health effects in the general population; one worker death from lung cancer was officially recognised as radiation-linked by the Japanese government in 2018. Estimates of deaths caused by the evacuation itself, chiefly among elderly evacuees from hospitals and care facilities, exceed 2000 and are compiled by Japanese prefectural authorities as “disaster-related deaths”. The thyroid cancers detected by mass screening of children in Fukushima prefecture are generally attributed to the screening itself rather than to radiation, though this remains disputed. Comparative deaths-per-terawatt-hour figures depend heavily on how indirect deaths and air pollution are attributed; every published set places coal one to three orders of magnitude above nuclear.



Figure 24.18 is generated by the nuclearCosts step of this edition’s data-refresh script and figures/nuclear_cost_range.py, from values assembled by hand from the sources listed in the note below — chiefly IRENA’s Renewable Power Generation Costs in 2024, the Danish Energy Agency’s technology data, the IEA and NEA’s Projected Costs of Generating Electricity 2020, and the Swedish investment analysis. The low and high bounds are indicative of the spread each source reports rather than formal confidence intervals, and the SMR rows are developer targets and third-party estimates for machines that do not yet exist, so their ranges are the least trustworthy on the chart and are almost certainly too narrow — first-of-a-kind costs have exceeded targets in every case in this chapter. An earlier version of this figure carried realised capture prices as a second series; they were Great Britain figures in pounds plotted on a euro axis beside European and global cost rows, which is precisely the boundary error chapter M is about, and they have been removed. Figure 28a.4 makes that comparison properly, on one market in one currency. The figure is drawn to make one point, which is that a single midpoint conceals what the range is made of; it is not offered as a cost database.



The Swedish figures — nuclear levelised cost near €150–200/MWh at commercial financing against about €72 at a 4% state lending rate, and a realised capture price near €80/MWh in price area SE3 — are from the investment analysis at https://oluies.github.io/elmix/investering.html, which sets levelised costs against realised capture prices technology by technology and cites its own sources: the IEA and NEA’s Projected Costs of Generating Electricity 2020 for the standardised 7% and 3% real discount rates, IRENA’s Renewable Power Generation Costs in 2024, the Danish Energy Agency’s Technology Data for Generation of Electricity and District Heating, Magnus Henrekson and Christian Nilsson’s “Kärnkraftens verkliga kostnad” in Ekonomisk Debatt, ENTSO-E’s transparency platform for the hourly prices and output behind the capture figures, CSIS on Chinese nuclear costs, and Swedish law 2025:587 on state support for new nuclear investment. The 4% is the Swedish state lending rate under that law, not a market rate. The caution chapter M attaches to that comparison applies here too: a levelised cost is an asset-boundary quantity and a capture price is a system-boundary one. For nuclear the asymmetry runs the other way from wind and solar, since a flat-running plant imposes fewer balancing costs on the system and receives no credit for that in either number. United States licence renewals to 80 years have been granted to several plants, with others under review.





25 Living on other countries’ renewables?


Whether the Mediterranean becomes an area of cooperation or confrontation in the 21st century will be of strategic importance to our common security.

Joschka Fischer, German Foreign Minister, February 2004



We’ve found that it’s hard to get off fossil fuels by living on our own renewables. Nuclear has its problems too. So what else can we do? Well, how about living on someone else’s renewables? (Not that we have any entitlement to someone else’s renewables, of course, but perhaps they might be interested in selling them to us.)




	Technology
	Power per unit land or water area





	Wind
	2 W/m2



	Offshore wind
	3 W/m2



	Tidal pools
	3 W/m2



	Tidal stream
	6 W/m2



	Solar PV panels
	5–20 W/m2



	Plants
	0.5 W/m2



	Rain-water (highlands)
	0.24 W/m2



	Hydroelectric facility
	11 W/m2



	Solar chimney
	0.1 W/m2



	Concentrating solar power (desert)
	15 W/m2





Table 25.1. Renewable facilities have to be country-sized because all renewables are so diffuse.

Most of the resources for living sustainably are related to land area: if you want to use solar panels, you need land to put them on; if you want to grow crops, you need land again. Jared Diamond, in his book Collapse, observes that, while many factors contribute to the collapse of civilizations, a common feature of all collapses is that the human population density became too great.

Places like Britain and Europe are in a pickle because they have large population densities, and all the available renewables are diffuse – they have small power density (table 25.1). When looking for help, we should look to countries that have three things: a) low population density; b) large area; and c) a renewable power supply with high power density.




	
Region

	
Population

	
Area (km2)

	
Density (persons
 per km2)

	
Area per
 person (m2)






	
Libya

	
5 760 000

	
1 750 000

	
3

	
305 000




	
Kazakhstan

	
15 100 000

	
2 710 000

	
6

	
178 000




	
Saudi Arabia

	
26 400 000

	
1 960 000

	
13

	
74 200




	
Algeria

	
32 500 000

	
2 380 000

	
14

	
73 200




	
Sudan

	
40 100 000

	
2 500 000

	
16

	
62 300




	
World

	
6 440 000 000

	
148 000 000

	
43

	
23 100




	
Scotland

	
5 050 000

	
78 700

	
64

	
15 500




	
European Union

	
496 000 000

	
4 330 000

	
115

	
8 720




	
Wales

	
2 910 000

	
20 700

	
140

	
7 110




	
United Kingdom

	
59 500 000

	
244 000

	
243

	
4 110




	
England

	
49 600 000

	
130 000

	
380

	
2 630






Table 25.2. Some regions, ordered from small to large population density. See chapter J for more population densities.
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Figure 25.3. Stirling dish engine. These beautiful concentrators deliver a power per unit land area of 14 W/m2. Photo courtesy of Stirling Energy Systems. www.stirlingenergy.com


(Figure omitted from this edition: third-party rights.)



Figure 25.4. Andasol – a “100MW” solar power station under construction in Spain. Excess thermal energy produced during the day will be stored in liquid salt tanks for up to seven hours, allowing a continuous and stable supply of electric power to the grid. The power station is predicted to produce 350 GWh per year (40 MW). The parabolic troughs occupy 400 hectares, so the power per unit land area will be 10 W/m2. Upper photo: ABB. Lower photo: IEA SolarPACES.

Table 25.2 highlights some countries that fit the bill. Libya’s population density, for example, is 70 times smaller than Britain’s, and its area is 7 times bigger. Other large, area-rich, countries are Kazakhstan, Saudi Arabia, Algeria, and Sudan.

In all these countries, I think the most promising renewable is solar power, concentrating solar power in particular, which uses mirrors or lenses to focus sunlight. Concentrating solar power stations come in several flavours, arranging their moving mirrors in various geometries, and putting various power conversion technologies at the focus – Stirling engines, pressurized water, or molten salt, for example – but they all deliver fairly similar average powers per unit area, in the ballpark of 15 W/m2.


A technology that adds up

“All the world’s power could be provided by a square 100 km by 100 km in the Sahara.” Is this true? Concentrating solar power in deserts delivers an average power per unit land area of roughly 15 W/m2. 1 So, allowing no space for anything else in such a square, the power delivered would be 150 GW. This is not the same as current world power consumption. It’s not even near current world electricity consumption, which is 2000 GW. World power consumption today is 15 000 GW. So the correct statement about power from the Sahara is that today’s consumption could be provided by a 1000 km by 1000 km square in the desert, completely filled with concentrating solar power. That’s four times the area of the UK. And if we are interested in living in an equitable world, we should presumably aim to supply more than today’s consumption. To supply every person in the world with an average European’s power consumption (125 kWh/d), the area required would be two 1000 km by 1000 km squares in the desert.

Fortunately, the Sahara is not the only desert, so maybe it’s more relevant to chop the world into smaller regions, and ask what area is needed in each region’s local desert. So, focusing on Europe, “what area is required in the North Sahara to supply everyone in Europe and North Africa with an average European’s power consumption? Taking the population of Europe and North Africa to be 1 billion, the area required drops to 340 000 km2, which corresponds to a square 600 km by 600 km. This area is equal to one Germany, to 1.4 United Kingdoms, or to 16 Waleses.

The UK’s share of this 16-Wales area would be one Wales: a 145 km by 145 km square in the Sahara would provide all the UK’s current primary energy consumption. These squares are shown in figure 25.5. Notice that while the yellow square may look “little” compared with Africa, it does have the same area as Germany.

[image: Figure 25.5]

Figure 25.5. The celebrated little square. This map shows a square of size 600 km by 600 km in Africa, and another in Saudi Arabia, Jordan, and Iraq. Concentrating solar power facilities completely filling one such square would provide enough power to give 1 billion people the average European’s consumption of 125 kWh/d. The area of one square is the same as the area of Germany, and 16 times the area of Wales. Within each big square is a smaller 145 km by 145 km square showing the area required in the Sahara – one Wales – to supply all British power consumption.


The DESERTEC plan

An organization called DESERTEC [www.desertec.org] is promoting a plan to use concentrating solar power in sunny Mediterranean countries, and high-voltage direct-current (HVDC) transmission lines (figure 25.7) to deliver the power to cloudier northern parts. HVDC technology has been in use since 1954 to transmit power both through overhead lines and through submarine cables (such as the interconnector between France and England). It is already used to transmit electricity over 1000-km distances in South Africa, China, America, Canada, Brazil, and Congo. 2 A typical 500 kV line can transmit a power of 2 GW. A pair of HVDC lines in Brazil transmits 6.3 GW.

HVDC is preferred over traditional high-voltage AC lines because less physical hardware is needed, less land area is needed, and the power losses of HVDC are smaller. The power losses on a 3500 km-long HVDC line, including conversion from AC to DC and back, would be about 15%. 3 A further advantage of HVDC systems is that they help stabilize the electricity networks to which they are connected.

In the DESERTEC plans, the prime areas to exploit are coastal areas, because concentrating solar power stations that are near to the sea can deliver desalinated water as a by-product – valuable for human use, and for agriculture.

Table 25.6 shows DESERTEC’s estimates of the potential power that could be produced in countries in Europe and North Africa. The “economic potential” adds up to more than enough to supply 125 kWh per day to 1 billion people. The total “coastal potential” is enough to supply 16 kWh per day per person to 1 billion people.




	
Country

	
Economic potential
 (TWh/y)

	
Coastal potential
 (TWh/y)






	
Algeria

	
169 000

	
60




	
Libya

	
140 000

	
500




	
Saudi Arabia

	
125 000

	
2 000




	
Egypt

	
74 000

	
500




	
Iraq

	
29 000

	
60




	
Morocco

	
20 000

	
300




	
Oman

	
19 000

	
500




	
Syria

	
10 000

	
0




	
Tunisia

	
9 200

	
350




	
Jordan

	
6 400

	
0




	
Yemen

	
5 100

	
390




	
Israel

	
3 100

	
1




	
UAE

	
2 000

	
540




	
Kuwait

	
1 500

	
130




	
Spain

	
1 300

	
70




	
Qatar

	
800

	
320




	
Portugal

	
140

	
7




	
Turkey

	
130

	
12




	
Total

	
620 000
 (70 000 GW)

	
6 000
 (650 GW)






Table 25.6. Solar power potential in countries around and near to Europe. The “economic potential” is the power that could be generated in suitable places where the direct normal irradiance is more than 2000 kWh/m2/y. The “coastal potential” is the power that could be generated within 20 m (vertical) of sea level; such power is especially promising because of the potential combination with desalination. For comparison, the total power required to give 125 kWh per day to 1 billion people is 46 000 TWh/y (5 200 GW). 6000 TWh/y (650 GW) is 16 kWh per day per person for 1 billion people.


(Figure omitted from this edition: third-party rights.)



Figure 25.7. Laying a high-voltage DC link between Finland and Estonia. A pair of these cables transmit a power of 350 MW. Photo: ABB.

Let’s try to convey on a map what a realistic plan could look like. Imagine making solar facilities each having an area of 1500 km2 – that’s roughly the size of London. (Greater London has an area of 1580 km2; the M25 orbital motorway around London encloses an area of 2300 km2.) Let’s call each facility a blob. Imagine that in each of these blobs, half the area is devoted to concentrating power stations with an average power density of 15 W/m2, leaving space around for agriculture, buildings, railways, roads, pipelines, and cables. Allowing for 10% transmission loss between the blob and the consumer, each of these blobs generates an average power of 10 GW. Figure 25.8 shows some blobs to scale on a map. To give a sense of the scale of these blobs I’ve dropped a few in Britain too. Four of these blobs would have an output roughly equal to Britain’s total electricity consumption (16 kWh/d per person for 60 million people). Sixty-five blobs would provide all one billion people in Europe and North Africa with 16 kWh/d per person. Figure 25.8 shows 68 blobs in the desert.

[image: Figure 25.8]

Figure 25.8. Each circular blob represents an area of 1500 km2, which, if one-half-filled with solar power facilities, would generate 10 GW on average. 65 such blobs would provide 1 billion people with 16 kWh/d per person.



Concentrating photovoltaics


(Figure omitted from this edition: third-party rights.)



Figure 25.9. A 25 kW (peak) concentrator photovoltaic collector produced by Californian company Amonix. Its 225 m2 aperture contains 5760 Fresnel lenses with optical concentration ×260, each of which illuminates a 25%-efficient silicon cell. One such collector, in an appropriate desert location, generates 138 kWh per day – enough to cover the energy consumption of half an American. Note the human providing a scale. Photo by David Faiman.

An alternative to concentrating thermal solar power in deserts is large-scale concentrating photovoltaic systems. To make these, we plop a high-quality electricity-producing solar cell at the focus of cheap lenses or mirrors. Faiman et al. (2007) say that “solar, in its concentrator photovoltaics variety, can be completely cost-competitive with fossil fuel [in desert states such as California, Arizona, New Mexico, and Texas] without the need for any kind of subsidy.”

According to manufacturers Amonix, 4 this form of concentrating solar power would have an average power per unit land area of 18 W/m2.

Another way to get a feel for required hardware is to personalize. One of the “25 kW” (peak) collectors shown in figure 25.9 generates on average about 138 kWh per day; the American lifestyle currently uses 250 kWh per day per person. So to get the USA off fossil fuels using solar power, we need roughly two of these 15 m×15 m collectors per person.




What happened to DESERTEC

A section added in the 2026 revision. This chapter rests on two things: a plan and a technology. Both failed within a decade, and neither failed for a reason MacKay was worried about. His arithmetic on the resource was right and remains right: the Sahara does receive what he says it receives, and the areas he shades on the map would deliver what he calculates.

The plan failed first, and fast. The Desertec Industrial Initiative was founded in 2009 with seventeen partners, Munich Re, Siemens, Deutsche Bank, E.ON, RWE and ABB among them, and a figure of €400 billion attached. Siemens and Bosch withdrew in 2012 and 2013. The Desertec Foundation and the industrial consortium separated in July 2013. By the end of 2014 three partners were left, and by 2015 what remained had relocated to Dubai with a skeleton staff. Five years from announcement to effectively over. The reasons given were cost, sovereign and security risk, water consumption in arid regions, and unresolved questions about who would own the electricity and on what terms. Above all there was the Arab Spring, which between 2010 and 2012 changed the risk assessment of nearly every host country at once.5

The technology failed second, and more interestingly. MacKay’s chapter is specifically about concentrating solar power: mirrors, a working fluid, a turbine, and thermal storage, the reason he chooses it, which lets the plant run into the evening. In 2008 that was the right bet. Concentrating solar with storage was dispatchable; photovoltaics were expensive and did nothing after dark.









	
	around 2008
	2025





	Concentrating solar, installed worldwide
	under 1 GW
	about 7 GW



	Photovoltaics, installed worldwide
	about 15 GW
	around 2000 GW





Concentrating solar grew by a factor of ten or so. Photovoltaics grew by more than a hundredfold, and now cost somewhere near $0.04 per kWh against $0.10 to $0.12 for concentrating solar (the photovoltaic figure being the one chapter 6 gives, $0.043 in 2024, rather than the lower numbers quoted in market surveys). The technology this chapter is built on lost, and it lost to the technology in chapter 6. Photovoltaic panels with lithium batteries now do what molten-salt storage was for, at a third of the price, with no working fluid, no turbine, no water and no moving mirrors to keep clean in a desert.

That is worth dwelling on, because it is a failure mode this book has now exhibited several times. MacKay chose concentrating solar over photovoltaics for a good reason, correctly reasoned, which was then reversed by a price collapse he did not expect. Being right about the physics and wrong about the cost is the characteristic error of energy forecasting, and it is the error chapter 6 documents from the other side.

Something did get built. Morocco’s Noor Ouarzazate complex (concentrating solar with molten-salt storage, alongside photovoltaics, around 580 MW, commissioned between 2016 and 2018) was the largest concentrated solar facility in the world when it opened. It works. Against the tens of gigawatts DESERTEC envisaged across North Africa, it is a demonstration rather than a programme.


And then Britain was offered exactly this chapter, and refused it

The idea underneath DESERTEC was never really about mirrors. It was the interconnector: generate where the resource is, transmit to where the demand is. That has happened, just not from the Sahara. Britain now imports across cables to Norway, Denmark, France, the Netherlands, Belgium and Ireland.

And the specific proposal this chapter describes was put to the British government. Xlinks proposed 11.5 GW of Moroccan solar and wind, 22.5 GWh of batteries, and a 3.6 GW cable running about 4000 km to north Devon, which would have been by far the longest subsea power cable ever built. It had a route, a consent application, and a named counterparty. On 26 June 2025 the government declined to offer it a contract for difference, on the ground that it did not align with a strategic objective to prioritise domestically generated energy. The application was withdrawn, leaving the project with no route to market.6

Read that decision carefully, because it is this chapter’s question answered by a government in a single sentence. MacKay asks whether Britain can live on other countries’ renewables. Britain was offered the chance, engineered, priced and consented, and declined, not on grounds of cost or feasibility but because it preferred the electricity to be domestic.

That is the change this chapter did not anticipate, and could not have. MacKay treats the dependence question briefly and mostly as a matter of trust between friendly states. Then Russia invaded Ukraine, Europe discovered what a strategic dependence on imported energy costs when the exporter decides to use it, and “homegrown” stopped being a slogan and became a procurement criterion. It is chapter 18’s argument once more: the resource was never the binding constraint. Today the binding constraint on importing renewable energy is that nobody wants to depend on the import.



And the supplier’s consumers pay for it

There is a third case, and it is the one that most directly answers this chapter’s title, because it shows what happens to the country doing the exporting.

Norway is the ideal supplier in MacKay’s sense: hydroelectric, dispatchable, with reservoirs that store energy for months rather than hours. Two 1400 MW cables opened at the start of the 2020s, NordLink to Germany and the North Sea Link to Britain, and they did exactly what they were built to do. Norwegian water now backs up German and British wind.

The consequence in Norway was not the one the projects were sold on. Southern Norway, price area NO2, is where both cables land, and its prices are now set by whatever northern Europe is willing to pay. During the December 2024 wind lull, NO2 reached NOK 13.16 per kWh (about $1.18, the highest since 2009) because German wind had failed and Norwegian water was worth what Germany would pay for it. Analysts put Norwegian prices roughly 25% lower without the interconnectors. Norwegian households were, in effect, bidding against German industry for Norwegian rain.

The politics followed. A majority in the Storting now opposes any further interconnectors; several parties want the British and German agreements renegotiated; and Labour campaigned in the 2025 election on turning off the older cables to Denmark when they come up for renewal in 2026.7

Set that beside the Hansa PowerBridge described in the section below: Sweden refused to build a cable to Germany, and Norway is discussing switching one off. Both are countries with cheap, clean, dispatchable electricity, and both have concluded that connecting to a more expensive market is a transfer from their own consumers to their own producers.

That is not a puzzle, it is what an interconnector does. A cable equalises prices, and equalisation is a transfer. The high-price side gains, the low-price side loses, the sum is positive, which is why the economics is favourable and the politics is not. It is the same structure as the industrial-price problem in chapter 28a and the same structure as the Xlinks refusal above: the resource flows fine; it is the distribution of the gains that stops the project.

MacKay asks whether Britain can live on other countries’ renewables. Eighteen years of evidence suggest the binding question is not whether Britain can, but whether the other country will keep agreeing to it.



And in July 2026, Britain stopped exporting

The last turn of this argument came while the chapter was being written, and it completes the pattern from the British end.

During several hours in July 2026, Britain’s system operator instructed traders not to export power at all across four of the country’s ten interconnectors (the links to Belgium, Denmark, Norway and France) to keep enough electricity at home. It was the first time the designation used for the restriction, “margin extremes”, had been applied to cut exports to zero. The hours were the morning and evening of 24 July and the evenings of 29, 30 and 31 July, during a heatwave. A month earlier, on the evening of 23 June, exports to Belgium had been cut abruptly when wind was low and evening demand high; that episode is now the subject of an investigation by the regulator, after control-room staff alleged the system was not being run securely.8

Summer used to be the easy season and is becoming the hard one. Heat raises demand for cooling, lowers the efficiency of thermal plant, and across the Channel drought has been shutting French reactors for want of river water to cool them. The interconnector was supposed to smooth exactly this, by letting each country lean on its neighbours. It works only if the neighbours are not short at the same moment, and a European heatwave is precisely the event that makes everybody short together.

So the ledger of this chapter now reads: Britain declined to import Moroccan sun in June 2025, Sweden declined to build a cable to Germany, Norway is discussing switching two off and has blocked new links until 2029, and in July 2026 Britain restricted its own exports to keep the lights on at home.

Every party to interconnection has pulled back from it within eighteen months, and not one of them for a reason found in this chapter. The resource did not change. What changed is that each country worked out what the cable does to it when supply is tight, and a market analyst quoted at the time put the risk plainly: it takes only a shift toward a more populist politics for the arrangement to be in trouble.

Which is the sharpest possible form of MacKay’s own question. He asks whether Britain can live on other countries’ renewables, and answers with geography and arithmetic. The answer arriving from events is that the physical system was built and the political willingness to use it is what turned out to be scarce.



What one degree buys

A section added in the 2026 revision. This chapter said above that heat raises demand for cooling, and left it there. It is the sort of claim this book is supposed to put a number on, and the number can be computed rather than quoted. Every grid has a band of temperatures at which it is comfortable and a slope away from that band in each direction: so many gigawatts per degree colder, so many per degree hotter. The Italians call the quantity termosensibilità, and the shape of the curve turns out to say more about a country than its size does.

Daily demand against a population-weighted daily mean temperature, weekdays from January 2021 to July 2026, with a straight line fitted to the days below 15 °C and another to the days above 20 °C. Six countries, one method, and the load taken from the system operators themselves.

[image: Daily mean electricity demand against daily mean temperature for Sweden, France, Great Britain, Germany, Spain and Italy, 2021 to 2026, with least-squares lines on the days below 15 C and above 20 C. France rises 2.14 GW per degree colder and 0.57 per degree hotter; Italy rises only 0.42 per degree colder but 1.01 per degree hotter; Sweden has no measurable summer arm.]

Figure 25.9a. Added in the 2026 revision. Each point is one weekday. August is excluded because industrial holidays move the base in several of these countries and would otherwise be read as a temperature effect. The slopes are conditional on being on the arm, so they are steeper than a sensitivity averaged over a whole year.9

France is the outlier, and it is the outlier because of how it heats. French demand falls 2.14 GW for every degree the country warms, which is 4.1% of its mean load per degree, against Germany’s 0.66 GW and Italy’s 0.42. Nothing about French weather explains that. France heats with electricity, so its winter demand is a thermostat setting written across a whole country. A five-degree cold snap in France moves 10.7 GW. For scale, the Moroccan cable this chapter spends its second half on would deliver 3.6 GW, so two cold degrees in France are worth more than the whole of Xlinks.

Italy is the same picture upside down, and it is the picture Britain is heading towards from the other side. Italy’s winter arm is nearly flat at 0.42 GW per degree, because Italy heats with gas and the electricity meter never sees it. Its summer arm is the steepest of the six at 1.01 GW per degree, 2.9% of mean load. Spain is sensitive at both ends for its size (1.6% and 2.2% of mean load), Germany is contained at both, at 1.2% and 0.8%, and Sweden has no measurable summer arm at all: thirty-three weekdays outside August above 20 °C in five and a half years, and a slope indistinguishable from zero.

Now put the summer arms together, because that is the interconnector question. Across the five countries here that have one, demand rises by about 3 GW for every degree of a European heat anomaly, and it rises in all five at once, because a heatwave over western Europe is one weather event and not five. Five degrees above normal across those countries is roughly 15 GW of extra demand appearing simultaneously in the places that were supposed to lend each other power. This is the arithmetic behind the July 2026 export restriction. The cable is only worth what the neighbour has spare, and thermosensitivity is a measure of how reliably the neighbour has nothing spare at exactly the wrong moment.

And there is a sting in this for the rest of the book. The winter arm is a map of how a country heats: steep where heating is electric, flat where it is gas. Chapter 7 recommends heat pumps, chapter 28a recommends electrifying industrial heat, and this chapter recommends cables. The first two make the third harder. Every gas boiler replaced moves a country a little way from Italy’s shape towards France’s, which means a colder winter’s night draws more, and draws more everywhere at once. That is not an argument against heat pumps, whose case in chapter 7 stands on its own arithmetic, but it is an argument that the plan has to say what supplies the new winter arm, and “the interconnector” is the answer this section has just shown to be weakest exactly when it is needed.




Queries


I’m confused! In Chapter 6, you said that the best photovoltaic panels deliver 20 W/m2 on average, in a place with British sunniness. Presumably in the desert the same panels would deliver 40 W/m2. So how come the concentrating solar power stations deliver only 15–20 W/m2? Surely concentrating power should be even better than plain flat panels?

Good question. The short answer is no. Concentrating solar power does not achieve a better power per unit land area than flat panels. The concentrating contraption has to track the sun, otherwise the sunlight won’t be focused right; once you start packing land with sun-tracking contraptions, you have to leave gaps between them; lots of sunlight falls through the gaps and is lost. The reason that people nevertheless make concentrating solar power systems is that, today, flat photovoltaic panels are very expensive, and concentrating systems are cheaper. The concentrating people’s goal is not to make systems with big power per unit land area. Land area is cheap (they assume). The goal is to deliver big power per dollar.



But if flat panels have bigger power density, why don’t you describe covering the Sahara desert with them?

Because I am trying to discuss practical options for large-scale sustainable power production for Europe and North Africa by 2050. My guess is that by 2050, mirrors will still be cheaper than photovoltaic panels, so concentrating solar power is the technology on which we should focus.



What about solar chimneys?

[image: Figure 25.10]

Figure 25.10. The Manzanares prototype solar chimney. Photos from solarmillennium.de.

A solar chimney or solar updraft tower uses solar power in a very simple way. 10 A huge chimney is built at the centre of an area covered by a transparent roof made of glass or plastic; because hot air rises, hot air created in this greenhouse-like heat-collector whooshes up the chimney, drawing in cooler air from the perimeter of the heat-collector. Power is extracted from the air-flow by turbines at the base of the chimney. Solar chimneys are fairly simple to build, but they don’t deliver a very impressive power per unit area. A pilot plant in Manzanares, Spain operated for seven years between 1982 and 1989. The chimney had a height of 195 m and a diameter of 10 m; the collector had a diameter of 240 m, and its roof had 6000 m2 of glass and 40 000 m2 of transparent plastic. It generated 44 MWh per year, which corresponds to a power per unit area of 0.1 W/m2. Theoretically, the bigger the collector and the taller the chimney, the bigger the power density of a solar chimney becomes. The engineers behind Manzanares reckon that, at a site with a solar radiation of 2300 kWh/m2 per year (262 W/m2), a 1000 m-high tower surrounded by a 7 km-diameter collector could generate 680 GWh per year, an average power of 78 MW. That’s a power per unit area of about 1.6 W/m2, which is similar to the power per unit area of windfarms in Britain, and one tenth of the power per unit area I said concentrating solar power stations would deliver. It’s claimed that solar chimneys could generate electricity at a price similar to that of conventional power stations. I suggest that countries that have enough land and sunshine to spare should host a big bake-off contest between solar chimneys and concentrating solar power, to be funded by oil-producing and oil-consuming countries.



What about getting power from Iceland, where geothermal power and hydroelectricity are so plentiful?


(Figure omitted from this edition: third-party rights.)



Figure 25.11. More geothermal power in Iceland. Photo by Rosie Ward.

Indeed, Iceland already effectively exports energy by powering industries that make energy-intensive products. Iceland produces nearly one ton of aluminium per citizen per year, for example! So from Iceland’s point of view, there are great profits to be made. But can Iceland save Europe? I would be surprised if Iceland’s power production could be scaled up enough to make sizeable electricity exports even to Britain alone. As a benchmark, let’s compare with the England–France Interconnector, which can deliver up to 2 GW across the English Channel. That maximum power is equivalent to 0.8 kWh per day per person in the UK, roughly 5% of British average electricity consumption. Iceland’s average geothermal electricity generation is just 0.3 GW, which is less than 1% of Britain’s average electricity consumption. Iceland’s average electricity production is 1.1 GW. 11 So to create a link sending power equal to the capacity of the French interconnector, Iceland would have to triple its electricity production. To provide us with 4 kWh per day per person (roughly what Britain gets from its own nuclear power stations), Iceland’s electricity production would have to increase ten-fold. It is probably a good idea to build interconnectors to Iceland, but don’t expect them to deliver more than a small contribution.




The reverse case, and the politics of it

A note added in the 2026 revision. MacKay frames this chapter as Britain buying other countries’ renewables. The 2020s produced a live example running the other way. Germany closed its last three nuclear reactors in April 2023 and, for the first time in many years, became a net electricity importer, drawing on hydro- and wind-rich Scandinavia.12 Because the Nordic and continental markets are coupled by interconnectors, German demand now reaches Swedish bills, and southern Sweden, wired directly to Germany, saw its prices rise. Swedish ministers publicly blamed Germany’s nuclear exit for higher prices at home.13 The counter-argument is that the feared German price spike never arrived: a year on, Germany had record renewable output and falling wholesale prices.14 So the dispute is less about a supply crisis than about who bears the cost of a coupled market, which is the question MacKay’s cheerful “living on someone else’s renewables” leaves open. The same coupling sits under the cannibalization model on the companion site.15

The trade figures show the turn plainly, and also show that it did not begin in 2023. Germany ran an export surplus for two decades, peaking at 52 TWh in 2017, roughly a sixth of everything Britain generates in a year, sold across the border. That surplus then shrank year by year as coal and lignite plants closed, and 2023 was simply the year it crossed zero. Net imports came to 26 TWh in 2024 and 20 TWh in 2025, about 6% of German supply: small in itself, but it is the sign of the number, not its size, that the politics fastened on.16

[image: Germany's net electricity trade, 1990 to 2025, in TWh per year. Germany is a net exporter through the 2000s and 2010s, with a peak surplus of 52 TWh in 2017; the surplus shrinks after that and turns to net imports of 9 TWh in 2023, the year the last reactors closed, then 26 TWh in 2024 and 20 TWh in 2025.]

There is a sharper case than the wholesale market, and it is a cable that was never built. The Hansa PowerBridge would have been a second link between Sweden and Germany: 700 MW, about 300 km, some 600 million euros, shared between the two grid operators and due around 2035. Sweden rejected it in June 2024, because it would have connected Germany to SE4, the southern Swedish bidding zone where prices are already the highest in the country. In 2024 the SE4 average was 50 EUR/MWh against 25 in the north, and 78 in Germany, and a cable pulls the low price up towards the high one.

An open-access study in Energy Policy modelled exactly this and found the Swedish objection to be well founded, not merely political.17 Building the link raises total welfare in both countries, by about 69 million euros a year in Sweden and 77 million in Germany in 2035. But inside Sweden the gain is unevenly placed: Swedish producers gain roughly 176 million while Swedish consumers lose about 106 million, and German consumers gain 455 million. The country is better off and the people paying the bills are worse off. That is the whole difficulty of MacKay’s chapter stated in one line: the arithmetic of “living on someone else’s renewables” can add up nationally and still fail the household, and no amount of insisting on the total will settle it.

The same study is more useful for what it does next, which is to ask what would fix it. Splitting the interconnector’s costs and revenues unevenly in Sweden’s favour is not enough on its own. Handing Swedish consumers the extra profits that the state-owned utility Vattenfall would earn is not enough on its own either. Doing both makes the project Pareto-improving, meaning nobody ends up worse off. So does something else entirely: splitting Germany’s single bidding zone in two, which shrinks the north-German-to-southern-Swedish price gap and with it the Swedish price rise, and then no transfers are needed at all. The obstacle to living on a neighbour’s renewables, in other words, is not the physics or the cost of the cable. It is that the winnings land on one side of the meter and the losses on the other, and Europe has not built the plumbing to move them back.



Taking it to the limit: solar power from orbit

A section added in the 2026 revision. This chapter’s move is to put the collectors where the sun is better and transmit the electricity to where the people are. Desert to Europe is one step. The limit case is orbit, and it is worth working through, because it fails for a reason this book keeps arriving at.

The physical case is genuinely strong. A panel in geostationary orbit sees the sun for about 99% of the year, with no night worth speaking of, no cloud, no atmosphere and no seasonal angle. It receives the full 1360 W/m² of the solar constant. Chapter 6 works with something nearer 110 W/m² for the average raw sunshine falling on a square metre in Britain once night, weather and latitude are counted, not the output of a panel, which is a fifth of that again. On raw insolation the orbital advantage is therefore about twelve to one. Advocates more often quote around seven, on comparisons that assume a sunnier terrestrial site than Britain; this edition uses the British figure because that is the one the rest of the book is built on. Microwave transmission at the frequencies proposed passes through cloud, and the receiving antenna can be a mesh that farmland sits under. So the resource argument, which is what defeats most of this book’s candidates, is the one argument space-based solar wins outright.

Then NASA costed it. In January 2024 the agency’s Office of Technology, Policy, and Strategy published a full lifecycle assessment of two reference designs, and the numbers are not close:18




	
	Lifecycle cost
	Against terrestrial at $0.02–0.05/kWh





	Reference design 1
	$0.61/kWh
	12–31×



	Reference design 2
	$1.59/kWh
	32–80×





Launch is 71 to 77% of the cost, and the reason is a detail that decides the whole question. Reference design 1 needs 2321 launches to deliver 5.9 million kilograms of hardware, and twelve of every thirteen of those launches exist only to refuel the payloads waiting in low orbit so they can climb to geostationary. The satellites are not the problem. Getting them up the last part of the gravity well is.

The emissions answer is just as telling, and it is the one advocates rarely quote. At 26 and 40 grams of CO₂ per kilowatt-hour, the two designs are inside the range for terrestrial renewables, which is 13 to 43. Against the American grid’s 385 they are excellent; against the alternative they are ordinary. Space-based solar is not a low-carbon breakthrough. It is a low-carbon technology at thirty times the price.

It is not impossible, and the report is careful to say so. Combine launch at $500 (£395) per kilogram, electric propulsion for the orbital transfer, fifteen-year hardware life and aggressive manufacturing learning, and the cost falls to $0.03 and $0.08 per kilowatt-hour, which is competitive. Every one of those has to happen at once.

And the first of them is not fanciful, which is the strongest thing that can be said for the idea. The cost of reaching orbit has fallen further and faster than almost any figure in this book. The Space Shuttle, costed across the whole programme, came to something like $54 000 (£43 000) per kilogram to low orbit. A Falcon 9 is near $2700 (£2100) and a Falcon Heavy near $1400 (£1100), a fall of about 97%, achieved mainly by landing and reflying the first stage rather than throwing it away. NASA’s enabling assumption of $500/kg is a further factor of three from there, on a curve that has already delivered a factor of forty. That is a very different kind of assumption from the ones this book usually has to reject. It remains true that the other four conditions must arrive with it, and that the emissions case does not improve merely because launch gets cheaper. But the launch cost, the thing that looked immovable when this chapter’s original argument was written, is the part that has actually moved.19

So the verdict is this chapter’s verdict, one step further out. The sunshine was never the problem. The cost of getting the collector to the sunshine is the entire answer, exactly as chapter M finds that the cost of delivering a fuel is most of its energy accounting. Free energy at the top of a gravity well is not free energy.


Mirrors instead of panels

There is a variant of the orbital idea that avoids the transmission problem entirely, and it is being funded. Rather than generating electricity in space and beaming it down, put mirrors in orbit and reflect sunlight onto solar farms that are already built, selling daylight after dark, so that a panel on the ground works into the evening.

Reflect Orbital has raised about $35 million (£28 million) for exactly this. Its published design is a mirror 18 metres square (324 m² of aluminised film weighing 16 kg) at 600 to 650 km altitude, casting a spot about 5 km across, with a stated ambition of 50 000 reflectors by 2035 delivering 200 W/m² to customers. The first satellite, Eärendil-1, a 142 kg spacecraft carrying the 18-metre reflector, was licensed by the American communications regulator on 9 July 2026 for launch later that year, over nearly 1900 public comments, most of them opposed.

This chapter’s method applies directly, and the numbers are unusually easy to check.

Start with the spot size, because it is not a design choice. The Sun is not a point: it subtends about half a degree, or 9.3 milliradians. Any flat mirror reflects an image of the Sun, so the patch of ground it lights cannot be smaller than that angle times the range. At 600 km that is 5.6 km across. The company quotes about 5 km, which is slightly below the flat-mirror limit, implying either a curved mirror or the lower end of its stated altitude range, both of which help a little and neither of which escapes the constraint. They are within a few per cent of the physical limit, and no engineering makes the spot much smaller. It follows that the only way to raise the intensity is to add mirrors.

Now the intensity from one mirror. 324 m² intercepting 1361 W/m² of sunlight, at 90% reflectivity, is about 400 kW of light. Spread over the company’s own 5 km spot, nearly 20 million square metres and the figure most favourable to it, that is 0.02 watts per square metre.

For comparison, a full moon delivers roughly 0.003 W/m². One satellite is about six moons. It would be visible, and pretty, and it would generate essentially nothing: a solar farm under it would produce about fifty-thousandth of what it produces at noon.

So how many mirrors reach the 200 W/m² target? Two hundred divided by 0.02 is about ten thousand mirrors, all pointing at the same field at the same moment. Against a stated constellation of 50 000, that is a fifth of every satellite the company plans to launch, dedicated to lighting one solar farm, and each satellite is over any given site for only a few minutes per orbit.

And the demonstration figure needs care. The company reports having measured about 516 W/m² from a test at low altitude. That is entirely believable and tells you nothing about the orbital case, because intensity falls with the square of range. From 3 km the spot is 28 metres across and the intensity is around 650 W/m²; going to 600 km multiplies the range by 200 and divides the intensity by forty thousand. The demonstration and the product differ by that factor.

None of this makes the idea fraudulent or the engineering trivial. Deploying and pointing a 16 kg film mirror from orbit is a real achievement, and the company appears to be doing real work. It makes it a very expensive way to buy a small amount of light. And there is a second objection this book is not the right place to adjudicate but should record. The European Southern Observatory calculates that the full constellation would raise background sky brightness at its Chilean sites by a factor of three to four; an astronomer at the Vera Rubin Observatory described the prospect as “the sky full of moons”, with the scattering unpredictable enough to endanger instruments; and environmental groups have raised the disruption of daily light cycles in plants and animals. The regulator approved the first satellite anyway, with a condition that the company work with NASA and the National Science Foundation on protecting optical astronomy.

That sequence is worth noticing on its own account, because it is the shape this edition keeps finding. A licence was granted for a demonstration whose physics is not in dispute, against objections about a constellation that does not exist yet, on conditions that amount to a promise to talk. Nobody in that process had to state how many mirrors it takes to light a solar farm, which is the one number that decides whether any of it matters.20

And there is a second lesson here, about how the case is made. The company’s engineering pages carry real numbers, which is how the arithmetic above was possible: 18 metres, 600 kilometres, a 5 km spot, 200 W/m². Its argument for why the world needs the thing carries none. That piece observes that billions lack reliable energy, that the world must produce “vastly more energy than ever before, at global scale, quickly enough to make a difference — all while keeping it clean”, and proposes reflecting sunlight from orbit. It contains no quantity of any kind: no demand figure, no intensity, no constellation size, no cost, and no comparison with a battery or a transmission line.

That is not dishonesty, and it is entirely normal corporate writing. It is also precisely the genre this book was written against. The prose is unfalsifiable and the engineering page is not, and the engineering page supplies every number needed, given the solar constant and a reflectivity, to work out that the concept requires about ten thousand mirrors per solar farm, which is a conclusion the company does not draw and this edition does.

Which is the whole method in one example, and the reason chapter 32 ends where it does. When somebody says a thing cannot be done, ask for the number. When somebody says it can, ask for the same number, and notice which document it appears in.

The honest summary is the one this chapter keeps reaching. The resource is real and the delivery is the whole problem, and here the delivery mechanism runs into a constraint that is not cost, not launch, and not engineering, but the angular diameter of the Sun.



What has been demonstrated, and what is proposed

Between those two arithmetics sits a gap worth stating plainly, because it is where most of the enthusiasm lives.

Start with what has flown. Caltech’s Space Solar Power Demonstrator carried MAPLE, an array of lightweight microwave transmitters, and in March 2023 it beamed power between a transmitter and two receivers about a foot apart, lighting a pair of LEDs. It also aimed a beam at the ground, where it was detected at Caltech. Both are genuine firsts and neither is a power supply: the achievement is that the hardware works at all, and it is the lightest integrated prototype of its kind by an order of magnitude.

Now set that against what is proposed. A one-gigawatt station needs a collector of more than one square kilometre, over a hundred times the size of the International Space Station, which took a decade to assemble with people on site, and which this one would have to match robotically. The European Space Agency’s assessment is that the cells must reach a power-to-weight ratio fifty times that of ordinary silicon, and that end-to-end conversion must reach 10 to 15%. Fifty times is not an increment. It is the difference between a technology that needs engineering and one that needs a different material.

And the beaming itself has a record, which is the cleanest scale check available. In May 2025 a DARPA programme transmitted more than 800 watts over 8.6 kilometres for thirty seconds by laser, with better than 20% end-to-end efficiency demonstrated at shorter ranges, and did it horizontally through the thickest part of the atmosphere rather than straight up. That obliterated the previous mark of 230 watts at 1.7 km. Across the whole test campaign more than a megajoule was transferred.

Put that in this book’s units. Thirty seconds at 800 watts is 0.007 kWh. The entire campaign’s megajoule is 0.28 kWh, about five minutes of an electric kettle. A proposed one-gigawatt station is a million times the power of that record, and would deliver the campaign’s whole energy output in one thousandth of a second. The record is a genuine achievement and it is a different technology from the microwave link a solar satellite would use; what it is not is evidence that the transmission problem is solved.21

The cost claims sit either side of NASA’s. The ESA’s Solaris lead expects to start at $100 to $200 per MWh (competitive with nuclear, above wind and solar) and to fall eventually below $50, against the $20 to $45 that American wind and solar cost in 2021. NASA’s own reference designs came out at $610 and $1590 per MWh. Both cannot be right, and the difference is not a disagreement about physics but about how much cheaper launch and manufacturing will get.22



If the hardware were not launched at all

Which brings the one argument that attacks the right term. Launch is 71 to 77% of NASA’s lifecycle cost. Every other proposal (better cells, cleverer antennas, longer life) nibbles at the remaining quarter. The only idea that touches the dominant term is to stop launching the mass: make the structure out of material that is already up there.

The idea is old in fiction (Daniel Suarez’s Delta-v is built on it), and it now has companies attached. TransAstra proposes capturing a 100-tonne asteroid and moving it to a stable near-Earth orbit as a robotic outpost for processing, with metals for structure, water for propellant and inert rock for shielding; a first mission that the company hoped to launch in 2026 and which had not flown when this was written, rendezvous in 2028 or 2029, and hundreds of later missions aggregating up to a million tonnes through the 2030s. It is at the funded-study stage, with $2.5 million from NASA’s commercial research programme and matching private money, and its hardware so far is a one-metre prototype capture bag deployed on the Space Station in October 2025.23

Now do the arithmetic that matters, because it is more encouraging than this book’s usual answer and still not enough.

NASA’s reference design 1 needs 5900 tonnes of hardware. TransAstra’s ambition of a million tonnes is, in raw mass, about 170 such satellites, so the resource is not the constraint. The constraint is what fraction of a solar power satellite can be made from asteroid rock. Structure, shielding and reaction mass, plausibly. Photovoltaic cells and microwave electronics, not for a very long time.

Suppose that fraction is generous: everything except the cells and the electronics, and suppose those are a fifth of the mass. The launch term falls to a fifth of itself, and the lifecycle cost falls from $0.61 to about $0.26 per kWh. At three-tenths of the mass it is $0.31. That is more than a halving, and it is still five to fifteen times terrestrial solar.

So in-space resources are the strongest form of the argument, they attack exactly the right number, and on the most favourable assumption available they do not close the gap. The reason is the one this chapter keeps arriving at from different directions: when a cost is dominated by delivery, even cutting delivery to a fifth cuts the total by little more than half, and the thing being compared against has been falling faster than that for twenty years.

None of which says it will never happen, and the honest form of the objection is about sequence rather than possibility. Every step described here is real work by real engineers, and the launch cost has fallen further in this book’s lifetime than almost any other figure in it. But an asteroid-supplied orbital factory is a prerequisite of a cheap solar power satellite, not a consequence of one, and prerequisites of that size are how a technology stays thirty years away for fifty years.

There is a smaller version of the same idea that has now flown, and it is worth setting beside the asteroid because it shows which term each one touches. In the summer of 2026 a small satellite called Replicator 2, built by a company named Orbital Matter with the European Space Agency and Thales Alenia, carried four printers into orbit. Each one extrudes a coil of resin and cures it with ultraviolet light into a rigid tube. One printed a beam half a metre long, the first made on a free-flying spacecraft. Another printed a boom that unrolled a flexible solar array. The company’s engineers believe booms of 100 metres are feasible. They plan a 5 kW array in 2028, and they talk of more than 100 kW per wing by 2030.

What gets printed is the frame, and nothing in the announcement suggests making the cells themselves in orbit. The resin is also launched from Earth, so the printer does not remove mass from the launch the way asteroid rock would. What it removes is folding. A boom that is printed in orbit does not need to fit inside a fairing and unfold later, and that is a real constraint on how large an array can be. It is not the constraint in NASA’s arithmetic, though. Even the 2030 target is a ten-thousandth of a one-gigawatt station. The customer the company names is not anyone on the ground either. It wants to sell larger arrays for spacecraft that use the power where it is generated, orbital data centres among them, and so it belongs to the version of the idea in the next section rather than to this one.24



The version that survives is not about Earth at all

There is a variant of the idea that the NASA arithmetic does not touch, and it is the more interesting one.

Everything above is the cost of sending power down. If the power is used in space, that entire problem disappears: no rectenna, no atmospheric path, and above all no fleet of launches whose only purpose is to lift a transmitter aimed at Earth. And there are processes that would rather be off Earth for reasons that have nothing to do with electricity: continuous unshadowed sunlight, hard vacuum available in unlimited quantity without pumping, and sustained microgravity. The candidates usually named are optical fibre of a kind that crystallises badly under gravity, certain pharmaceuticals and tissue growth, silicon wafers, and exotic metallurgy.25

And there is an argument that deserves to be stated because it is not the usual one: some processes are poisonous. Smelting, electrowinning and the separation of rare earths produce waste streams whose containment is a large part of their cost and most of their political difficulty. Somewhere with no biosphere changes what containment means.

Two things have to be said against that, and they are the same two this book says elsewhere. First, it is structurally the argument for relocating a dirty industry anywhere, and chapter 15 is about what happened when Britain solved its industrial emissions that way. The harm moved and the accounting stopped following it. An orbital smelter does not use less energy; it moves the harm somewhere the ledger does not reach, and adds a launch. Second, the economics only work if the output stays in space. Anything brought down pays the gravity well again in the expensive direction, and the whole case rests on materials being worth more at the top of the well than at the bottom.

Which is why beamed power’s honest niche is probably platform to platform rather than orbit to ground: no atmosphere, short distances, and a customer who cannot easily get energy any other way.

None of this belongs in this book’s kilowatt-hours per day per person, and it is not offered as British energy supply. If it ever matters, it will matter as somewhere to put industry rather than somewhere to get electricity from, and the number that decides it is dollars per kilogram to orbit, which is the number that decides everything else in the field too.




Notes and further reading

[image: Figure 25.12]

Figure 25.12. Two engineers assembling an eSolar esolar.com concentrating power station using heliostats (mirrors that rotate and tip to follow the sun). esolar.com make medium-scale power stations: a 33 MW (peak) power unit on a 64 hectare site. That’s 51 W/m2 peak, so I’d guess that in a typical desert location they would deliver about one quarter of that: 13 W/m2. esolar.com


(Figure omitted from this edition: third-party rights.)



Figure 25.13. A high-voltage DC power system in China. Photo: ABB.

Further reading: European Commission (2007), German Aerospace Center (DLR) Institute of Technical Thermodynamics Section Systems Analysis and Technology Assessment (2006), www.solarmillennium.de.







Concentrating solar power in deserts delivers an average power per unit area of roughly 15 W/m2. My sources for this number are two companies making concentrating solar power for deserts. www.stirlingenergy.com says one of its dishes with a 25 kW Stirling engine at its focus can generate 60 000 kWh/y in a favourable desert location. They could be packed at a concentration of one dish per 500 m2. That’s an average power of 14 W/m2. They say that solar dish Stirling makes the best use of land area, in terms of energy delivered. www.ausra.com uses flat mirrors to heat water to 285 °C and drive a steam turbine. The heated, pressurized water can be stored in deep metal-lined caverns to allow power generation at night. Describing a “240 MW(e)” plant proposed for Australia (Mills and LiÈvre, 2004), the designers claim that 3.5 km2 of mirrors would deliver 1.2 TWh(e); that’s 38 W/m2 of mirror. To find the power per unit land area, we need to allow for the gaps between the mirrors. Ausra say they need a 153 km by 153 km square in the desert to supply all US electric power (Mills and Morgan, 2008). Total US electricity is 3600 TWh/y, so they are claiming a power per unit land area of 18 W/m2. This technology goes by the name compact linear fresnel reflector (Mills and Morrison, 2000; Mills et al., 2004; Mills and Morgan, 2008). Incidentally, rather than “concentrating solar power,” the company Ausra prefers to use the term solar thermal electricity (STE); they emphasize the benefits of thermal storage, in contrast to concentrating photovoltaics, which don’t come with a natural storage option. Trieb and Knies (2004), who are strong proponents of concentrating solar power, project that the alternative concentrating solar power technologies would have powers per unit land area in the following ranges: parabolic troughs, 14–19 W/m2; linear fresnel collector, 19–28 W/m2; tower with heliostats, 9–14 W/m2; stirling dish, 9–14 W/m2. There are three European demonstration plants for concentrating solar power. Andasol – using parabolic troughs; Solúcar PS10, a tower near Seville; and Solartres, a tower using molten salt for heat storage. The Andasol parabolictrough system shown in figure 25.4 is predicted to deliver 10 W/m2. Solúcar’s “11 MW” solar tower has 624 mirrors, each 121 m2. The mirrors concentrate sunlight to a radiation density of up to 650 kW/m2. The receiver receives a peak power of 55 MW. The power station can store 20 MWh of thermal energy, allowing it to keep going during 50 minutes of cloudiness. It was expected to generate 24.2 GWh of electricity per year, and it occupies 55 hectares. That’s an average power per unit land area of 5 W/m2. (Source: Abengoa Annual Report 2003.) Solartres will occupy 142 hectares and is expected to produce 96.4 GWh per year; that’s a power density of 8 W/m2. Andasol and Solartres will both use some natural gas in normal operation.



HVDC is already used to transmit electricity over 1000-km distances in South Africa, China, America, Canada, Brazil, and Congo. Sources: Asplund (2004), Bahrman and Johnson (2007). Further reading on HVDC: Carlsson (2002).



Losses on a 3500 km-long HVDC line, including conversion from AC to DC and back,would be about 15%. Sources: Trieb and Knies (2004); van Voorthuysen (2008).



According to Amonix, concentrating photovoltaics would have an average power per unit land area of 18 W/m2. The assumptions of www.amonix.com are: the lens transmits 85% of the light; 32% cell efficiency; 25% collector efficiency; and 10% further loss due to shading. Aperture/land ratio of 1/3. Normal direct irradiance: 2222 kWh/m2/year. They expect each kW of peak capacity to deliver 2000 kWh/y (an average of 0.23 kW). A plant of 1 GW peak capacity would occupy 12 km2 of land and deliver 2000 GWh per year. That’s 18 W/m2.



The Desertec Industrial Initiative (Dii GmbH) was founded in Munich in 2009 by a consortium including Munich Re, Siemens, Deutsche Bank, E.ON, RWE, ABB and others, with a headline figure of about €400 billion (£345 billion) for the full vision. Siemens announced its withdrawal in 2012 and Bosch in 2013; the Desertec Foundation and Dii separated in July 2013; by the end of 2014 the membership had fallen to three (RWE, ACWA Power and State Grid Corporation of China) and the remaining organisation moved to Dubai as a consultancy. Accounts of why it failed differ in emphasis and most are retrospective journalism rather than analysis; the factors consistently cited are the capital cost against a falling photovoltaic price, sovereign and transit risk, water requirements for mirror cleaning and cooling in arid regions, disagreement over ownership and offtake terms between European and North African participants, and the political upheavals from 2010 onwards. Capacity figures: concentrating solar power worldwide is about 6.9 GW as of 2024, against photovoltaics above 1500 GW in 2025; the levelised cost comparison of roughly $0.035/kWh for photovoltaics against $0.10–0.118 for concentrating solar is from recent market surveys and, per chapter M, should be read as an ordering rather than as precise values. Noor Ouarzazate’s four phases total about 580 MW, of which roughly 510 MW is concentrating solar and the remainder photovoltaic.



The Xlinks Morocco–UK Power Project proposed 11.5 GW of generation (solar and wind) in Guelmim-Oued Noun, 22.5 GWh of battery storage, and a 3.6 GW high-voltage direct-current interconnector of about 4000 km to Alverdiscott in Devon, at a reported capital cost around £25 billion. On 26 June 2025 the UK government confirmed it would not proceed with a contract for difference, citing a lack of alignment with its objective of prioritising domestically generated energy; the developer subsequently withdrew its Development Consent Order application. The project has not been formally abandoned by its promoters, who have said they will seek other routes, so this edition records a government decision rather than the end of the scheme. The reasoning attributed to officials, a preference for “homegrown” supply, is from press reporting rather than from the published decision, and should be read as such; the published position is the alignment point.



NordLink (Norway–Germany, 1400 MW) and the North Sea Link (Norway–United Kingdom, 1400 MW) both entered commercial operation in 2021. The NO2 price of NOK 13.16/kWh was reached in mid-December 2024, its highest since 2009. The estimate that Norwegian prices would be about 25% lower without the interconnectors is an analyst calculation of forward prices rather than an observation, and depends on assumptions about hydrological conditions and about what Norwegian producers would otherwise do with the water; it should be read as an order of magnitude. Norwegian politics on this moved quickly between 2024 and 2025 and may move again: what is recorded here is that a Storting majority opposes further interconnection, that renegotiation of the British and German agreements has been proposed by several parties, and that the Skagerrak cables to Denmark come up for renewal in 2026. Note the countervailing case, which Norwegian proponents make: the cables also import cheap power in wet, windy periods, and the export revenue accrues to Norwegian producers, many of them publicly owned, so the transfer is partly from Norwegian households to Norwegian municipalities rather than out of the country.



Rachel Millard and Alan Smith, “Britain curbs power exports to Europe to preserve supplies”, Financial Times, August 2026, reporting the newspaper’s own analysis of National Energy System Operator data. Net transfer capacity restrictions are a long-standing tool available to the operator on four interconnectors: Nemo to Belgium, Viking to Denmark, North Sea Link to Norway and ElecLink to France; what was new in July 2026 was the use of the “margin extremes” designation to reduce day-ahead export capacity to zero, on 24, 29, 30 and 31 July. The June episode with Belgium is under investigation by Ofgem and by lawyers appointed by NESO, and the whistleblower allegations were raised in Parliament; nothing is established about them and this edition records only that an investigation exists. NESO’s own position is that such limits are a normal part of operating an increasingly dynamic system, are agreed and used by all system operators where needed, and do not diminish the interconnectors’ role in cross-border trade. Norway’s block on new interconnector development until 2029 is separate and is described in the note above.



Figure 25.9a is computed for this edition, not quoted. Method. Daily mean electricity demand against a population-weighted daily mean temperature, weekdays only, 1 January 2021 to 31 August 2026, with August dropped throughout, so the last month in the fit is July 2026. Two ordinary least-squares lines per country, on the days below 15 °C and the days above 20 °C. The thresholds are fixed rather than fitted. A fitted breakpoint would suit each country better and would make the six incomparable, which is the opposite of what the figure is for. Sources. Load is ENTSO-E, taken through the energy-charts API, the same route chapter 26 uses for prices. Great Britain is the exception twice over: its ENTSO-E feed has been incomplete since Brexit (no nuclear, no solar and no load series), so British demand comes from NESO’s own historic demand data, and it is taken as ND plus NESO’s estimates of distribution-connected solar and wind. Adding the embedded generation back matters more than it sounds. British national demand is metered at the transmission system, so rooftop and field-scale solar is netted off before it is counted; without the correction a hot sunny day registers as a fall in demand and Britain appears to have a negative summer arm. Temperatures are daily means from the Open-Meteo archive, which serves the ERA5 reanalysis (the source chapter 7’s Cambridge figure uses), averaged over the five largest cities of each country and weighted by approximate metropolitan population. The weights only weight the temperature. Four cautions. The slopes are conditional on being on the arm and are therefore steeper than a sensitivity computed across a whole year: Ember’s published figures, about 0.8% per degree for Europe as a whole and about 2.5% for France, are on the second basis and are not the same quantity as the 4.1% here. Winter days are short as well as cold, and this method cannot separate the lighting and behaviour part of the winter slope from the heating part, so the cold arm is an upper bound on what heating alone contributes. The Swedish summer slope is −0.21 GW per degree with a standard error of 0.13 on 33 days (weekdays outside August, so perhaps twice that many warm days in the calendar), which is not distinguishable from zero and is also confounded with the Swedish industrial summer; the figure says so rather than drawing it. And the 3 GW per degree for five countries added together assumes they warm together, which is what a European heatwave does and is not what every warm day does. The method is Alberto Pagnetti’s, “Termosensibilità: quanto pesa la temperatura sulla domanda elettrica”, Rivista Energia, 1 September 2026, which sets out the same construction for France, Italy, Spain and Germany from ENTSO-E and Meteostat data. The computation here is this edition’s own and adds Great Britain and Sweden; any error in it is not his.



Solar chimneys. Sources: Schlaich J (2001); Schlaich et al. (2005); Dennis (2006), www.enviromission.com.au, www.solarairpower.com.



Iceland’s average geothermal electricity generation is just 0.3 GW. Iceland’s average electricity production is 1.1 GW. These are the statistics for 2006: 7.3 TWh of hydroelectricity and 2.6 TWh of geothermal electricity, with capacities of 1.16 GW and 0.42 GW, respectively. Source: Orkustofnun National Energy Authority [www.os.is/page/energystatistics].



The electricity-import shift after the April 2023 nuclear exit: Clean Energy Wire, “Q&A – Germany’s nuclear exit: one year after”; on wider import dependence, Clean Energy Wire, “Germany and the EU remain heavily dependent on imported fossil fuels”.



Sweden’s criticism of German energy policy as prices rose: France 24, “Sweden sees red over Germany’s energy policy”, December 2024.



Fraunhofer ISE, “One year since Germany’s nuclear exit”, 2024; see also the German economy ministry’s earlier “get away from gas”, energiewende.bundeswirtschaftsministerium.de.



The cannibalization model and its references: https://oluies.github.io/elmix/modell/referenser.html .



Net electricity imports (imports minus exports), Ember via Our World in Data, https://ourworldindata.org/grapher/net-electricity-imports . The share of supply uses German generation of 431.7 TWh in 2024, from the Bundesnetzagentur’s 2024 electricity market data. UK generation for the 2017 comparison is about 290 TWh a year, from the same Our World in Data electricity dataset used elsewhere in this edition. Accounting bases differ: the Bundesnetzagentur’s commercial trade figures for 2023 are 54.1 TWh imported against 42.4 TWh exported, a net 11.7 TWh, where the Ember series plotted here gives 9.2 TWh. The sign and the shape of the turn are the same either way.



Polina Emelianova, Pia Hoffmann-Willers and Oliver Ruhnau, “Redistribution through cross-border electricity trade: How to achieve Pareto improvement for consumers?”, Energy Policy 218 (2026) 115522, https://doi.org/10.1016/j.enpol.2026.115522 , open access under CC BY. The welfare and surplus figures are their 2035 baseline case; the 2024 zonal prices in the paragraph above are theirs too, from ENTSO-E. The paper notes that the Swedish government signalled in early 2026 that it might reopen the project, conditional on Germany improving its price signals and adding baseload, so its fate is unsettled. Two other projects were stopped the same way: NorthConnect between Norway and the UK, cancelled in March 2023, and Eleclink 2 between Britain and France, paused by both regulators.



Erica Rodgers, Ellen Gertsen, Jordan Sotudeh, Carie Mullins, Amanda Hernandez, Hanh Nguyen Le, Phil Smith and Nikolai Joseph, Space-Based Solar Power, NASA Office of Technology, Policy, and Strategy, report ID 20230018600, 11 January 2024: https://www.nasa.gov/wp-content/uploads/2024/01/otps-sbsp-report-final-tagged-approved-1-8-24-tagged-v2.pdf. Baseline lifecycle costs of $0.61/kWh for reference design 1 and $1.59/kWh for reference design 2 in FY22 dollars, against 2050 projections of $0.02–0.05/kWh for terrestrial renewables. Launch accounts for 71% and 77% of cost respectively; RD1 requires 2321 launches for 5.9 million kg of mass and RD2 3960 launches for 10 million kg, with twelve of every thirteen launches serving only to refuel payloads in low Earth orbit for transfer to geostationary; 1.5 and 2 million spacecraft modules are manufactured. Lifecycle emissions of 26 and 40 gCO₂eq/kWh compare with 13–43 for terrestrial renewables and 385 for the 2021 US grid. The favourable combination — $500/kg launch, electric orbital transfer, fifteen-year hardware life, cheaper servicers, learning curves of 85% or better — gives $0.03 and $0.08/kWh and 3.78 and 4.33 gCO₂eq/kWh. Two notes on reading it. The study models Starship because it was the largest heavy-lift vehicle with published data, which NASA states is not an endorsement; and its favourable $500/kg is still well above SpaceX’s own stated ambition, so the report is not assuming the industry fails to improve — it is assuming it improves substantially and finding that this is not sufficient on its own.



Launch costs per kilogram to low Earth orbit are not published on a consistent basis and any comparison across eras involves choices. The Space Shuttle figure of roughly $54 000/kg — some sources give $60 000 — is the whole-programme cost divided by mass delivered, in inflation-adjusted terms, which is the fair basis for comparison with a commercial price but is much higher than the Shuttle’s marginal cost per flight. The Falcon 9 and Falcon Heavy figures are list prices divided by maximum stated payload, which flatters them, since few payloads fill the vehicle; SpaceX’s rideshare rate, the number a small customer actually pays, is around $7000/kg. The ~97% reduction is therefore a comparison of a fully burdened public programme against a commercial list price at full utilisation, and the honest statement is that the fall is large and real but that the precise percentage depends on which pair of numbers is chosen. Starship is advertised at figures an order of magnitude below Falcon Heavy; it had not flown an operational payload to orbit at the time of writing, so this edition quotes it as a target rather than a price.



Reflect Orbital’s published figures (18 m square mirrors of aluminised film at about 16 kg, 600–650 km altitude, a roughly 5 km ground spot, about $35 million raised, a first satellite (Eärendil-1) on a rideshare in late 2026, an ambition of up to 50 000 reflectors by 2035 and a target of about 200 W/m² delivered) are the company’s own, as summarised in public reporting. The arithmetic here is this edition’s: the Sun’s angular diameter of 0.533° gives a minimum spot of 5.58 km at 600 km, matching the company’s own figure; 324 m² at 1361 W/m² and 90% reflectivity is 397 kW, which over a 5 km circular spot of 1.96 × 10⁷ m² is 0.020 W/m², requiring about 9900 mirrors simultaneously for 200 W/m². Three caveats in the company’s favour. A mirror could be given slight curvature or the constellation could use lower orbits, both of which reduce the spot somewhat, though neither escapes the angular limit by more than a modest factor. The relevant comparison for a solar farm may be energy over a pass rather than peak intensity. And the 200 W/m² figure may be intended as an aspiration for a mature constellation over a small number of premium sites rather than a general service. None of those changes the order of magnitude, which is the point at issue. The astronomical objections are the European Southern Observatory’s (a factor of three to four in background sky brightness at its Chilean sites), those of astronomers associated with the Vera C. Rubin Observatory, and those of dark-sky and environmental organisations; the company disputes their severity. Eärendil-1, a 142 kg spacecraft, was authorised by the United States Federal Communications Commission on 9 July 2026 after a proceeding that attracted nearly 1900 public comments, predominantly critical, with a condition that the company coordinate with NASA and the National Science Foundation on optical astronomy protection. That authorisation covers one demonstration satellite and not the constellation.



DARPA’s Persistent Optical Wireless Energy Relay programme, announced 16 May 2025: over 800 W received at 8.6 km for 30 seconds, better than 20% end-to-end efficiency measured at shorter ranges, using a laser transmitter and a receiver with a parabolic mirror feeding photovoltaic cells, tested in New Mexico; the previous reported best was 230 W at 1.7 km for 25 seconds, and more than a megajoule was transferred across the campaign. The programme is now complete. Two things stop this being a straightforward precedent for space solar. It is optical rather than microwave, and the two behave quite differently in atmosphere: a laser is stopped by cloud where a microwave link is not, which is the property that makes microwaves the choice for orbit-to-ground. And it was ground-to-ground, which the programme rightly presents as harder than a vertical path for a given distance, but which also means the range is about a four-thousandth of geostationary altitude and a seventieth of the 600 km orbits proposed for mirror constellations. The comparison in the text is therefore between the best beamed power anyone has demonstrated and the power a proposed station would deliver, which is a fair way to show the size of the remaining step and not a claim that the step is impossible.



Caltech’s Space Solar Power Demonstrator flew as SSPD-1 in January 2023; MAPLE, the Microwave Array for Power-transfer Low-orbit Experiment, demonstrated wireless power transfer between a transmitter and two receivers roughly a foot apart on 3 March 2023, lighting a pair of LEDs, and separately directed a beam that was detected at Caltech. The distinction between “detected” and “delivered” is the whole of the demonstration’s meaning and is often lost in reporting of it. The one-square-kilometre collector for a gigawatt station, the comparison with the International Space Station, the fifty-fold power-to-weight requirement and the 10 to 15% conversion target are from reporting of the European Space Agency’s Solaris work and a Nature account of the field; the cost expectations of $100–200 per MWh falling below $50 are Sanjay Vijendran’s for ESA, against $20–45 per MWh for American wind and solar in 2021 from the Energy Information Administration. Those figures come from advocates of the technology speaking about their own programme, which is worth stating beside NASA’s $610 and $1590, produced by an agency assessing rather than proposing. This edition quotes both and does not adjudicate between them; what it observes is that the disagreement is about future launch and manufacturing costs rather than about any physical quantity.



TransAstra’s proposal to capture a 100-tonne asteroid and move it to a stable near-Earth orbit, with a first mission the company hoped to launch in 2026 (not flown at the time of writing), rendezvous in 2028 or 2029, and later missions aggregating up to a million tonnes through the 2030s, is from SpaceNews reporting of the company’s plans; the funding is $2.5 million from NASA’s Commercial Research and Products Program with matching private investment, the propulsion is the company’s solar-thermal system, and the flight hardware to date is a one-metre prototype capture bag deployed on the International Space Station in October 2025. This is a funded feasibility study with a prototype, not a mining industry, and the dates should be read as intentions. The cost arithmetic in the text is this book’s own: NASA’s launch share of 71% for reference design 1 applied to its $0.61 per kWh, with the launched fraction reduced to the share of mass that cells and electronics represent, taken at a fifth and three-tenths. Both are guesses, chosen to be favourable to the proposal. A real satellite would also need to launch the manufacturing plant, which this calculation ignores entirely, and the asteroid material would have to be refined into aerospace-grade structure in orbit, which nobody has done with any material anywhere. The conclusion that the gap does not close is therefore robust to the assumption being wrong in the optimistic direction. Daniel Suarez’s Delta-v (2019) is a novel, and is cited as the place the idea is worked out at length rather than as evidence for it.



T. Fernholz, “Orbital Matter 3D-printed the first rigid beam in the vacuum of space”, TechCrunch, 3 November 2026, https://techcrunch.com/2026/11/03/orbital-matter-3d-printed-the-first-rigid-beam-in-the-vacuum-of-space/. Replicator 2 launched on a SpaceX rideshare in summer 2026 and carried four printers, one of which failed. The article compares the 100-metre booms the company believes feasible with the 20-metre arrays on Starlink V2 satellites. The 5 kW mission scheduled for 2028 and the more than 100 kW per wing by 2030 are company targets, not demonstrations, and the firm reported a $3 million seed round. A NASA-funded Redwire project printed structural beams in a vacuum chamber in 2023 but did not fly.



The list of processes said to favour orbit — ZBLAN optical fibre, pharmaceuticals and tissue growth, silicon wafers, exotic metallurgy — and the argument that asteroid material is worth most if it never comes down are from the author’s Q&A accompanying Daniel Suarez’s novel Delta-v: https://daniel-suarez.com/deltav_QandA.html. It is a novelist’s companion piece written to defend the plausibility of a story, not a technical assessment, and its figures should be treated accordingly — its claim of “700% more energy” for orbital solar is in the right region for the resource ratio but is not a delivered-energy comparison, and its 85% microwave transmission efficiency is an end-to-end figure that other sources put lower. It is cited here for the shape of the argument about which processes want to be off Earth, which is well made, rather than for its numbers. Note that the only one of these products currently manufactured in orbit at commercial scale is optical fibre, in small quantities.





26 Fluctuations and storage


The wind, as a direct motive power, is wholly inapplicable to a system of machine labour, for during a calm season the whole business of the country would be thrown out of gear. Before the era of steam-engines, windmills were tried for draining mines; but though they were powerful machines, they were very irregular, so that in a long tract of calm weather the mines were drowned, and all the workmen thrown idle.

William Stanley Jevons, 1865



[image: Figure 26.1]

Figure 26.1. Electricity demand in Great Britain (in kWh/d per person) during two winter weeks and two summer weeks of 2006. The peaks in January are at 6pm each day. The five-day working week is evident in summer and winter. (If you’d like to obtain the national demand in GW, remember the top of the scale, 24 kWh/d per person, is the same as 60 GW per UK.)

If we kick fossil fuels and go all-out for renewables, or all-out for nuclear, or a mixture of the two, we may have a problem. Most of the big renewables are not turn-off-and-onable. When the wind blows and the sun comes out, power is there for the taking; but maybe two hours later, it’s not available any more. Nuclear power stations are not usually designed to be turn-off-and-onable either. They are usually on all the time, and their delivered power can be turned down and up only on a timescale of hours. This is a problem because, on an electricity network, consumption and production must be exactly equal all the time. The electricity grid can’t store energy. To have an energy plan that adds up every minute of every day, we therefore need something easily turn-off-and-onable. It’s commonly assumed that the easily turn-off-and-onable something should be a source of power that gets turned off and on to compensate for the fluctuations of supply relative to demand (for example, a fossil fuel power station!). But another equally effective way to match supply and demand would be to have an easily turn-off-and-onable demand for power – a sink of power that can be turned off and on at the drop of a hat.
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Figure 26.2. Total output, in MW, of all wind farms of the Republic of Ireland, from April 2006 to April 2007 (top), and detail from January 2007 to April 2007 (middle), and February 2007 (bottom). Peak electricity demand in Ireland is about 5000 MW. Its wind “capacity” in 2007 is 745 MW, dispersed in about 60 wind farms. Data are provided every 15 minutes by www.eirgrid.com.

Either way, the easily turn-off-and-onable something needs to be a big something because electricity demand varies a lot (figure 26.1). The demand sometimes changes significantly on a timescale of a few minutes. This chapter discusses how to cope with fluctuations in supply and demand, without using fossil fuels.


How much do renewables fluctuate?

However much we love renewables, we must not kid ourselves about the fact that wind does fluctuate.

Critics of wind power say: “Wind power is intermittent and unpredictable, so it can make no contribution to security of supply; if we create lots of wind power, we’ll have to maintain lots of fossil-fuel power plant to replace the wind when it drops.” Headlines such as “Loss of wind causes Texas power grid emergency” reinforce this view. 1 Supporters of wind energy play down this problem: “Don’t worry – individual wind farms may be intermittent, but taken together, the sum of all wind farms in different locations is much less intermittent.” 2

Let’s look at real data and try to figure out a balanced viewpoint. Figure 26.2 shows the summed output of the wind fleet of the Republic of Ireland from April 2006 to April 2007. 3 Clearly wind is intermittent, even if we add up lots of turbines covering a whole country. The UK is a bit larger than Ireland, but the same problem holds there too. 4 Between October 2006 and February 2007 there were 17 days when the output from Britain’s 1632 windmills was less than 10% of their capacity. During that period there were five days when output was less than 5% and one day when it was only 2%.
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Figure 26.3. Electricity demand in Great Britain during two winter weeks of 2006. The left and right scales show the demand in national units (GW) and personal units (kWh/d per person) respectively. These are the same data as in figure 26.1.

Let’s quantify the fluctuations in country-wide wind power. The two issues are short-term changes, and long-term lulls. Let’s find the fastest short-term change in a month of Irish wind data. On 11th February 2007, the Irish wind power fell steadily from 415 MW at midnight to 79 MW at 4am. That’s a slew rate of 84 MW per hour for a country-wide fleet of capacity 745 MW. (By slew rate I mean the rate at which the delivered power fell or rose – the slope of the graph on 11th February.) OK: if we scale British wind power up to a capacity of 33 GW (so that it delivers 10 GW on average), we can expect to have occasional slew rates of

84 MW/h ×33 000 MW745 MW= 3700 MW/h,
\text{84\ MW/h~} \times \ \frac{\text{33\ 000\ MW}}{\text{745\ MW}}\  = \text{~3700\ MW/h,}


assuming Britain is like Ireland. So we need to be able to either power up replacements for wind at a rate of 3.7 GW per hour – that’s 4 nuclear power stations going from no power to full power every hour, say – or we need to be able to suddenly turn down our demand at a rate of 3.7 GW per hour.

Could these windy demands be met? In answering this question we’ll need to talk more about “gigawatts.” Gigawatts are big country-sized units of power. They are to a country what a kilowatt-hour-per-day is to a person: a nice convenient unit. The UK’s average electricity consumption is about 40 GW. We can relate this national number to personal consumption: 1 kWh per day per person is equivalent to 2.5 GW nationally. So if every person uses 16 kWh per day of electricity, then national consumption is 40 GW.

Is a national slew-rate of 4 GW per hour completely outside human experience? No. Every morning, as figure 26.3 shows, British demand climbs by about 13 GW between 6.30am and 8.30am. That’s a slew rate of 6.5 GW per hour. So our power engineers already cope, every day, with slew rates bigger than 4GW per hour on the national grid. An extra occasional slew of 4 GW per hour induced by sudden wind variations is no reasonable cause for ditching the idea of country-sized wind farms. It’s a problem just like problems that engineers have already solved. We simply need to figure out how to match ever-changing supply and demand in a grid with no fossil fuels. I’m not saying that the wind-slew problem is already solved – just that it is a problem of the same size as other problems that have been solved.

OK, before we start looking for solutions, we need to quantify wind’s other problem: long-term lulls. At the start of February 2007, Ireland had a country-wide lull that lasted five days. This was not an unusual event, as you can see in figure 26.2. Lulls lasting two or three days happen several times a year.

There are two ways to get through lulls. Either we can store up energy somewhere before the lull, or we need to have a way of reducing demand during the entire lull. (Or a mix of the two.) If we have 33 GW of wind turbines delivering an average power of 10 GW then the amount of energy we must either store up in advance or do without during a five-day lull is

10 GW × (5 × 24 h) = 1200 GWh.

(The gigawatt-hour (GWh) is the cuddly energy unit for nations. Britain’s electricity consumption is roughly 1000 GWh per day.)

To personalize this quantity, an energy store of 1200 GWh for the nation is equivalent to an energy store of 20 kWh per person. Such an energy store would allow the nation to go without 10 GW of electricity for 5 days; or equivalently, every individual to go without 4 kWh per day of electricity for 5 days.



Coping with lulls and slews

We need to solve two problems – lulls (long periods with small renewable production), and slews (short-term changes in either supply or demand). We’ve quantified these problems, assuming that Britain had roughly 33 GW of wind power. To cope with lulls, we must effectively store up roughly 1200 GWh of energy (20 kWh per person). The slew rate we must cope with is 6.5 GW per hour (or 0.1 kW per hour per person).

There are two solutions, both of which could scale up to solve these problems. The first solution is a centralized solution, and the second is decentralized. The first solution stores up energy, then copes with fluctuations by turning on and off a source powered from the energy store. The second solution works by turning on and off a piece of demand.

The first solution is pumped storage. The second uses the batteries of the electric vehicles that we discussed in Chapter 20. Before I describe these solutions, let’s discuss a few other ideas for coping with slew.


Other supply-side ways of coping with slew

Some of the renewables are turn-off-and-onable. If we had a lot of renewable power that was easily turn-off-and-onable, all the problems of this chapter would go away. Countries like Norway and Sweden have large and deep hydroelectric supplies which they can turn on and off. What might the options be in Britain?

First, Britain could have lots of waste incinerators and biomass incinerators – power stations playing the role that is today played by fossil power stations. If these stations were designed to be turn-off-and-onable, there would be cost implications, just as there are costs when we have extra fossil power stations that are only working part-time: their generators would sometimes be idle and sometimes work twice as hard; and most generators aren’t as efficient if you keep turning them up and down, compared with running them at a steady speed. OK, leaving cost to one side, the crucial question is how big a turn-off-and-onable resource we might have. If all municipal waste were incinerated, and an equal amount of agricultural waste were incinerated, then the average power from these sources would be about 3 GW. If we built capacity equal to twice this power, making incinerators capable of delivering 6 GW, and thus planning to have them operate only half the time, these would be able to deliver 6 GW throughout periods of high demand, then zero in the wee hours. These power stations could be designed to switch on or off within an hour, thus coping with slew rates of 6 GW per hour – but only for a maximum slew range of 6 GW! That’s a helpful contribution, but not enough slew range in itself, if we are to cope with the fluctuations of 33 GW of wind.

What about hydroelectricity? Britain’s hydroelectric stations have an average load factor of 20% so they certainly have the potential to be turned on and off. Furthermore, hydro has the wonderful feature that it can be turned on and off very quickly. Glendoe, a new hydro station with a capacity of 100 MW, will be able to switch from off to on in 30 seconds, for example. That’s a slew rate of 12 GW per hour in just one power station! So a sufficiently large fleet of hydro power stations should be able to cope with the slew introduced by enormous wind farms. However, the capacity of the British hydro fleet is not currently big enough to make much contribution to our slew problem (assuming we want to cope with the rapid loss of say 10 or 33 GW of wind power). The total capacity of traditional hydroelectric stations in Britain is only about 1.5 GW.

So simply switching on and off other renewable power sources is not going to work in Britain. We need other solutions.




Pumped storage

Pumped storage systems use cheap electricity to shove water from a downhill lake to an uphill lake; then regenerate electricity when it’s valuable, using turbines just like the ones in hydroelectric power stations.




	
station

	
power (GW)

	
head (m)

	
volume
 (million m3)

	
energy stored
 (GWh)






	
Ffestiniog

	
0.36

	
320–295

	
1.7

	
1.3




	
Cruachan

	
0.40

	
365–334

	
11.3

	
10




	
Foyers

	
0.30

	
178–172

	
13.6

	
6.3




	
Dinorwig

	
1.80

	
542–494

	
6.7

	
9.1






Table 26.4. Pumped storage facilities in Britain. The maximum energy storable in today’s pumped storage systems is about 30 GWh.
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Figure 26.5. How pumped storage pays for itself. Electricity prices, in £ per MWh, on three days in 2006 and 2007.
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[image: Half-hourly GB electricity prices on three days of 2026. A January day runs from 73 to 291 pounds per MWh; a typical day from 72 to 128; an April day falls to minus 58 pounds around midday before recovering to 122 in the evening.]

Figure 26.5b. The same picture two decades on. Added in the 2026 revision.

The mechanism MacKay describes is intact and the numbers are not. His figure 26.5 shows three days of 2006–07 to explain how a pumped storage station earns its keep: buy in the overnight trough, sell into the evening peak. On 8 January 2026 the gap between the cheapest and dearest half-hour was £218 per MWh. On 7 April it was £179 — and the trough was below zero, at −£58, so a store was paid to fill.

That is the return that built Britain’s batteries, and it also explains their shape. Everything in this picture is captured inside a single day, so a two-hour battery collects most of what is on offer. Nothing here pays anyone to hold energy from one week to the next, which is the storage this chapter is actually about.5

How many batteries is that? A public register of the Great Britain connection queue, rebuilt daily from the transmission and distribution operators’ own tables, counts 2803 storage projects totalling 532 GW, of which 15.5 GW is built and connected — already more than five times the power of Britain’s pumped storage.6 The rest of that number is not a forecast: two-thirds of the capacity, 340 GW across 1019 projects, sits at scoping, the least committed stage there is, and the connection dates run out to 2039.

And it is counted in the wrong unit for this chapter. The register records megawatts, because that is what a connection agreement is for, and megawatts are what the daily spread pays for. Put the connected 15.5 GW at the two hours the market rewards and it holds about 31 GWh — Britain’s entire battery fleet stores about as much energy as the four pumped storage stations finished by 1984, and about 2.6% of the 1200 GWh this chapter says the country needs to survive a lull. Build the whole 532 GW queue, every speculative project in it, still at two hours, and it comes to roughly 1070 GWh: the complete pipeline, fifteen years out, arrives at about the number MacKay wrote down for one week without wind.

The four pumped storage stations of table 26.4 and figure 26.17 are the same four. Nothing has been added to the British fleet since Dinorwig opened in 1984, and the roughly 30 GWh MacKay quotes is still the figure. What has changed is the queue behind it. Coire Glas, at Loch Lochy, is designed for 30 GWh at 1300 MW — on its own it would double everything Britain has — and its 1.2 km exploratory tunnel is complete. In June 2026 Ofgem named it among sixteen long-duration storage projects in a minded-to decision on cap-and-floor support, the mechanism that finally addresses the problem this chapter identifies: a store that earns from a daily spread cannot finance a facility built for a week-long lull.

And the same argument is being had elsewhere. Fortum, which already operates three small pumped stations in Värmland totalling 89.5 MW, is studying three new Swedish sites — Lekstjärnen in Älvdalen, and Bastvålen and Höljessjön in Torsby — on the criteria this chapter would use: head, water, and proximity to the grid. None has a published energy figure yet.7

Figure 26.6. Llyn Stwlan, the upper reservoir of the Ffestiniog pumped storage scheme in north Wales. Energy stored: 1.3 GWh. Photo by Adrian Pingstone.

Britain has four pumped storage facilities, which can store 30 GWh between them (table 26.4, figure 26.6). They are typically used to store excess electricity at night, then return it during the day, especially at moments of peak demand – a profitable business, as figure 26.5 shows. The Dinorwig power station – an astonishing cathedral inside a mountain in Snowdonia – also plays an insurance role: it has enough oomph to restart the national grid in the event of a major failure. Dinorwig can switch on, from 0 to 1.3 GW power, in 12 seconds.

Dinorwig is the Queen of the four facilities. Let’s review her vital statistics. The total energy that can be stored in Dinorwig is about 9 GWh. Its upper lake is about 500 m above the lower, and the working volume of 7 million m3 flows at a maximum rate of 390 m3/s, allowing power delivery at 1.7 GW for 5 hours. The efficiency of this storage system is 75%. 8

If all four pumped storage stations are switched on simultaneously, they can produce a power of 2.8 GW. They can switch on extremely fast, coping with any slew rate that demand-fluctuations or wind-fluctuations could come up with. However the capacity of 2.8 GW is not enough to replace 10 GW or 33 GW of wind power if it suddenly went missing. Nor is the total energy stored (30 GWh) anywhere near the 1200 GWh we are interested in storing in order to make it through a big lull. Could pumped storage be ramped up? Can we imagine solving the entire lull problem using pumped storage alone?


Can we store 1200 GWh?

We are interested in making much bigger storage systems, storing a total of 1200 GWh (about 130 times what Dinorwig stores). And we’d like the capacity to be about 20 GW – about ten times bigger than Dinorwig’s. So here is the pumped storage solution: we have to imagine creating roughly 12 new sites, each storing 100 GWh – roughly ten times the energy stored in Dinorwig. The pumping and generating hardware at each site would be the same as Dinorwig’s.









	Drop from upper lake
	Working volume required (million m3)
	Example size of lake (area × depth)





	500 m
	80
	2 km2 × 40 m



	500 m
	80
	4 km2 × 20 m



	200 m
	200
	5 km2 × 40 m



	200 m
	200
	10 km2 × 20 m



	100 m
	400
	10 km2 × 40 m



	100 m
	400
	20 km2 × 20 m





Table 26.7. Pumped storage. Ways to store 100 GWh. For comparison with column 2, the working volume of Dinorwig is 7 million m3, and the volume of Lake Windermere is 300 million m3. For comparison with column 3, Rutland water has an area of 12.6 km2; Grafham water 7.4 km2. Carron valley reservoir is 3.9 km2. The largest lake in Great Britain is Loch Lomond, with an area of 71 km2. 9

Assuming the generators have an efficiency of 90%, table 26.7 shows a few ways of storing 100 GWh, for a range of height drops. (For the physics behind this table, see this chapter’s endnotes.)

Is it plausible that twelve such sites could be found? Certainly, we could build several more sites like Dinorwig in Snowdonia alone. Table 26.8 shows two alternative sites near to Ffestiniog where two facilities equal to Dinorwig could have been built. These sites were considered alongside Dinorwig in the 1970s, and Dinorwig was chosen.




	
proposed
 location

	
power
 (GW)

	
head
 (m)

	
volume
 (million m3)

	
energy stored
 (GWh)






	
Bowydd

	
2.40

	
250

	
17.7

	
12.0




	
Croesor

	
1.35

	
310

	
8.0

	
6.7






Table 26.8. Alternative sites for pumped storage facilities in Snowdonia. At both these sites the lower lake would have been a new artificial reservoir. 10


(Figure omitted from this edition: third-party rights.)



Figure 26.9. Dinorwig, in the Snowdonia National Park, compared with Loch Sloy and Loch Lomond. The upper maps show 10 km by 10 km areas. In the lower maps the blue grid is made of 1 km squares. Images produced from Ordnance Survey’s Get-a-map service www.ordnancesurvey.co.uk/getamap. Images reproduced with permission of Ordnance Survey. © Crown Copyright 2006.


(Figure omitted from this edition: third-party rights.)



Pumped-storage facilities holding significantly more energy than Dinorwig could be built in Scotland by upgrading existing hydroelectric facilities. Scanning a map of Scotland, one candidate location would use Loch Sloy as its upper lake and Loch Lomond as its lower lake. There is already a small hydroelectric power station linking these lakes. Figure 26.9 shows these lakes and the Dinorwig lakes on the same scale. The height difference between Loch Sloy and Loch Lomond is about 270 m. Sloy’s area is about 1.5 km2, and it can already store an energy of 20 GWh. If Loch Sloy’s dam were raised by another 40 m then the extra energy that could be stored would be about 40 GWh. The water level in Loch Lomond would change by at most 0.8 m during a cycle. This is less than the normal range of annual water level variations of Loch Lomond (2 m).

Figure 26.10 shows 13 locations in Scotland with potential for pumped storage. (Most of them already have a hydroelectric facility.) If ten of these had the same potential as I just estimated for Loch Sloy, then we could store 400 GWh 11 – one third of the total of 1200 GWh that we were aiming for.

[image: Figure 26.10]

Figure 26.10. Lochs in Scotland with potential for pumped storage.

We could scour the map of Britain for other locations. The best locations would be near to big wind farms. One idea would be to make a new artificial lake in a hanging valley (across the mouth of which a dam would be built) terminating above the sea, with the sea being used as the lower lake.


(Figure omitted from this edition: third-party rights.)



Figure 26.11. Okinawa pumped-storage power plant, whose lower reservoir is the ocean. Energy stored: 0.2 GWh. Photo by courtesy of J-Power. www.ieahydro.org.

Thinking further outside the box, one could imagine getting away from lakes and reservoirs, putting half of the facility in an underground chamber. A pumped-storage chamber one kilometre below London has been mooted.

By building more pumped storage systems, it looks as if we could increase our maximum energy store from 30 GWh to 100 GWh or perhaps 400 GWh. Achieving the full 1200 GWh that we were hoping for looks tough, however. Fortunately there is another solution.




Demand management using electric vehicles

To recap our requirements: we’d like to be able to store or do without about 1200 GWh, which is 20 kWh per person; and to cope with swings in supply of up to 33 GW – that’s 0.5 kW per person. These numbers are delightfully similar in size to the energy and power requirements of electric cars. The electric cars we saw in Chapter 20 had energy stores of between 9 kWh and 53 kWh. A national fleet of 30 million electric cars would store an energy similar to 20 kWh per person! Typical battery chargers draw a power of 2 or 3 kW. So simultaneously switching on 30 million battery chargers would create a change in demand of about 60 GW! The average power required to power all the nation’s transport, if it were all electric, is roughly 40 or 50 GW. There’s therefore a close match between the adoption of electric cars proposed in Chapter 20 and the creation of roughly 33 GW of wind capacity, delivering 10 GW of power on average.

Here’s one way this match could be exploited: electric cars could be plugged in to smart chargers, at home or at work. These smart chargers would be aware both of the value of electricity, and of the car user’s requirements (for example, “my car must be fully charged by 7am on Monday morning”). The charger would sensibly satisfy the user’s requirements by guzzling electricity whenever the wind blows, and switching off when the wind drops, or when other forms of demand increase. These smart chargers would provide a useful service in balancing to the grid, a service which could be rewarded financially.

We could have an especially robust solution if the cars’ batteries were exchangeable. Imagine popping in to a filling station and slotting in a set of fresh batteries in exchange for your exhausted batteries. The filling station would be responsible for recharging the batteries; they could do this at the perfect times, turning up and down their chargers so that total supply and demand were always kept in balance. Using exchangeable batteries is an especially robust solution because there could be millions of spare batteries in the filling stations’ storerooms. These spare batteries would provide an extra buffer to help us get through wind lulls. Some people say, “Horrors! How could I trust the filling station to look after my batteries for me? What if they gave me a duff one?” Well, you could equally well ask today “What if the filling station gave me petrol laced with water?” Myself, I’d much rather use a vehicle maintained by a professional than by a muppet like me!

Let’s recap our options. We can balance fluctuating demand and fluctuating supply by switching on and off power generators (waste incinerators and hydroelectric stations, for example); by storing energy somewhere and regenerating it when it’s needed; or by switching demand off and on.

The most promising of these options, in terms of scale, is switching on and off the power demand of electric-vehicle charging. 30 million cars, with 40 kWh of associated batteries each (some of which might be exchangeable batteries sitting in filling stations) adds up to 1200 GWh. If freight delivery were electrified too then the total storage capacity would be bigger still.

There is thus a beautiful match between wind power and electric vehicles. If we ramp up electric vehicles at the same time as ramping up wind power, roughly 3000 new vehicles for every 3 MW wind turbine, and if we ensure that the charging systems for the vehicles are smart, this synergy would go a long way to solving the problem of wind fluctuations. If my prediction about hydrogen vehicles is wrong, and hydrogen vehicles turn out to be the low-energy vehicles of the future, then the wind-with-electric-vehicles match-up that I’ve just described could of course be replaced by a wind-with-hydrogen match-up. The wind turbines would make electricity; and whenever electricity was plentiful, hydrogen would be produced and stored in tanks, for subsequent use in vehicles or in other applications, such as glass production.



Other demand-management and storage ideas

There are a few other demand-management and energy-storage options, which we’ll survey now.

The idea of modifying the rate of production of stuff to match the power of a renewable source is not new. Many aluminium production plants are located close to hydroelectric power stations; the more it rains, the more aluminium is produced. Wherever power is used to create stuff that is storable, there’s potential for switching that power-demand on and off in a smart way. For example, reverse-osmosis systems (which make pure water from sea-water – see chapter 15) are major power consumers in many countries (though not Britain). Another storable product is heat. If, as suggested in Chapter 21, we electrify buildings’ heating and cooling systems, especially water-heating and air-heating, then there’s potential for lots of easily-turn-off-and-onable power demand to be attached to the grid. Well-insulated buildings hold their heat for many hours, so there’s flexibility in the timing of their heating. Moreover, we could include large thermal reservoirs in buildings, and use heat-pumps to pump heat into or out of those reservoirs at times of electricity abundance; then use a second set of heat pumps to deliver heat or cold from the reservoirs to the places where heating or cooling are wanted.

Controlling electricity demand automatically would be easy. The simplest way to do this is to have devices such as fridges and freezers listen to the frequency of the mains. When there is a shortage of power on the grid, the frequency drops below its standard value of 50 Hz; when there is a power excess, the frequency rises above 50 Hz. (It’s just like a dynamo on a bicycle: when you switch the lights on, you have to pedal harder to supply the extra power; if you don’t then the bike goes a bit slower.) Fridges can be modified to nudge their internal thermostats up and down just a little in response to the mains frequency, 12 in such a way that, without ever jeopardizing the temperature of your butter, they tend to take power at times that help the grid.

Can demand-management provide a significant chunk of virtual storage? How big a sink of power are the nation’s fridges? On average, a typical fridge-freezer draws about 18 W; let’s guess that the number of fridges is about 30million. So the ability to switch off all the nation’s fridges for a few minutes would be equivalent to 0.54 GW of automatic adjustable power. This is quite a lot of electrical power – more than 1% of the national total – and it is similar in size to the sudden increases in demand produced when the people, united in an act of religious observance (such as watching EastEnders), simultaneously switch on their kettles. Such “TV pick-ups” typically produce increases of demand of 0.6–0.8 GW. Automatically switching off every fridge would nearly cover these daily blips of concerted kettle boiling. These smart fridges could also help iron out short-time-scale fluctuations in wind power. The TV pick-ups associated with the holiest acts of observance (for example, watching England play footie against Sweden) can produce sudden increases in demand of over 2 GW. On such occasions, electricity demand and supply are kept in balance by unleashing the full might of Dinorwig.

To provide flexibility to the electricity-grid’s managers, who perpetually turn power stations up and down to match supply to demand, many industrial users of electricity are on special contracts that allow the managers to switch off those users’ demand at very short notice. In South Africa (where there are frequent electricity shortages), radio-controlled demand-management systems are being installed in hundreds of thousands of homes, to control air-conditioning systems and electric water heaters. 13


Denmark’s solution

Here’s how Denmark copes with the intermittency of its wind power. The Danes effectively pay to use other countries’ hydroelectric facilities as storage facilities. Almost all of Denmark’s wind power is exported to its European neighbours, 14 some of whom have hydroelectric power, which they can turn down to balance things out. The saved hydroelectric power is then sold back to the Danes (at a higher price) during the next period of low wind and high demand. Overall, Danish wind is contributing useful energy, and the system as a whole has considerable security thanks to the capacity of the hydro system.

Could Britain adopt the Danish solution? We would need direct large-capacity connections to countries with lots of turn-off-and-onable hydroelectric capacity; or a big connection to a Europe-wide electricity grid.

Norway has 27.5 GW of hydroelectric capacity. Sweden has roughly 16 GW. And Iceland has 1.8 GW. A 1.2 GW high-voltage DC interconnector to Norway was mooted in 2003, but not built. A connection to the Netherlands – the BritNed interconnector, with a capacity of 1 GW – will be built in 2010. Denmark’s wind capacity is 3.1 GW, and it has a 1 GW connection to Norway, 0.6 GW to Sweden, and 1.2 GW to Germany, a total export capacity of 2.8 GW, very similar to its wind capacity. To be able to export all its excess wind power in the style of Denmark, Britain (assuming 33 GW of wind capacity) would need something like a 10 GW connection to Norway, 8 GW to Sweden, and 1 GW to Iceland.



A solution with two grids

[image: Figure 26.12]

Figure 26.12. Electrical production and consumption on Fair Isle, 1995–96. All numbers are in kWh/d per person. Production exceeds consumption because 0.6 kWh/d per person were dumped

A radical approach is to put wind power and other intermittent sources onto a separate second electricity grid, used to power systems that don’t require reliable power, such as heating and electric vehicle battery-charging. For over 25 years (since 1982), 15 the Scottish island of Fair Isle (population 70, area 5.6 km2) has had two electricity networks that distribute power from two wind turbines and, if necessary, a diesel-powered electricity generator. Standard electricity service is provided on one network, and electric heating is delivered by a second set of cables. The electric heating is mainly served by excess electricity from the wind-turbines that would otherwise have had to be dumped. Remote frequency-sensitive programmable relays control individual water heaters and storage heaters in the individual buildings of the community. The mains frequency is used to inform heaters when they may switch on. In fact there are up to six frequency channels per household, so the system emulates seven grids. Fair Isle also successfully trialled a kinetic-energy storage system (a flywheel) to store energy during fluctuations of wind strength on a time-scale of 20 seconds.



Electrical vehicles as generators

If 30 million electric vehicles were willing, in times of national electricity shortage, to run their chargers in reverse and put power back into the grid, then, at 2 kW per vehicle, we’d have a potential power source of 60 GW – similar to the capacity of all the power stations in the country. Even if only one third of the vehicles were connected and available at one time, they’d still amount to a potential source of 20 GW of power. If each of those vehicles made an emergency donation of 2 kWh of energy – corresponding to perhaps 20% of its battery’s energy-storage capacity – then the total energy provided by the fleet would be 20 GWh – twice as much as the energy in the Dinorwig pumped storage facility.



Other storage technologies

There are lots of ways to store energy, and lots of criteria by which storage solutions are judged. Figure 26.13 shows three of the most important criteria: energy density (how much energy is stored per kilogram of storage system); efficiency (how much energy you get back per unit energy put in); and lifetime (how many cycles of energy storage can be delivered before the system needs refurbishing). Other important criteria are: the maximum rate at which energy can be pumped into or out of the storage system, often expressed as a power per kg; the duration for which energy stays stored in the system; and of course the cost and safety of the system.
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Figure 26.13. Some properties of storage systems and fuels. (a) Energy density (on a logarithmic scale) versus lifetime (number of cycles). (b) Energy density versus efficiency. The energy densities don’t include the masses of the energy systems’ containers, except in the case of “air” (compressed air storage). Taking into account the weight of a cryogenic tank for holding hydrogen, the energy density of hydrogen is reduced from 39 000Wh/kg to roughly 2400 Wh/kg. 16

(a) Calorific values of fuels




	fuel
	calorific value (kWh/kg)
	(MJ/l)





	propane
	13.8
	25.4



	petrol
	13.0
	34.7



	diesel oil (DERV)
	12.7
	37.9



	kerosene
	12.8
	37.0



	heating oil
	12.8
	37.3



	ethanol
	8.2
	23.4



	methanol
	5.5
	18.0



	bioethanol
	
	21.6



	coal
	8.0
	



	firewood
	4.4
	



	hydrogen
	39.0
	



	natural gas
	14.85
	0.04





(b) Batteries




	battery type
	energy density (Wh/kg)
	lifetime (cycles)





	nickel-cadmium
	45–80
	1500



	NiMH
	60–120
	300–500



	lead-acid
	30–50
	200–300



	lithium-ion
	110–160
	300–500



	lithium-ion-polymer
	100–130
	300–500



	reusable alkaline
	80
	50





Table 26.14. (a) Calorific values (energy densities, per kg and per litre) of some fuels (in kWh per kg and MJ per litre). (b) Energy density of some batteries (in Wh per kg). 1 kWh = 1000Wh. 17


(Figure omitted from this edition: third-party rights.)



Figure 26.15. One of the two flywheels at the fusion research facility in Culham, under construction. Photo: EFDA-JET. www.jet.efda.org.


Flywheels

Figure 26.15 shows a monster flywheel used to supply brief bursts of power of up to 0.4 GW to power an experimental facility. It weighs 800 t. Spinning at 225 revolutions per minute, it can store 1000 kWh, and its energy density is about 1 Wh per kg.

A flywheel system designed for energy storage in a racing car can store 400 kJ (0.1 kWh) of energy and weighs 24 kg (p126). That’s an energy density of 4.6 Wh per kg.

High-speed flywheels made of composite materials have energy densities up to 100 Wh/kg.



Supercapacitors

Supercapacitors are used to store small amounts of electrical energy (up to 1 kWh) where many cycles of operation are required, and charging must be completed quickly. For example, supercapacitors are favoured over batteries for regenerative braking in vehicles that do many stops and starts. You can buy supercapacitors with an energy density of 6 Wh/kg.

A US company, EEStor, claims to be able to make much better supercapacitors, using barium titanate, with an energy density of 280 Wh/kg.



Vanadium flow batteries

VRB power systems 18 have provided a 12 MWh energy storage system for the Sorne Hill wind farm in Ireland, whose current capacity is “32 MW,” increasing to “39 MW.” (VRB stands for vanadium redox battery.) This storage system is a big “flow battery,” a redox regenerative fuel cell, with a couple of tanks full of vanadium in different chemical states. This storage system can smooth the output of its wind farm on a time-scale of minutes, but the longest time for which it could deliver one third of the capacity (during a lull in the wind) is one hour.

A 1.5 MWh vanadium system costing $480 000 occupies 70 m2 with a mass of 107 tons. The vanadium redox battery has a life of more than 10 000 cycles. It can be charged at the same rate that it is discharged (in contrast to lead-acid batteries which must be charged 5 times as slowly). Its efficiency is 70–75%, round-trip. The volume required is about 1 m3 of 2-molar vanadium in sulphuric acid to store 20 kWh. (That’s 20 Wh/kg.)

So to store 10 GWh would require 500 000 m3 (170 swimming pools) – for example, tanks 2 m high covering a floor area of 500 m × 500 m.

Scaling up the vanadium technology to match a big pumped-storage system – 10 GWh – might have a noticeable effect on the world vanadium market, but there is no long-term shortage of vanadium. Current worldwide production of vanadium is 40 000 tons per year. A 10 GWh system would contain 36 000 tons of vanadium – about one year’s worth of current production. Vanadium is currently produced as a by-product of other processes, and the total world vanadium resource is estimated to be 63 million tons.




“Economical” solutions

In the present world which doesn’t put any cost on carbon pollution, the financial bar that a storage system must beat is an ugly alternative: storage can be emulated by simply putting up an extra gas-fired power station to meet extra demand, and shedding any excess electrical power by throwing it away in heaters.




Seasonal fluctuations

[image: Figure 26.16]

Figure 26.16. Gas demand (lower graph) and temperature (upper graph) in Britain during 2007.

The fluctuations of supply and demand that have the longest timescale are seasonal. The most important fluctuation is that of building-heating, which goes up every winter. Current UK natural gas demand varies throughout the year, from a typical average of 36 kWh/d per person in July and August to an average of 72 kWh/d per person in December to February, with extremes of 30–80 kWh/d/p (figure 26.16).

Some renewables also have yearly fluctuations – solar power is stronger in summer and wind power is weaker.

How to ride through these very-long-timescale fluctuations? Electric vehicles and pumped storage are not going to help store the sort of quantities required. A useful technology will surely be long-term thermal storage. A big rock or a big vat of water can store a winter’s worth of heat for a building – Chapter E discusses this idea in more detail. In the Netherlands, summer heat from roads is stored in aquifers until the winter; and delivered to buildings via heat pumps. 19



Storage since 2008: the power was built, the energy was not

A section added in the 2026 revision. This chapter sets a target and then spends most of its length explaining why the target is hard. The target is 1200 GWh — 10 GW for five days, or 20 kWh per person — and MacKay’s answer in 2008 is that Britain’s four pumped-storage schemes hold 30 GWh between them, so the target is forty times the entire existing fleet — or, as he puts it, about 130 times what Dinorwig alone stores. Eighteen years later the arithmetic can be redone, and the result is not the one either optimists or pessimists expect.

Batteries did what solar did. A lithium-ion pack cost about $1474 per kWh (£1160) in 2010 in today’s money. In 2025 it was $108 (£85), and packs for stationary storage — which do not have to be light — reached $70 (£55). That is a fall of 93%, on the same shape of curve as chapter 6’s photovoltaic modules and for the same reason: a manufactured article produced in enormous numbers.20

And Britain built them. Grid-scale batteries in Great Britain reached roughly 7 GW and 11 to 13 GWh by the end of 2025, from almost nothing in 2015, with about 6.5 GW more under construction and over 60 GW holding planning consent. Now put that beside MacKay’s target:









	
	MacKay’s 2008 target
	Britain, end of 2025





	Power
	10 GW (his lull case)
	~10 GW (7 GW batteries + 2.8 GW pumped)



	Energy
	1200 GWh
	~43 GWh (13 batteries + 30 pumped)



	Duration
	120 hours
	1.6 to 1.9 hours for the battery fleet





Britain has built almost exactly the power MacKay asked for and about a thirtieth of the energy. That is the whole story of storage since this book was written, and it is not a story about technology failing. It is a story about which of the two numbers anybody is paid for.

A battery earns its money on frequency response, on the balancing mechanism, and on the spread between the cheapest and dearest hours of the day. Every one of those is captured within an hour or two of discharge. Adding a third hour to a two-hour battery costs half as much again in cells and earns almost nothing extra, because the price spread that pays for it is already exhausted. So the market builds power and does not build energy, and it would do so however cheap the cells became.

Which is demonstrated by the most striking number in this section. At $70 per kWh, MacKay’s 1200 GWh of storage would cost about $84 billion — £66 billion in cells. That is roughly what Hinkley Point C is costing. It is a large number and it is not an impossible one — and at 2010 prices the same store would have cost $1.8 trillion, some £1.4 trillion, which was impossible. The thing this chapter says Britain cannot afford has become affordable, and is still not being built. No market pays anyone to hold five days of electricity against a lull that arrives a few times a decade.


Which is what a Dunkelflaute is

The German word entered English during this period, and it names precisely the event this chapter’s 1200 GWh was meant to cover: a windless, sunless, cold, still high-pressure system sitting over northern Europe for days.

In the second week of December 2024, German wind output fell to about 2.8 GW against a seasonal norm near 19 GW. Intraday prices reached around €900 to €1000 per MWh, more than ten times the year’s average. A comparable event had occurred five weeks earlier, in the first week of November. Nothing broke — gas plants ran, interconnectors imported, and most consumers on fixed tariffs noticed nothing — but the price signal was unmistakable, and Germany’s competition and network regulators subsequently investigated whether the peaks were entirely explained by scarcity.21

That is the shape of the unsolved problem, and it has not changed since MacKay described it. What has changed is the diagnosis. In 2008 the answer to “why has nobody built a five-day store?” was that it would cost more than the country could contemplate. In 2026 the answer is that it would cost about one nuclear power station, and that no arrangement exists under which anyone would be paid for owning it. That is the same finding as chapters 24, 25 and 28a, reached from the storage side: the arithmetic stopped being the obstacle some time ago.



The company built to solve this exact problem went bankrupt

If the argument above is right — that long-duration storage fails on revenue rather than on physics — then the test is what happens to a firm whose whole product is long duration. There is one, and the answer is instructive.

Ambri was founded on Donald Sadoway’s liquid-metal battery work at MIT: molten calcium and antimony electrodes with a molten salt between them, a cell with no membrane, no separator and nothing to degrade, designed to last decades and to sit still for long periods without loss. It is, on paper, close to the ideal machine for MacKay’s 1200 GWh. It was backed by Bill Gates and by Khosla Ventures, and it raised money for fourteen years.

In May 2024 it filed for Chapter 11, after a $300 million (£240 million) funding round failed to close. Its assets were sold in July 2024 to a consortium of its own lenders — including Gates Frontier — and the company was recapitalised under a co-founder. It continues to develop the technology and has commissioned pilots. As of 2026 it remains, as it was in 2014, pre-revenue at commercial scale.22

Read that carefully, because it is not a story about a chemistry that did not work. The cells work. What did not work was fourteen years of trying to sell duration into a market that pays for power. The technology built specifically to solve the problem this chapter poses failed for the reason this chapter’s problem is unsolved, which is a tidier demonstration than any argument.

One thing MacKay’s framing does get exactly right, and it deserves restating, because the cheapness of batteries has encouraged the opposite belief. Chapter M records Graham Palmer’s finding that storage shows sharp diminishing returns as the share of variable generation rises: the first units are used constantly and pay for themselves, while later units cycle rarely and do not. A fleet averaging 1.6 hours is the market discovering that curve empirically. The last few days of storage are the expensive ones, and they always will be, because they are used least.



The second firm with the same product found a buyer

Ambri is not the only test of that argument, and the other one is running the other way. It is worth recording, because what changed is not the cell.

Energy Dome stores electricity as carbon dioxide. Compressors liquefy the gas and the heat of compression is held in a thermal store; to discharge, that heat is given back to the liquid CO2, which gasifies and expands through a turbine before returning to the dome. Round-trip efficiency is about 70%, against something near 90% for lithium-ion. On the axes of figure 26.13 that is not a contender. The company’s claim is a system cost 10 to 15% below lithium-ion at eight hours’ duration, which is the trade this whole section is about: twenty points of efficiency given away to buy hours, because hours are what is scarce.

The first commercial plant has run in Sardinia since 2025, rated at 200 MWh and up to 24 hours. In June 2026 Google contracted a second 200 MWh plant in Ireland for 2028, and the announced pipeline is some 30 GWh across five continents.

Two things follow, and they point opposite ways. The first is the buyer. Ambri spent fourteen years failing to sell duration into a market that pays for power. Energy Dome sold it to a data-centre operator, in the country where chapter 11a finds data centres standing at 29.1% of national peak load. That is chapter 11a’s demand fork arriving on the supply side of this chapter: the load that can earn eighty kronor from a kilowatt-hour is also the load that can afford to pay for duration, and it is the first offtaker in this story with a reason to. If long-duration storage has been failing on revenue rather than on physics, then a buyer who is indifferent to the price of electricity is precisely the thing that would change the answer.

The second is the scale, and it deflates the first. This chapter gives British pumped storage as roughly 30 GWh, unchanged since Dinorwig opened in 1984, and Coire Glas alone as a proposed 30 GWh. Energy Dome’s entire pipeline, across five continents, is about one Coire Glas. The Sardinian plant is 200 MWh, which is seven-thousandths of that pipeline, and MacKay’s requirement earlier in this chapter is 1200 GWh — forty times the pipeline and six thousand times the plant. A technology can be commercially vindicated and arithmetically irrelevant at the same time, and on today’s numbers this one is both. Which is the chapter’s point restated rather than overturned: the buyer may have been found, and the energy still has not been built.23



Sweden pays its batteries for standing still, and Britain pays less

A section added in the 2026 revision. The claim above — that the market builds power and not energy — can be tested against one country’s actual prices, and Sweden is a good test because it has the cheap hours a battery wants. In 2025 3.3% of price periods in SE3 were negatively priced and 17.5% were under €10 a megawatt-hour, and the four cheapest hours of the average day cost €17.8.

Buying at €17.8 and selling at €82 still does not pay for the machine. The four dearest hours of the average SE3 day fetched €82.2. Against that, a four-hour battery has to recover its capital: at BloombergNEF’s global turnkey figure of $110 per kilowatt-hour it needs about €51 000 per megawatt a year, and at the €172 per kilowatt-hour reported for Swedish projects, about €89 000. Per megawatt-hour delivered at a cycle a day, the Swedish case costs €97 all in — €15 more than the average day earns. SE4’s wider spread turns a €3 profit instead. The median day is worse than the average in both zones, because a handful of extreme days carry the mean.

[image: What a battery earns by market in Sweden and in Britain against what it costs, in thousands of euros per megawatt of connected power per year. Day-ahead arbitrage returns 72 in SE3, 93 in SE4 and 69 in Britain, against costs of 51 or 89 depending on capex. Sweden's FCR-D returns 57 and its aFRR 103 to 232; Britain's Dynamic Containment returns 36 and its Dynamic Regulation 54 to 121.]

Figure 26.16a. Added in the 2026 revision. Everything in euros per megawatt of connected power per year, because that is the unit the reserve markets pay in. Britain is on the same axes because it has the same two kinds of market and a longer history of batteries in them.24

The reserve markets are where the money is, and they are the chapter’s argument in its purest form. Svenska kraftnät’s own 2025 monthly reports put FCR-D up at €5.89 to €8.91 per megawatt per hour and aFRR up in SE3 at €29.40 — four to five times as much. At 40% availability aFRR alone covers the Swedish capital cost; at 90% it covers it nearly three times over. FCR-D at 90% covers 64% of it.

Now notice what those payments are for. They are capacity payments: euros per megawatt per hour for standing ready, whether or not anything is delivered. A battery earning them barely cycles. Its entire revenue depends on the power it can offer and none of it on the energy it can store — so a fifth hour of storage adds nothing whatever to the largest revenue line a Swedish battery has.

Britain is the same argument with the prices already fallen. It has both kinds of market, and its day-ahead spread in 2025 was wider than SE3’s in euros: the cheapest four hours of the average day cost £52.6 and the dearest £111.1, a spread of €68 against SE3’s €64. The battery still earned less — €69 000 per megawatt against €72 000 — because Britain has almost no genuinely cheap hours. Only 5.0% of half-hours were under €10 against SE3’s 17.5%, so the eighth of the energy lost to the round trip is bought at €61 a megawatt-hour rather than €18. A wide spread at a high price level is worth less than the same spread at a low one, which is the reverse of the intuition that a country with expensive electricity must be a good place to store it.

And Britain’s reserve markets pay about half of Sweden’s. NESO’s 2025 auctions cleared Dynamic Containment low — the nearest thing to FCR-D up — at £3.93 per megawatt per hour, €4.58 against Sweden’s €7.22, and Dynamic Regulation low, the nearest thing to aFRR, at £13.17, €15.37 against €29.40. On the chart that is 36 against 57, and 54–121 against 103–232. This figure cannot prove why, but it can state what is true: Britain’s response markets are large and long established, NESO cleared an average of 1 215 megawatts of containment in every four-hour block of the year, and their prices have fallen for years as batteries arrived in them. Sweden’s €29.40 is not a fact about batteries. It is a fact about how few of them there are. A Swedish business case resting on it is a bet that this stays true, and Britain is what happens when it does not.25

That is a sharper version of what this chapter argued from the British fleet’s 1.6 hours. There the market paid for energy within a short window and stopped. Here the market pays for availability, and the duration term disappears from the revenue side altogether. The section above supposed a cheaper cell would not change what gets built. This is why: the thing being sold is not the stored energy at all.

Svenska kraftnät’s own accounts have since begun to show the British outcome arriving. The net cost of frequency containment to its balancing business fell from 1 974 million kronor in 2023 to 1 259 million in 2024 and 628 million in 2025, and in 2025 the agency’s total FCR cost fell by 1 723 million kronor, which it credits to a greater number of pre-qualified suppliers, to new kinds of resource including energy storage, and to a lower power price. That is the FCR side being competed down by exactly the resources the price was summoning, which is what a capacity payment is supposed to do and also what makes it a poor foundation for a twenty-year business case. Whether the same has yet happened to the €29.40, which is an aFRR price, these figures cannot say: they are Svenska kraftnät’s procurement costs, not its aFRR clearing prices.26



A cheaper cell arrives, and changes nothing about duration

A section added in the 2026 revision. The argument above says the market builds power and not energy, and would do so however cheap the cells became. That is a strong claim, and a test of it arrived while this edition was being written.

Sodium-ion is the first chemistry since lithium with a policy tailwind behind it. On 17 July 2026 China’s finance ministry ended eleven years of exemption: lithium-ion batteries carry a 2% consumption tax from 1 September 2026, rising to 4% from 1 September 2027, while sodium-ion, solid-state and fuel cells stay exempt until the end of 2028. That is a twenty-eight-month window in which one chemistry is taxed and its substitute is not, in the country that builds most of the world’s cells. The hardware is real too: CATL’s sodium cell reached 175 Wh/kg, and the first mass-production sodium-ion passenger car was announced in February 2026 with a 45 kWh pack and over 400 km of range.27

Two cost claims travel with it, and they are not the same claim. The first is a price: sodium cells at 0.32 to 0.50 yuan per watt-hour, against Chinese lithium-iron-phosphate storage cells averaging 0.365 in April 2026, in a range of 0.335 to 0.395. Those two ranges overlap rather than separate, and the manufacturers settle it themselves — CATL says it expects to reach cost parity with lithium iron phosphate by the end of 2026, which is a statement that the cells are not cheaper now. The second claim is a levelised cost about 12% below lithium iron phosphate in storage, and that is a different quantity: lifetime cost divided by lifetime throughput, which a dearer cell can still win if it lasts longer or wastes less.

The trouble is that the mechanism has closed. A levelised advantage at an equal or higher cell price has to come from somewhere — more cycles, better round-trip efficiency, or cheaper everything-else. Sodium’s headline is 10 000 cycles; lithium-iron-phosphate storage cells are now quoted at 6 000 to 10 000, so the cycle term is parity rather than advantage. Lower energy density means more steel, land and wiring for each stored kilowatt-hour, which pushes the other way. No assumptions are published with the 12%, and levelised cost is the number in this book most sensitive to the assumptions nobody prints.

Suppose the claim were true anyway. Suppose sodium cells arrive at a fifth below lithium and stay there. Redo this section’s arithmetic: MacKay’s 1200 GWh falls from about $84 billion in cells to $67 billion. That is a large saving on a number that was already affordable, and it does not build a single extra hour of duration, because the thing that stops the third hour being built is not the price of the third hour’s cells. It is that nothing pays for the energy it stores.

Which is why this belongs in this chapter rather than in a chapter about batteries. A cheaper cell makes power cheaper and energy cheaper in exactly the same proportion, so it moves both sides of a ratio that was never the binding constraint. Ambri’s cells worked and the company still failed. Sodium’s cells work, and may or may not be cheap, and the market they arrive into is the same one.



Mythconceptions


“Renewables can’t provide baseload power.”

The word is the problem. Baseload is a description of a supply, not a requirement of a demand. It names the constant output of plant that is uneconomic to turn down — coal, and nuclear — and the grids that were built around such plant acquired the habit of describing it as a need. What a demand actually requires is that supply matches it at every moment, which is a question about flexibility, not about constancy.

That said, this chapter is not a comfortable place to make the optimistic case. Matching a fluctuating supply to a fluctuating demand needs storage, interconnection or demand that moves, and what this chapter records is that Britain built the power and not the energy. Against MacKay’s target of 10 GW for five days, it has roughly 10 GW — almost exactly what he asked for — and about 43 GWh against the 1200 GWh the five-day lull needs, which is a thirtieth. The battery fleet’s duration is 1.6 to 1.9 hours, and a Dunkelflaute lasts days. So the correct objection to renewables is not that they cannot provide baseload. It is that the multi-day store this chapter sizes at 1200 GWh has not been built — and seasonal storage, a separate and much larger problem, still less.28





Notes

[image: Figure 26.17]

Figure 26.17. Efficiency of the four pumped storage systems of Britain.

[image: Figure 26.18]

Figure 26.18. A possible site for another 7 GWh pumped storage facility. Croesor valley is in the centre-left, between the sharp peak (Cnicht) on the left and the broader peaks (the Moelwyns) on the right.

V = 100 GWh/(ρghε),

where ρ is the density of water and g is the acceleration of gravity. I assumed the generators have an efficiency of ε = 0.9.







“Loss of wind causes Texas power grid emergency”. [2l99ht] Actually, my reading of this news article is that this event, albeit unusual, was an example of normal power grid operation. The grid has industrial customers whose supply is interruptible, in the event of a mismatch between supply and demand. Wind output dropped by 1.4 GW at the same time that Texans’ demand increased by 4.4 GW, causing exactly such a mismatch between supply and demand. The interruptible supplies were interrupted. Everything worked as intended. Here is another example, where better power-system planning would have helped: “Spain wind power hits record, cut ordered.” [3x2kvv] Spain’s average electricity consumption is 31 GW. On Tuesday 4th March 2008, its wind generators were delivering 10 GW. “Spain’s power market has become particularly sensitive to fluctuations in wind.”



Supporters of wind energy play down this problem: “Don’t worry – individual wind farms may be intermittent, but taken together, the sum of all wind farms is much less intermittent.” For an example, see the website yes2wind.com, which, on its page “debunking the myth that wind power isn’t reliable” asserts that “the variation in output from wind farms distributed around the country is scarcely noticeable.” www.yes2wind.com/intermittency_debunk.html



The total output of the wind fleet of the Republic of Ireland. Data from eirgrid.com [2hxf6c].



…wind is intermittent, even if we add up lots of turbines covering a whole country. The UK is a bit larger than Ireland, but the same problem holds there too. Source: Oswald et al. (2008).



Half-hourly GB market-index prices are from Elexon’s balancing-mechanism reporting service, the APX index, fetched by the gbPrices step of this edition’s data-refresh script. The three days are chosen from a sample of 49 full days across January, February, April, June and July 2026: the widest spread in that sample, the median-spread day, and the day with the lowest trough. They are therefore illustrative rather than typical, in exactly the way MacKay’s three days of 2006–07 were, and the median day is included so the extremes are not read as ordinary. Nine of the 49 sampled days had at least one half-hour priced below zero, all of them in spring. The market index is a day-ahead price and is not what any particular generator or store receives; it is the signal storage responds to rather than its revenue, and a real operator’s return depends on how much of the spread it can capture after round-trip losses.



GB BESS Pipelines, bess.gb124.com, a public tracker of transmission- and distribution-connected battery storage in Great Britain, which rebuilds itself from the network operators’ registers — 1323 transmission and 1480 distribution records at the sync of 8 September 2026, the figures quoted here. Its capacity column is power in megawatts, not energy: the register exists to manage connection agreements, and a connection agreement is a right to inject so many megawatts, silent on how long for. That is why the durations in this section have to be supplied from elsewhere, and the two hours used here is the shape the revenue in figure 26.5b pays for rather than a figure the register reports. Its “built” category, 74 projects and 15.4 GW, plus three separately marked as connected, is the only part of the total that exists; scoping projects have no consent, no connection date that binds anyone, and a long history of not being built. The tracker also carries 18 pumped hydro projects totalling 11.1 GW, which is the queue behind Coire Glas described above. Treat the 532 GW as the size of the queue, which is a fact about the queue rather than about Britain’s future storage.



Coire Glas is SSE Renewables’ proposed scheme at Loch Lochy: 30 GWh of storage at 1300 MW, described by the developer as able to run for up to 24 hours, with a 1.2 km exploratory tunnel completed and a final investment decision repeatedly deferred. In June 2026 Ofgem included it among sixteen long-duration electricity storage projects in a minded-to decision on cap-and-floor support; SSE’s response was that a significant number of points of detail remain to be resolved, which is the ordinary language of a project that is not yet financed. Nothing here is built, and this edition records a pipeline rather than a fleet — the last British pumped storage station to be commissioned was Dinorwig in 1984, and a forty-year gap is the fact that matters. The Swedish sites are Fortum’s: Lekstjärnen in Älvdalen kommun, Dalarna, and Bastvålen and Höljessjön in Torsby kommun, Värmland, announced in 2025 as a feasibility study against criteria of head, water availability and grid proximity; the company’s existing Kymmen, Letten and Eggsjön stations total 89.5 MW. No energy capacity has been published for the three proposals, so they cannot yet be put in this chapter’s units.



Dinorwig’s pumped-storage efficiency is 75%. Figure 26.17 shows data. Further information about Dinorwig and the alternate sites for pumped storage: Baines et al. (1983, 1986).



Table 26.7. The working volume required, V, is computed from the height drop h as follows. If ε is the efficiency of potential energy to electricity conversion,



Table 26.8, Alternative sites for pumped storage facilities. The proposed upper reservoir for Bowydd was Llyn Newydd, grid reference SH 722 470; for Croesor: Llyn Cwm-y-Foel, SH 653 466.



If ten Scottish pumped storage facilities had the same potential as Loch Sloy, then we could store 400 GWh. This rough estimate is backed up by a study by Strathclyde University [5o2xgu] which lists 14 sites having an estimated storage capacity of 514 GWh.



Fridges can be modified to nudge their internal thermostats up and down . . . in response to the mains frequency. [2n3pmb] Further links: Dynamic Demand www.dynamicdemand.co.uk; www.rltec.com; www.responsiveload.com.



In South Africa… demand-management systems are being installed. Source: [2k8h4o]



Almost all of Denmark’s wind power is exported to its European neighbours. Source: Sharman (2005).



For over 25 years (since 1982), Fair Isle has had two electricity networks. www.fairisle.org.uk/FIECo/ Wind speeds are between 3 m/s and 16 m/s most of the time; 7 m/s is the most probable speed.



Figure 26.13. Storage efficiencies. Lithium-ion batteries: 88% efficient. Source: www.national.com/appinfo/power/files/swcap eet.pdf Lead-acid batteries: 85–95%. Source: www.windsun.com/Batteries/Battery FAQ.htm Compressed air storage: 18% efficient. Source: Lemofouet-Gatsi and Rufer (2005); Lemofouet-Gatsi (2006). See also Denholm et al. (2005). Air/oil: hydraulic accumulators, as used for regenerative braking in trucks, are compressed-air storage devices that can be 90%-efficient round-trip and allow 70% of kinetic energy to be captured. Sources: Lemofouet-Gatsi (2006), [5cp27j].



Table 26.14. Sources: Xtronics xtronics.com/reference/energy density.htm; Battery University [2sxlyj]; flywheel information from Ruddell (2003). The latest batteries with highest energy density are lithium-sulphur and lithium-sulphide batteries, which have an energy density of 300 Wh/kg. Some disillusioned hydrogen-enthusiasts seem to be making their way up the periodic table and becoming boronenthusiasts. Boron (assuming you will burn it to B2O3) has an energy density of 15 000Wh per kg, which is nice and high. But I imagine that my main concern about hydrogen will apply to boron too: that the production of the fuel (here, boron from boron oxide) will be inefficient in energy terms, and so will the combustion process.



Vanadium flow batteries. Sources: www.vrbpower.com; Ireland wind farm [ktd7a]; charging rate [627ced]; worldwide production [5fasl7].



… summer heat from roads is stored in aquifers… [2wmuw7].



Battery pack prices are BloombergNEF’s annual survey: a volume-weighted average of $108/kWh in 2025, down 8% on 2024 and 93% below the 2010 figure of about $1474/kWh expressed in 2025 dollars, with packs destined for stationary storage reaching $70/kWh — for the first time the cheapest segment, because a grid battery has no weight or volume constraint. The decline is attributed to cell manufacturing overcapacity, competition, and the shift to lithium iron phosphate chemistry. Pack price is not system price: a delivered grid battery costs perhaps two to three times the cells once inverters, containers, cooling, connection and civil works are added, so the $84 billion figure in the text is a cell cost and a floor rather than an installed cost. Great Britain’s operational fleet is reported at about 6.8–7 GW and 11–13 GWh at the end of 2025, depending on the tracker and on whether projects in commissioning are counted, with an average duration near 1.6 hours; roughly 6.5 GW is under construction and over 60 GW holds planning consent, of which only a fraction will be built.



German wind output fell to about 2.8 GW against a seasonal norm near 19 GW during the Dunkelflaute of 11–12 December 2024, with intraday prices peaking above €900/MWh and reported near €1000, more than ten times the year’s average; a similar event occurred in the first week of November 2024. The Bundesnetzagentur and Bundeskartellamt published a joint study of these price peaks in October 2025, examining whether they were fully explained by scarcity — an investigation into conduct, not a finding of manipulation, and this edition does not report a conclusion. Note also that the event was expensive rather than dangerous: firm capacity and imports covered demand throughout, and consumers on fixed tariffs were unaffected. The word Dunkelflaute has no exact English equivalent and is now used untranslated in the English-language literature.



Ambri Inc. filed for Chapter 11 in Delaware on 5 May 2024 after a Series F round targeting about $300 million failed to close and a bridge financing fell through. Its assets were sold under section 363 on 31 July 2024 to a consortium of pre-bankruptcy lenders including funds managed by Gates Frontier, Paulson and Co. and Fortistar; the company emerged recapitalised with co-founder David Bradwell as chief executive and continues to develop its liquid-metal cells, with pilot installations commissioned. The bankruptcy case itself remained open into 2026 for claims administration. Two things should be said in fairness. Ambri’s difficulties were not purely about the market for duration — manufacturing a cell that operates at around 500 °C at low cost proved harder and slower than projected, which is a technical failure as well as a commercial one. And a single company’s failure does not establish a general claim; it is offered here as an illustration of the argument above rather than as evidence for it. Several other long-duration developers, using iron-air and thermal approaches, remain funded and are also pre-commercial.



“2026 Climate Tech Companies to Watch: Energy Dome and its carbon dioxide batteries”, MIT Technology Review, 6 October 2026: https://www.technologyreview.com/2026/10/06/1145032/2026-climate-tech-companies-to-watch-energy-dome-carbon-dioxide-batteries/. Figures are as that piece reports them: round-trip efficiency about 70% against near 90% for lithium-ion; a claimed system cost 10 to 15% below lithium-ion for an eight-hour system; the Sardinian plant operational in 2025 at 200 MWh with duration up to 24 hours, described as able to supply about 18 000 Italian homes for ten hours, which is an average near 20 MW and so about 1.1 kW a household; a Google agreement of June 2026 for a 200 MWh plant in Ireland expected online in 2028; and a pipeline of approximately 30 GWh across five continents. Four cautions. The cost advantage is the company’s claim as the piece reports it and not an audited figure, and no cost per kilowatt is given, so the 10 to 15% cannot be checked against the levelised arithmetic this chapter uses elsewhere. One operating plant is not evidence of scaling, which the piece says itself. The piece also notes that plants using natural-gas turbines for waste heat emit greenhouse gases, which would subtract from the case; this edition has not established which configuration the announced plants use, and the point is recorded rather than resolved. And a 2028 date announced in 2026 is a plan and not a plant — the caution chapter 11a applies at length to connection queues applies here too, and the Irish plant is in the queue of the very grid that chapter finds most congested. The comparisons in the text are this edition’s, drawn from figures given earlier in this chapter: British pumped storage of about 30 GWh, Coire Glas’s proposed 30 GWh, and MacKay’s own 1200 GWh.



Capacity prices are Svenska kraftnät’s own monthly reports for 2025: FCR-D up averaged €5.89 per megawatt per hour in March, €8.91 in April, which was the year’s high, and €6.86 in October, an average of €7.22, which is what the figure draws; FCR-D down reached €11.38 in April; aFRR up averaged €29.40 in SE3 and €36.60 in SE4 in March. Day-ahead prices are Energy-Charts’ series for SE3 and SE4 and Elexon’s APXMIDP market index for Britain, all of 2025, from which the cheapest and dearest four hours of each day are taken and then averaged over the year. The Swedish series is hourly until the day-ahead market moved to quarter-hours on 1 October 2025 and quarter-hourly after it, so four hours is taken as a sixth of each day’s price points rather than a fixed count. An earlier printing of this section quoted €16 and €85.5 for SE3 from the same source; those do not reproduce, and the figures here, €17.8 and €82.2, are what the stated method gives. Capital costs use BloombergNEF’s Energy Storage Systems Cost Survey of December 2025, which gives a global average turnkey cost of $110 per kilowatt-hour for four-hour systems from 596 project submissions, converted at the European Central Bank’s 2025 average of $1.13 to the euro; the €172 per kilowatt-hour is a figure reported for Swedish projects rather than a published survey, and it is 70% above the global average, which is plausible for Nordic labour, grid connection and smaller project sizes but is not independently sourced here. The levelisation is this edition’s: 365 cycles a year, fifteen years, a 7% discount rate, 88% round-trip efficiency, 90% depth of discharge and operating costs at 2% of capital a year. Those assumptions matter more than the price data: at 250 cycles rather than 365 the arbitrage case fails in both zones, and at 500 it succeeds in both. The availability shares for the reserve markets are illustrative rather than observed, since a battery cannot sell its full capacity into every market in every hour. What the figure is for is the comparison between revenue that scales with megawatts and revenue that scales with megawatt-hours, and that comparison does not depend on the particular percentages. Everything on the price side is regenerated by mill Refresh.scala chapter-26-batteries, which writes data-refresh/battery-prices.csv; the capital costs and Svenska kraftnät’s capacity prices stay hand-entered, because neither is published as an open series.



British prices are Elexon’s APXMIDP market-index series for 2025, treated exactly as the Swedish ones, and NESO’s Enduring Auction Capability results for the same calendar year, which straddle two British financial years and are therefore taken from both archives and weighted by cleared volume. The 2025 volume-weighted clearing prices are £3.93 per megawatt per hour for Dynamic Containment low, £6.51 for Dynamic Moderation low, £13.17 for Dynamic Regulation low, £5.46 for positive Quick Reserve and £4.63 for positive Balancing Reserve; the figure draws the first and the third. Sterling is converted at the European Central Bank’s 2025 average of £0.857 to the euro. The pairing of products across the two countries is by function and is not exact: Dynamic Containment is a post-fault containment product like FCR-D up, and Dynamic Regulation a continuous pre-fault one like aFRR, but the specifications, the procurement volumes and the penalty regimes all differ, so the comparison is of orders of magnitude rather than like for like.



Svenska kraftnät, Årsredovisning 2025. The segment figures are the net cost of frequency containment charged to the Balansering business: 1 974 million kronor in 2023, 1 259 in 2024 and 628 in 2025. The 1 723 million kronor fall is the whole agency’s FCR cost between 2024 and 2025, and the reasons given — “fler aktörer på marknaden, en ökning av nya typer av resurser så som bland annat energilager och ett lägre elpris” — are Svenska kraftnät’s own. Two cautions. The segment figure and the agency figure are different quantities and should not be subtracted from one another; both are quoted because the first shows the trend and the second the single-year step. And a falling procurement cost is not by itself proof that prices per megawatt fell, since the volume Svenska kraftnät buys also changes from year to year; the 2024 report attributes that year’s fall partly to the move to marginal pricing on the FCR markets in February 2024, which is a rule change rather than a change in the fleet. What the accounts do establish is the direction, and that Svenska kraftnät names storage among the causes.



China’s State Council and Ministry of Finance announced on 17 July 2026 that the consumption-tax exemption for lithium-ion batteries would end, with 2% levied from 1 September 2026 and 4% from 1 September 2027, and that sodium-ion, solid-state and fuel cells would remain exempt from 1 September 2026 to the end of 2028; solar cells are taxed on a similar schedule from April 2027. The 175 Wh/kg figure is CATL’s for its Naxtra cell, and the vehicle is the Changan Nevo A06, announced in February 2026 as the first mass-production passenger car with sodium-ion cells, with a 45 kWh pack and a stated range above 400 km — which is a CLTC figure, a cycle that typically runs a quarter to a third above real-world consumption, so 280 to 320 km is the fairer comparison with the European figures used elsewhere in this book. Cell prices are the more uncertain part of this note. The 0.365 yuan/Wh average for 314 Ah lithium-iron-phosphate storage cells in April 2026, its 0.335–0.395 range, and the rise from 0.300 in late October 2025 are trade-press figures with a named basis; the 0.32–0.50 range quoted for sodium is drawn from supplier and industry listings rather than from a price index of the same quality, and should be treated as indicative. The comparison in the text is this edition’s arithmetic on those two ranges, not a published finding. Cycle-life figures are the commonly quoted ranges rather than a single test protocol, and are the weakest link in the levelised-cost argument in both directions. The $67 billion is $84 billion less a fifth, and inherits every caution attached to the $84 billion. Michael Barnard objected in public to the unsourced economics of the post this note follows, before the note was written; the specific reading of the levelised claim here is this edition’s.



The claim is one of the energy- and economics-related entries in the Skeptical Science catalogue of climate arguments, https://skepticalscience.com/argument.php. The answer given here is this book’s own, worked from the arithmetic in this chapter rather than restated from that source; the reference is included because the catalogue is the most complete list of what is actually argued, and because a reader meeting one of these claims deserves somewhere to go that is not this book. Chapter 31 explains why most of that catalogue is not this book’s argument, and carries the counts.





27 Five energy plans for Britain

If we are to get off our current fossil fuel addiction we need a plan for radical action. And the plan needs to add up. The plan also needs a political and financial roadmap. Politics and economics are not part of this book’s brief, so here I will simply discuss what the technical side of a plan that adds up might look like.

There are many plans that add up. In this chapter I will describe five. Please don’t take any of the plans I present as “the author’s recommended solution.” My sole recommendation is this:


Make sure your policies include a plan that adds up!



Each plan has a consumption side and a production side: we have to specify how much power our country will be consuming, and how that power is to be produced. To avoid the plans’ taking many pages, I deal with a cartoon of our country, in which we consume power in just three forms: transport, heating, and electricity. This is a drastic simplification, omitting industry, farming, food, imports, and so forth. But I hope it’s a helpful simplification, allowing us to compare and contrast alternative plans in one minute. Eventually we’ll need more detailed plans, but today, we are so far from our destination that I think a simple cartoon is the best way to capture the issues.

I’ll present a few plans that I believe are technically feasible for the UK by 2050. All will share the same consumption side. I emphasize again, this doesn’t mean that I think this is the correct plan for consumption, or the only plan. I just want to avoid overwhelming you with a proliferation of plans. On the production side, I will describe a range of plans using different mixes of renewables, “clean coal,” and nuclear power.


The current situation

The current situation in our cartoon country is as follows. Transport (of both humans and stuff) uses 40 kWh/d per person. Most of that energy is currently consumed as petrol, diesel, or kerosene. Heating of air and water uses 40 kWh/d per person. Much of that energy is currently provided by natural gas. Delivered electricity amounts to 18 kWh/d/p and uses fuel (mainly coal, gas, and nuclear) with an energy content of 45 kWh/d/p. The remaining 27 kWh/d/p goes up cooling towers (25 kWh/d/p) and is lost in the wires of the distribution network (2 kWh/d/p). The total energy input to this present-day cartoon country is 125 kWh/d per person.
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Figure 27.1. Current consumption per person in “cartoon Britain 2008” (left two columns), and a future consumption plan, along with a possible breakdown of fuels (right two columns). This plan requires that electricity supply be increased from 18 to 48 kWh/d per person of electricity.



Common features of all five plans

In my future cartoon country, the energy consumption is reduced by using more efficient technology for transport and heating.

In the five plans for the future, transport is largely electrified. Electric engines are more efficient than petrol engines, so the energy required for transport is reduced. Public transport (also largely electrified) is better integrated, better personalized, and better patronized. I’ve assumed that electrification makes transport about four times more efficient, and that economic growth cancels out some of these savings, so that the net effect is a halving of energy consumption for transport. There are a few essential vehicles that can’t be easily electrified, and for those we make our own liquid fuels (for example biodiesel or biomethanol or cellulosic bioethanol). The energy for transport is 18 kWh/d/p of electricity and 2 kWh/d/p of liquid fuels. The electric vehicles’ batteries serve as an energy storage facility, helping to cope with fluctuations of electricity supply and demand. The area required for the biofuel production is about 12% of the UK (500 m2 per person), assuming that biofuel production comes from 1%-efficient plants and that conversion of plant to fuel is 33% efficient. Alternatively, the biofuels could be imported if we could persuade other countries to devote the required (Wales-sized) area of agricultural land to biofuels for us.

In all five plans, the energy consumption of heating is reduced by improving the insulation of all buildings, and improving the control of temperature (through thermostats, education, and the promotion of sweater-wearing by sexy personalities). New buildings (all those built from 2010 onwards) are really well insulated and require almost no space heating. Old buildings (which will still dominate in 2050) are mainly heated by airsource heat pumps and ground-source heat pumps. Some water heating is delivered by solar panels (2.5 square metres on every house), some by heat pumps, and some by electricity. Some buildings located near to managed forests and energy-crop plantations are heated by biomass. The power required for heating is thus reduced from 40 kWh/d/p to 12 kWh/d/p of electricity, 1 kWh/d/p of solar hot water, and 5 kWh/d/p of wood.

The wood for making heat (or possibly combined heat and power) comes from nearby forests and energy crops (perhaps miscanthus grass, willow, or poplar) covering a land area of 30 000 km2, or 500 m2 per person; this corresponds to 18% of the UK’s agricultural land, which has an area of 2800 m2 per person. The energy crops are grown mainly on the lower-grade land, leaving the higher-grade land for food-farming. Each 500 m2 of energy crops yields 0.5 oven dry tons per year, which has an energy content of about 7 kWh/d; of this power, about 30% is lost in the process of heat production and delivery. The final heat delivered is 5 kWh/d per person.

In these plans, I assume the current demand for electricity for gadgets, light, and so forth is maintained. So we still require 18 kWh(e)/d/p of electricity. Yes, lighting efficiency is improved by a switch to light-emitting diodes for most lighting, and many other gadgets will get more efficient; but thanks to the blessings of economic growth, we’ll have increased the number of gadgets in our lives – for example video-conferencing systems to help us travel less.

The total consumption of electricity under this plan goes up (because of the 18 kWh/d/p for electric transport and the 12 kWh/d/p for heat pumps) to 48 kWh/d/p (or 120 GW nationally). This is nearly a tripling of UK electricity consumption. Where’s that energy to come from? Let’s describe some alternatives. Not all of these alternatives are “sustainable” as defined in this book; but they are all low-carbon plans.



Producing lots of electricity – the components

To make lots of electricity, each plan uses some amount of onshore and offshore wind; some solar photovoltaics; possibly some solar power bought from countries with deserts; waste incineration (including refuse and agricultural waste); hydroelectricity (the same amount as we get today); perhaps wave power; tidal barrages, tidal lagoons, and tidal stream power; perhaps nuclear power; and perhaps some “clean fossil fuel,” that is, coal burnt in power stations that do carbon capture and storage. Each plan aims for a total electricity production of 50 kWh/d/p on average – I got this figure by rounding up the 48 kWh/d/p of average demand, allowing for some loss in the distribution network.
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Figure 27.2. Waste-to-energy facilities in Britain. The line shows the average power production assuming 1 kg of waste → 0.5 kWh of electricity.

Some of the plans that follow will import power from other countries. For comparison, it may be helpful to know how much of our current power is imported today. The answer is that, in 2006, the UK imported 28 kWh/d/p of fuel – 23% of its primary consumption. These imports are dominated by coal (18 kWh/d/p), crude oil (5 kWh/d/p), and natural gas (6 kWh/d/p). Nuclear fuel (uranium) is not usually counted as an import since it’s easily stored.

In all five plans I will assume that we scale up municipal waste incineration so that almost all waste that can’t usefully be recycled is incinerated rather than landfilled. Incinerating 1 kg per day per person of waste yields roughly 0.5 kWh/d per person of electricity. 1 I’ll assume that a similar amount of agricultural waste is also incinerated, yielding 0.6 kWh/d/p. Incinerating this waste requires roughly 3 GW of waste-to-energy capacity, a ten-fold increase over the incinerating power stations of 2008 (figure 27.2). London (7 million people) would have twelve 30-MW waste-to-energy plants like the SELCHPplant in South London. Birmingham (1 million people) would have two of them. Every town of 200 000 people would have a 10 MW waste-to-energy plant. Any fears that waste incineration at this scale would be difficult, dirty, or dangerous should be allayed by figure 27.3, which shows that many countries in Europe incinerate far more waste per person than the UK; these incinerationloving countries include Germany, Sweden, Denmark, the Netherlands, and Switzerland – not usually nations associated with hygiene problems! One good side-effect of this waste incineration plan is that it eliminates future methane emissions from landfill sites.
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Figure 27.3. Left: Municipal solid waste put into landfill, versus amount incinerated, in kg per day per person, by country. Right: Amount of waste recycled versus amount landfilled or incinerated. Percentage of waste recycled is given beside each country’s name. 2

In all five plans, hydroelectricity contributes 0.2 kWh/d/p, the same as today.

Electric vehicles are used as a dynamically-adjustable load on the electricity network. The average power required to charge the electric vehicles is 45 GW (18 kWh/d/p). So fluctuations in renewables such as solar and wind can be balanced by turning up and down this load, as long as the fluctuations are not too big or lengthy. Daily swings in electricity demand are going to be bigger than they are today because of the replacement of gas for cooking and heating by electricity (see figure 26.16). To ensure that surges in demand of 10 GW lasting up to 5 hours can be covered, all the plans would build five new pumped storage facilities like Dinorwig (or upgrade hydroelectric facilities to provide pumped storage). 50 GWh of storage is equal to five Dinorwigs, each with a capacity of 2 GW. Some of the plans that follow will require extra pumped storage beyond this. For additional insurance, all the plans would build an electricity interconnector to Norway, with a capacity of 2 GW.



Producing lots of electricity – plan D

Plan D (“D” stands for “domestic diversity”) uses a lot of every possible domestic source of electricity, and depends relatively little on energy supply from other countries.

Here’s where plan D gets its 50 kWh/d/p of electricity from. Wind: 8 kWh/d/p (20 GW average; 66 GW peak) (plus about 400 GWh of associated pumped storage facilities). Solar PV: 3 kWh/d/p. Waste incineration: 1.1 kWh/d/p. Hydroelectricity: 0.2 kWh/d/p. Wave: 2 kWh/d/p. Tide: 3.7 kWh/d/p. Nuclear: 16 kWh/d/p (40 GW). “Clean coal”: 16 kWh/d/p (40 GW).
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Figure 27.4. Plan D

To get 8 kWh/d/p of wind requires a 30-fold increase in wind power over the installed power in 2008. Britain would have nearly 3 times as much wind hardware as Germany has now. Installing this much windpower offshore over a period of 10 years would require roughly 50 jack-up barges.

Getting 3 kWh/d/p from solar photovoltaics requires 6 m2 of 20%efficient panels per person. Most south-facing roofs would have to be completely covered with panels; alternatively, it might be more economical, and cause less distress to the League for the Preservation of Old Buildings, to plant many of these panels in the countryside in the traditional Bavarian manner (figure 6.7).

The waste incineration corresponds to 1 kg per day per person of domestic waste (yielding 0.5 kWh/d/p) and a similar amount of agricultural waste yielding 0.6 kWh/d/p; the hydroelectricity is 0.2 kWh/d/p, the same amount as we get from hydro today.

The wave power requires 16 000 Pelamis deep-sea wave devices occupying 830 km of Atlantic coastline (see the map on p73). The tide power comes from 5 GW of tidal stream installations, a 2 GW Severn barrage, and 2.5 GW of tidal lagoons, which can serve as pumped storage systems too.

To get 16 kWh/d/p of nuclear power requires 40 GW of nukes, which is a roughly four-fold increase of the 2007 nuclear fleet. If we produced 16 kWh/d/p of nuclear power, we’d lie between Belgium, Finland, France and Sweden, in terms of per-capita production: Belgium and Finland each produce roughly 12 kWh/d/p; France and Sweden produce 19 kWh/d/p and 20 kWh/d/p respectively.

To get 16 kWh/d/p of “clean coal” (40 GW), we would have to take the current fleet of coal stations, which deliver about 30 GW, retrofit carbon-capture systems to them, which would reduce their output to 22 GW, then build another 18 GW of new clean-coal stations. This level of coal power requires an energy input of about 53 kWh/d/p of coal, which is a little bigger than the total rate at which we currently burn all fossil fuels at power stations, and well above the level we estimated as being “sustainable” in Chapter 23. This rate of consumption of coal is roughly three times the current rate of coal imports (18 kWh/d/p). If we didn’t reopen UK coal mines, this plan would have 32% of UK electricity depending on imported coal. Reopened UK coal mines could deliver an energy input of about 8 kWh/d/p, so either way, the UK would not be self-sufficient for coal.

Do any features of this plan strike you as unreasonable or objectionable? If so, perhaps one of the next four plans is more to your liking.



Producing lots of electricity – plan N

Plan N is the “NIMBY” plan, for people who don’t like industrializing the British countryside with renewable energy facilities, and who don’t want new nuclear power stations either. Let’s reveal the plan in stages.
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Figure 27.5. Plan N

First, we turn down all the renewable knobs from their very high settings in plan D to: wind: 2 kWh/d/p (5 GW average); solar PV: 0; wave: 0; tide: 1 kWh/d/p.

We’ve just lost ourselves 14 kWh/d/p (35 GW nationally) by turning down the renewables. (Don’t misunderstand! Wind is still eight-fold increased over its 2008 levels.)

In the NIMBY plan, we reduce the contribution of nuclear power to 10 kWh/d/p (25 GW) – a reduction by 15 GW compared to plan D, but still a substantial increase over today’s levels. 25 GW of nuclear power could, I think, be squeezed onto the existing nuclear sites, so as to avoid imposing on any new back yards. I left the clean-coal contribution unchanged at 16 kWh/d/p (40 GW). The electricity contributions of hydroelectricity and waste incineration remain the same as in plan D.

Where are we going to get an extra 50 GW from? The NIMBY says, “not in my back yard, but in someone else’s.” Thus the NIMBY plan pays other countries for imports of solar power from their deserts to the tune of 20 kWh/d/p (50 GW).

This plan requires the creation of five blobs each the size of London (44 km in diameter) in the transmediterranean desert, filled with solar power stations. It also requires power transmission systems to get 50 GW of power up to the UK. Today’s high voltage electricity connection from France can deliver only 2 GW of power. So this plan requires a 25-fold increase in the capacity of the electricity connection from the continent. (Or an equivalent power-transport solution – perhaps ships filled with methanol or boron plying their way from desert shores.)

Having less wind power, plan N doesn’t need to build in Britain the extra pumped-storage facilities mentioned in plan D, but given its dependence on sunshine, it still requires storage systems to be built somewhere to store energy from the fluctuating sun. Molten salt storage systems at the solar power stations are one option. Tapping into pumped storage systems in the Alps might also be possible. Converting the electricity to a storable fuel such as methanol is another option, though conversions entail losses and thus require more solar power stations.

This plan gets 32% + 40% = 72% of the UK’s electricity from other countries.



Producing lots of electricity – plan L
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Figure 27.6. Plan L

Some people say “we don’t want nuclear power!” How can we satisfy them? Perhaps it should be the job of this anti-nuclear bunch to persuade the NIMBY bunch that they do want renewable energy in our back yard after all.

We can create a nuclear-free plan by taking plan D, keeping all those renewables in our back yard, and doing a straight swap of nuclear for desert power. As in plan N, the delivery of desert power requires a large increase in transmission systems between North Africa and Britain; the Europe–UK interconnectors would need to be increased from 2 GW to at least 40 GW.

Here’s where plan L gets its 50 kWh/d/p of electricity from. Wind: 8 kWh/d/p (20 GW average) (plus about 400 GWh of associated pumped storage facilities). Solar PV: 3 kWh/d/p. Hydroelectricity and waste incineration: 1.3 kWh/d/p. Wave: 2 kWh/d/p. Tide: 3.7 kWh/d/p. “Clean coal”: 16 kWh/d/p (40 GW). Solar power in deserts: 16 kWh/d/p (40 GW average power).

This plan imports 64% of UK electricity from other countries.

I call this “plan L” because it aligns fairly well with the policies of the Liberal – at least it did when I first wrote this chapter in mid-2007; 3 recently, they’ve been talking about “real energy independence for the UK,” and have announced a zero-carbon policy, under which Britain would be a net energy exporter; their policy does not detail how these targets would be met.



Producing lots of electricity – plan G

Some people say “we don’t want nuclear power, and we don’t want coal!” It sounds a desirable goal, but we need a plan to deliver it. I call this “plan G,” because I guess the Green Party don’t want nuclear or coal, though I think not all Greens would like the rest of the plan. Greenpeace, I know, love wind, so plan G is dedicated to them too, because it has lots of wind.
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Figure 27.7. Plan G

I make plan G by starting again from plan D, nudging up the wave contribution by 1 kWh/d/p (by pumping money into wave research and increasing the efficiency of the Pelamis converter) and bumping up wind power fourfold (relative to plan D) to 32 kWh/d/p, so that wind delivers 64% of all the electricity. This is a 120-fold increase of British wind power over today’s levels. Under this plan, world wind power in 2008 is multiplied by 4, with all of the increase being placed on or around the British Isles.

The immense dependence of plan G on renewables, especially wind, creates difficulties for our main method of balancing supply and demand, namely adjusting the charging rate of millions of rechargeable batteries for transport. So in plan G we have to include substantial additional pumpedstorage facilities, capable of balancing out the fluctuations in wind on a timescale of days. Pumped-storage facilities equal to 400 Dinorwigs can completely replace wind for a national lull lasting 2 days. Roughly 100 of Britain’s major lakes and lochs would be required for the associated pumped-storage systems.

Plan G’s electricity breaks down as follows. Wind: 32 kWh/d/p (80 GW average) (plus about 4000 GWh of associated pumped-storage facilities). Solar photovoltaics: 3 kWh/d/p. Hydroelectricity and waste incineration: 1.3 kWh/d/p. Wave: 3 kWh/d/p. Tide: 3.7 kWh/d/p. Solar power in deserts: 7 kWh/d/p (17 GW).

This plan gets 14% of its electricity from other countries.



Producing lots of electricity – plan E
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Figure 27.8. Plan E

E stands for “economics.” This fifth plan is a rough guess for what might happen in a liberated energy market with a strong carbon price. On a level economic playing field with a strong price signal preventing the emission of CO2, we don’t expect a diverse solution with a wide range of powercosts; rather, we expect an economically optimal solution that delivers the required power at the lowest cost. And when “clean coal” and nuclear go head to head on price, it’s nuclear that wins. (Engineers at a UK electricity generator told me that the capital cost of regular dirty coal power stations is £1 billion per GW, about the same as nuclear; but the capital cost of “clean-coal” power, including carbon capture and storage, is roughly £2 billion per GW.) I’ve assumed that solar power in other people’s deserts loses to nuclear power when we take into account the cost of the required 2000-km-long transmission lines (though van Voorthuysen (2008) reckons that with Nobel-prize-worthy developments in solar-powered production of chemical fuels, solar power in deserts would be the economic equal of nuclear power). Offshore wind also loses to nuclear, but I’ve assumed that onshore wind costs about the same as nuclear.

Here’s where plan E gets its 50 kWh/d/p of electricity from. Wind: 4 kWh/d/p (10 GW average). Solar PV: 0. Hydroelectricity and waste incineration: 1.3 kWh/d/p. Wave: 0. Tide: 0.7 kWh/d/p. And nuclear: 44 kWh/d/p (110 GW).

This plan has a ten-fold increase in our nuclear power over 2007 levels. Britain would have 110 GW, which is roughly double France’s nuclear fleet. I included a little tidal power because I believe a well-designed tidal lagoon facility can compete with nuclear power.

In this plan, Britain has no energy imports (except for the uranium, which, as we said before, is not conventionally counted as an import).

Figure 27.9 shows all five plans.

[image: Figure 27.9]

Figure 27.9. All five plans.



How these plans relate to carbon-sucking and air travel

1 t CO2e means greenhouse-gas emissions equivalent to one ton of CO2.

In a future world where carbon pollution is priced appropriately to prevent catastrophic climate change, we will be interested in any power scheme that can at low cost put extra carbon down a hole in the ground. Such carbon-neutralization schemes might permit us to continue flying at 2004 levels (while oil lasts). In 2004, average UK emissions of CO2 from flying were about 0.5 t CO2 per year per person. Accounting for the full greenhouse impact of flying, perhaps the effective emissions were about 1 t CO2e per year per person. Now, in all five of these plans I assumed that one eighth of the UK was devoted to the production of energy crops which were then used for heating or for combined heat and power. If instead we directed all these crops to power stations with carbon capture and storage – the “clean-coal” plants that featured in three of the plans – then the amount of extra CO2 captured would be about 1 t of CO2 per year per person. If the municipal and agricultural waste incinerators were located at clean-coal plants too so that they could share the same chimney, perhaps the total captured could be increased to 2 t CO2 per year per person. This arrangement would have additional costs: the biomass and waste might have to be transported further; the carbon-capture process would require a significant fraction of the energy from the crops; and the lost building-heating would have to be replaced by more air-source heat pumps. But, if carbon-neutrality is our aim, it would be worth planning ahead by seeking to locate new clean-coal plants with waste incinerators in regions close to potential biomass plantations.



“All these plans are absurd!”

If you don’t like these plans, I’m not surprised. I agree that there is something unpalatable about every one of them. Feel free to make another plan that is more to your liking. But make sure it adds up!

Perhaps you will conclude that a viable plan has to involve less power consumption per capita. I might agree with that, but it’s a difficult policy to sell – recall Tony Blair’s response when someone suggested he should fly overseas for holidays less frequently!

Alternatively, you may conclude that we have too high a population density, and that a viable plan requires fewer people. Again, a difficult policy to sell.



Eighteen years into a forty-two-year plan

A section added in the 2026 revision. This chapter is the book’s conclusion in operational form: five ways to get Britain off fossil fuels, each producing 50 kWh per day per person of electricity against the 18 the country had in 2008. Enough time has now passed to mark it.

Start with the number every plan depends on, because it went the wrong way. Britain generated 11.2 kWh(e) per day per person in 2025 — not 50, and not 18 either. Electricity per person has fallen by nearly two-fifths since this book was written, on a path that required it to nearly triple.

That sounds like total failure and it is not, for a reason chapters 18 and 19 set out. MacKay’s plans triple electricity because they electrify heating and transport: the 40 kWh/d of petrol and the 40 of gas move onto the grid. That has barely begun. Heat pumps and electric cars are arriving now, not in 2010, so the demand they create is deferred rather than cancelled. Meanwhile British energy use per person fell 44%, for the mixture of efficiency, cleaner supply and offshoring that chapter 15 separates. The electrification is late and the demand reduction was early, and the two have concealed each other in the headline figure.


The component scorecard

Set what Britain actually built against what the plans asked for:




	kWh/d per person
	Plan D
	Plan E
	Britain, 2025
	





	Wind
	8
	4
	3.5
	44% of D



	Solar PV
	3
	0
	0.8
	27% of D



	Hydroelectricity
	0.2
	—
	0.2
	exactly right



	Nuclear
	16
	44
	1.4
	9% of D, 3% of E



	Wave
	2
	0
	0
	



	Tide
	3.7
	0.7
	~0
	



	“Clean coal”
	16
	0
	0
	





Three things stand out. Wind is the component that worked — Britain is close to plan E’s wind target and nearly halfway to plan D’s, which for a technology requiring a thirty-fold increase is a genuine achievement. Hydroelectricity landed exactly on MacKay’s number, which it was always going to, since he assumed it would not change and it did not. And nuclear is the catastrophic miss: the fleet has shrunk rather than quadrupled, and chapter 24 explains why in detail — not uranium, not physics, but the cost of capital and the inability to build the same reactor twice.

Wave and tidal power are at zero. Chapters 12 and 14 record what happened to each; neither failed on resource.



And three of the five became arithmetically impossible

Plan D asks for 16 kWh/d per person of “clean coal” — take the existing coal fleet, retrofit carbon capture, then build another 18 GW. Plans N and L carry the same 16 kWh/d/p on the same construction. On 30 September 2024 Britain closed its last coal-fired power station, at Ratcliffe-on-Soar, ending 142 years of coal-fired electricity.

There is no fleet to retrofit. Three of MacKay’s five plans can no longer be executed by anybody, and they stopped being possible without any decision ever being taken about any of them. Only plans G and E, which do not use coal, survive the closure intact.

That is worth noticing on its own account. A plan can be overtaken rather than rejected, and what overtook these three was not a considered judgement about carbon capture — chapter 23 shows capture never arrived either — but the collapse of coal’s economics against gas and wind.



What Britain actually did resembles none of the five

The real 2025 mix is a lot of wind, a little solar, a shrinking nuclear fleet, gas for the remainder and imports at the margin. It is not plan D, N, L, G or E. It could not be, because all five are plans, and what happened was a market with a subsidy scheme attached — contracts for difference, a carbon price floor, and a set of planning decisions taken one at a time.

Which points at the honest verdict on this chapter. Its arithmetic was sound and remains sound: the five plans still add up, and anyone proposing a sixth still has to make the columns balance. What the chapter did not have was a mechanism. It sets out what Britain would need to build and is almost silent on who decides, who pays, and what happens when a plan meets a planning inquiry, a cost of capital and an election. Eighteen years of evidence say that is where the whole difficulty lives — and it is the argument chapter 18 makes as this edition’s central claim.

One last thing, in MacKay’s favour. His plans are built on consumption staying roughly flat — he sizes them against a demand that does not fall. He was wrong about that, and wrong in the direction that helps: British energy use per person fell 44%. The one large variable he got backwards made his task easier rather than harder, which is not a bad record for a forty-two-year forecast, and better than most of what was published alongside it.4




Notes and further reading







Incinerating 1 kg of waste yields roughly 0.5 kWh of electricity. The calorific value of municipal solid waste is about 2.6 kWh per kg; power stations burning waste produce electricity with an efficiency of about 20%. Source: SELCHP tour guide.



Figure 27.3. Data from Eurostat, www.epa.gov, and www.esrcsocietytoday.ac.uk/ESRCInfoCentre/.



The policies of the Liberal Democrats. See www.libdems.org.uk: [5os7dy], [yrw2oo].



British 2025 figures are computed from the Energy Institute’s Statistical Review of World Energy 2026 and a population of 68.4 million: wind 87.1 TWh, solar 20.0, nuclear 35.9, hydroelectricity 5.1, total generation 279 TWh, giving 3.49, 0.80, 1.44, 0.20 and 11.2 kWh per day per person respectively. The plan columns are MacKay’s own, from the sections above. Three caveats on the comparison. His plans are for 2050, so this is a progress check at roughly the two-fifths mark rather than a verdict — a plan can be behind at eighteen years and still arrive. The 11.2 figure is generation, not consumption, and excludes net imports across interconnectors, which are material and rising; on a consumption basis the figure is higher. And the tidal entry is given as approximately zero because Britain’s tidal generation, while no longer literally nil, remains too small to register at this resolution. Ratcliffe-on-Soar closed on 30 September 2024, ending coal-fired generation in Britain.





28 Putting costs in perspective


A plan on a map

[image: Figure 28.1]

Figure 28.1. Plan M

Let me try to make clear the scale of the previous chapter’s plans by showing you a map of Britain bearing a sixth plan. This sixth plan lies roughly in the middle of the first five, so I call it plan M (figure 28.1).

The areas and rough costs of these facilities are shown in table 28.3. For simplicity, the financial costs are estimated using today’s prices for comparable facilities, many of which are early prototypes. We can expect many of the prices to drop significantly. The rough costs given here are the building costs, and don’t include running costs or decommissioning costs. The “per person” costs are found by dividing the total cost by 60 million. Please remember, this is not a book about economics – that would require another 400 pages! I’m providing these cost estimates only to give a rough indication of the price tag we should expect to see on a plan that adds up.

I’d like to emphasize that I am not advocating this particular plan – it includes several features that I, as dictator of Britain, would not select. I’ve deliberately included all available technologies, so that you can try out your own plans with other mixes.

For example, if you say “photovoltaics are going to be too expensive, I’d like a plan with more wave power instead,” you can see how to do it: you need to increase the wave farms eight-fold. If you don’t like the wind farms’ locations, feel free to move them (but where to?). Bear in mind that putting more of them offshore will increase costs. If you’d like fewer wind farms, no problem – just specify which of the other technologies you’d like instead. You can replace five of the 100 km2 wind farms by adding one more 1 GW nuclear power station, for example.

Perhaps you think that this plan (like each of the five plans in the previous chapter) devotes unreasonably large areas to biofuels. Fine: you may therefore conclude that the demand for liquid fuels for transport must be reduced below the 2 kWh per day per person that this plan assumed; or that liquid fuels must be created in some other way.



Cost of switching from fossil fuels to renewables

Every wind farm costs a few million pounds to build and delivers a few megawatts. As a very rough ballpark figure in 2008, installing one watt of capacity costs one pound; one kilowatt costs 1000 pounds; a megawatt of wind costs a million; a gigawatt of nuclear costs a billion or perhaps two. Other renewables are more expensive. We (the UK) currently consume a total power of roughly 300 GW, most of which is fossil fuel. So we can anticipate that a major switching from fossil fuel to renewables and/or nuclear is going to require roughly 300 GW of renewables and/or nuclear and

[image: Figure 28.2]

Figure 28.2. A plan that adds up, for Scotland, England, and Wales. The grey-green squares are wind farms. Each is 100 km2 in size and is shown to scale. The red lines in the sea are wave farms, shown to scale. Light-blue lightning-shaped polygons: solar photovoltaic farms – 20 km2 each, shown to scale. Blue sharp-cornered polygons in the sea: tide farms. Blue blobs in the sea (Blackpool and the Wash): tidal lagoons. Light-green land areas: woods and short-rotation coppices (to scale). Yellow-green areas: biofuel (to scale). Small blue triangles: waste incineration plants (not to scale). Big brown diamonds: clean coal power stations, with cofiring of biomass, and carbon capture and storage (not to scale). Purple dots: nuclear power stations (not to scale) – 3.3 GW average production at each of 12 sites. Yellow hexagons across the channel: concentrating solar power facilities in remote deserts (to scale, 335 km2 each). The pink wiggly line in France represents new HVDC lines, 2000 km long, conveying 40 GW from remote deserts to the UK. Yellow stars in Scotland: new pumped storage facilities. Red stars: existing pumped storage facilities. Blue dots: solar panels for hot water on all roofs. 1












	
	Capacity
	Rough cost, total
	Rough cost, per person
	At 2025 prices
	Average power delivered





	52 onshore wind farms: 5200 km2– based on Lewis wind farm
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28a The value of renewable energy as it scales

Editor’s note: this chapter is new in the 2026 revision. It is not David MacKay’s writing. It extends his balance-sheet method into a question the 2008 book leaves largely open: what happens to the economic value of renewable electricity as it grows to the scale the balance sheet calls for. Written by Örjan Lundberg; every figure is sourced.

MacKay’s book answers one question with great care. Can sustainable sources physically supply as much energy as we consume? The balance sheet adds up kWh per person per day on each side and asks whether the green stack can match the red. By 2026 the answer, for electricity at least, is yes in many places. The physical potential is real, and the cost of building it has fallen a long way: solar modules cost about a twentieth of their 2008 price, utility-scale solar electricity about a tenth of its 2010 cost, and onshore wind and battery costs have fallen steeply too.1

[image: Global levelized cost of electricity, 2010 against 2024 (USD/MWh, IRENA weighted average). Solar PV fell from 417 to 43, onshore wind 113 to 34, offshore wind 208 to 79.]

[image: UK electricity generation by source, 1985 to 2025, in TWh per year. Coal, the incumbent MacKay wrote around, supplied about 124 TWh in 2008 and essentially none by 2025; wind rose from 7 to 86 TWh and solar from nothing to 19.]

The British grid MacKay described has already changed in one respect that matters for the rest of the book. In 2008 coal was the incumbent baseload at about 124 TWh; the last coal power station closed in September 2024, and by 2025 coal supplied essentially none of Britain’s electricity. Wind grew twelvefold over the same period, solar from nothing, and bioenergy fourfold, while gas and nuclear both fell.2 MacKay’s arithmetic is untouched, since it concerns physical potential and holds whatever the starting mix. What moves is the baseline of several later chapters: the five energy plans of Chapter 27, the nuclear question of Chapter 24 and the fossil-fuel discussion of Chapter 23 were written against a coal-heavy grid that no longer exists. Where a chapter’s argument leans on that baseline, this edition flags it.

A second question then takes over, and the 2008 book barely touches it, because in 2008 there was not yet enough weather-dependent generation for it to bite. The question is what a unit of renewable electricity is worth once a great deal of it has been built.

A wind turbine or a solar panel has no fuel cost, so it bids into the electricity market at close to zero and sets the price in every hour it runs. Add more panels and the price falls in exactly the sunny hours when they all produce at once, because their output is correlated. The revenue each panel earns per unit of energy therefore falls as more panels are built. This is not a market failure. It is the market working. The effect has a name, cannibalization, and a measure, the capture price: the average price a generator actually realises, weighted by its own output, rather than the flat average price.3

The gap is already large. In the German solar market the capture price has fallen as installed capacity has grown, and in a detailed study of the Swedish system a wind-dominated 2035 shows one thousand to fifteen hundred hours a year at a price of zero.4 Weather-dependent generators earn the lowest per-unit prices of any source, because they are all selling at once.

Britain shows the same pattern in measured data rather than in a model. Across 2025, GB wind captured about 90% of the average market price and solar about 82%, the only two sources below the average, while gas earned a premium of almost 20% by running in the scarce hours and nuclear sat at the average.5

[image: GB electricity in 2025: capture price by source against the system-average market-index price. Wind and solar are the only sources below the average; gas earns a scarcity premium and nuclear sits at baseload.]

This changes the useful question. MacKay asks how much we can build. Once it is built, the question becomes what absorbs the surplus, because whatever drains the cheap hours decides where the value lands. A study of the German energy system to 2045 makes the point sharply: a system short of flexibility does not deliver cheap power. It delivers a wider spread of prices, with both more zero-price hours and a higher average price, because the peak still has to be covered by plant that now earns its keep in fewer hours. Constraining flexibility raises annualised system costs by 6.9% and the electricity price by €14/MWh, and lifts hydrogen and e-fuel imports by 47%. Supplying it generously moves the cost and the price the other way, by 3.3% and €3 to €5/MWh, and cuts the backup capacity the system must keep available by 22%, some 22 GW. Where flexibility is plentiful only 7% of hours price at zero.6

The surplus does not reach demand on its own. Between the cheap hours and the demand that would use them stand two gates. The first is a price gate. A flat per-unit electricity tax puts a floor under what a buyer pays, so however deep the surplus goes the delivered cost stops falling, and the strongest signal a market can send, a negative price, never reaches the meter. Sweden and Finland run the cleanest natural experiment on this. With comparable district-heating hardware but opposite tax treatment, Finnish electric boilers supplied about 8% of district heat in 2025 while the larger Swedish fleet sat almost idle.7 The second gate is physical. A project can be economic on every hour of the year and still wait years for a grid connection, or be refused one.8


Storage, and the demand that arrives with the supply

There is a way to undo much of the cannibalization, and MacKay half-describes it already. If something consumes the surplus in the hours it appears, the trough is filled, the price recovers, and the capture price stops falling. Storage does this from the supply side. A pumped-hydro scheme like Dinorwig, which MacKay treats in Chapter 26, “Fluctuations and storage”, buys power when it is cheap and sells it when it is dear, which is the same as buying in the surplus hours and selling in the scarce ones. Heat storage does it from the demand side. A district-heating system with a hot-water store can run its electric boilers when power is cheap and coast on the store when it is not, which is why Finland’s boilers earn their keep while Sweden’s, taxed at a flat rate and with little storage behind them, sit idle.9

Storage does not escape the trap it is meant to cure. A battery earns from the spread between cheap and dear hours, and as more batteries are built they all charge in the same cheap hours and discharge in the same dear ones, narrowing the spread they live on. The revenue figures already show it: in California the arbitrage revenue a battery earns has fallen year after year, and the Australian market has reached record lows.10 A generator competes away its capture price and a battery competes away its spread; the effect is general, and it reaches every resource whose value comes from a price signal. No single store answers every duration, either: lithium-ion is the cheapest way to shift energy across a few hours and among the dearest to shift it across a hundred, so the merit order of storage inverts as the duration lengthens. Batteries cover the daily swing, and the seasonal balance needs another technology, or demand that can wait.11

This is why a purely merchant market under-builds the system as a whole, and why some planning guidance is needed. A wind farm, a battery and a flexible boiler each hold their value only if the others are there, yet none is paid to consider the others, and each meets the same falling return as it scales. What is missing is coordination: sizing storage and flexible demand against the generation being built, rather than hoping the market assembles the parts in the right proportion after each has separately learned that it cannot. In Donella Meadows’s ranking of where to intervene in a system, a tax rate or a queue rule is a weak lever near the bottom, and the goal the system is steered toward is a strong one near the top. A market told only to minimise the cost of each megawatt-hour will not build the storage and demand that make the megawatt-hours worth producing. It has to be given that goal.

Not every flexible consumer is equally worth building. Chapter O sets out Michael Liebreich’s hydrogen ladder in full. It ranks the uses of clean hydrogen from the unavoidable, fertiliser and refining and methanol, down to the uncompetitive, domestic heating and cars.12 The lesson carries over to flexible demand in general: the load worth pairing with intermittent supply is the one whose end product is genuinely valuable, not any load that can be switched on when the wind blows. Electrolysis is a good sponge for surplus power where it feeds a factory that needed the hydrogen anyway, and a poor one where it is a roundabout way to heat a house. The German study cited above puts a number on this, by one measure. Judged by how many hours price at zero, the timing of electrolysis matters more than the timing of cars: running electrolysers and synthetic-fuel plants on a flat schedule leaves 22 to 23% of hours priced at zero, against 15% for taking away flexible vehicle charging altogether. That is a single metric from two single-lever scenarios, and the same study’s shares of daily flexibility put stationary batteries at 38% and flexible vehicle charging at 30% by 2045, with electrolysis not ranked at all, so it is one line of evidence rather than an ordering of flexible loads.13

The corollary is economic rather than physical, and it is the sharper half of the point. Because the capture price falls as intermittent supply grows, each new tranche of wind or solar pays only if something is built alongside it to absorb the surplus and hold the price up. To keep adding intermittent producers you have to keep adding flexible consumers: storage, electrolysers, heat that can wait, cars that charge when the wind blows. The demand has to arrive with the supply. Where it does not, the realised price falls, and the build-out continues only because a support payment makes up the difference.

Policy is starting to force this into the open. On 29 July 2026 the German government agreed to phase out the fixed feed-in tariff for new small rooftop solar, so that new installations must sell directly on the market rather than at a guaranteed price. The economy minister, Katherina Reiche, framed it as ending the “produce and forget” principle, under which curtailment costs are borne by the public “regardless of whether the electricity is needed”.14 Stripped of the guaranteed price, a new panel is exposed to exactly the cannibalized market price described above, and its owner now has a reason to care whether the electricity is worth anything in the hour it is made.

Sweden had already done it, and said the same thing in plainer terms. On 17 September 2024 the finance ministry announced that the tax deduction for installing solar cells would fall from 20% to 15% from July 2025, and that the separate tax reduction for mikroproduktion av förnybar el — the credit a household earned for selling its surplus back to the grid — would be abolished outright from January 2026.15 The reasoning given was not that solar had failed but that it had worked: installations had “ökat kraftigt”, past 250 000 systems by the end of 2023, so the support was no longer needed and solar should stand på marknadsmässiga grunder, on market terms, with the electricity price left to guide where the next panel goes. Withdrawing the microproduction credit alone was reckoned to be worth 680 million kronor a year to the treasury.

Two governments of quite different politics, two years apart, reached the same conclusion by the same route: a payment that is indifferent to when the electricity arrives stops being a subsidy for clean energy and becomes a subsidy for ignoring the market. That is the argument of this chapter, arrived at from the fiscal side rather than the physical one.

It has a second effect, and this one supplies the missing half rather than merely exposing it. A household with panels faces two quite different prices. What it earns for exporting a surplus kilowatt-hour is roughly the spot price; what it saves by consuming that kilowatt-hour itself is the full retail price — spot plus energy tax plus network fee plus VAT. Self-consumption has always been worth several times export, and the microproduction credit existed to narrow that gap. Removing it widens the gap again, and the gap is precisely what a battery is paid to arbitrage: it turns exported kilowatt-hours into self-consumed ones. The same flat tax that, on the industrial side of this argument, floors the price and blunts the signal reaching an electric boiler, works the other way at a domestic meter, because avoided consumption avoids the tax too.

Sweden’s tax code now says this outright. Under the grön teknik deduction the rate for installing solar panels is 15%, while the rate for installing storage of self-produced electricity is 50%, as it is for an EV charge point, up to 50 000 kronor per person a year.16 Support has been shifted, by more than a factor of three, from adding intermittent supply to adding the things that absorb it. In practice that means batteries of the order of 10 to 20 kWh for a single house and perhaps 100 kWh for an apartment building, sized to move an evening peak rather than to ride out a still week — which is the right scale for the daily cycle that cannibalizes solar, and the wrong one for the seasonal problem that chapter 26 is about.

So the reform does more than expose the owner of a panel to the cannibalized price. It changes what the household is rewarded for building next, from another panel to the storage that makes the panel worth more. That is the mechanism this chapter has been asking for, working at the smallest scale in the system. Whether it also works at the scale of a smelter is the harder question, and there the answer still runs through the grid connection and the industrial tariff rather than through a household’s tax return.



What a twenty-year guarantee costs when the value falls

The German reform did not come from a change of heart. It came from a deadline. The European Commission’s state-aid approval for the EEG expires on 31 December 2026, so a compliant replacement has to be in force on 1 January 2027 or new plant cannot lawfully be supported at all.17 That is worth saying plainly, because it changes what the decision was. A country that had paid the subsidy for a quarter of a century did not stop because it concluded the subsidy was wrong. It stopped because the permission ran out and something had to be written in its place.

The status matters for how firmly any of this should be read: what follows is a ministry draft, sent to consultation on 20 July 2026 and agreed in cabinet on 29 July, now going through the parliamentary process, and the numbers may move. As drafted, what replaces the guarantee is modest. New systems get a transitional payment set below the old tariff and capped at 36 months. Separately, systems under 25 kW get a direct-marketing bonus of 1.5 cents per kilowatt-hour for their first four years in direct marketing — the two run for different periods, which is in the draft rather than a slip here. The obligation to sell directly reaches systems of 50 kW and above in 2027 and steps down year by year until, by 2030, it covers every new system except plug-in and mini-PV units of 2 kW or less.18

The reason the reform is contentious is the size of what is being wound down. The EEG has lately moved about €18 billion a year. In 2024 the EEG paid solar producers roughly €10 billion above what their output earned on the market — about twice the top-up wind received, while solar generated 75.9 TWh against wind’s 139.8, a little over half as much.19 The explanation is not that solar is inefficient but that the payments still being honoured are the guarantees written in the 2000s, when a rooftop system was awarded 40 to 57 cents a kilowatt-hour for twenty years. Averaged across the whole installed fleet, German solar still drew about 17.4 cents per kilowatt-hour in 2024, while a system commissioned that same year received 6.5 to 10.7.

Now set that against what the electricity was worth in the hours it was actually made. In April 2026, 123 of Germany’s 720 market hours cleared below zero, and 105 of them — 85% — fell between 10:00 and 16:00, which is the solar block. The mean price across those negative hours was −€36/MWh, and the deepest single hour reached −€413.8/MWh.20

That juxtaposition is this chapter’s argument standing in one place: a fixed payment of 17.4 cents against a market value that is not merely low but negative, in precisely the hours the asset produces. But it needs one qualification, and the qualification is the interesting part. The generator on a legacy guarantee does not pay anyone to take its output. The EEG account does, which is to say the public does — exactly the “produce and forget” arrangement Reiche described above, in which curtailment and negative-price costs are borne by the public “regardless of whether the electricity is needed”.

Germany has been closing that door for two decades, but from the top down by size and only forward by vintage. Large plants have lost their payment during runs of negative prices since the 2016 vintage, and the trigger has tightened from six consecutive hours to four, then three, and reaches one hour in 2027. The Solarspitzengesetz of 25 February 2025 went much further: it removed the size floor that had confined the rule to plants of several hundred kilowatts, so that a system as small as 2 kW now loses its payment in every single quarter-hour the day-ahead price is negative.21 What all of this shares is that it looks forward. The 40-to-57-cent contracts from the 2000s — the ones the €10 billion is mostly paying — sit below every size threshold ever set and predate every vintage band, and keep their money whatever the price does. Cannibalization at its limit does not show up as a low price. It shows up as a bill, and the question is only whose name is on it.


One argument to be careful with

The German debate about this is fierce, and one move in it is worth naming because a reader will meet it often. It is frequently observed that after twenty-six years of the EEG, Germany still takes about 80% of its primary energy from fossil fuels, “almost unchanged”. The actual figure for 2025 is 76.4%, with renewables at 20.6%. But the gap between 80 and 76.4 is not the problem with the claim. The problem is that it does not test what it appears to test, because the EEG is an electricity law and primary energy counts the petrol, diesel, heating oil and gas boilers it never addressed. On the quantity the law was actually aimed at, the renewable share of gross electricity consumption rose from 6.3% in 2000 to 55.1% in 2025.22

Both numbers are real, and only one of them is a measure of the policy. This is worth flagging in a book built on unit arithmetic, because it is the characteristic failure that MacKay wrote against: not a wrong number, but a right number answering a different question. The case against the cost does not need it. The case against the cost is the €10 billion, and it stands on its own.




Whose money, and whose bill

The €10 billion is where an old observation becomes exact. Adam Smith observed in The Wealth of Nations (1776) that the directors of a joint-stock company, “being the managers rather of other people’s money than of their own”, cannot be expected to watch over it as carefully as they would their own. The hazard he described appears wherever the person deciding what to build is not the person who bears the loss if the thing turns out to be worth less than it cost, and a guaranteed tariff puts exactly that distance between the two. The panel is built once, the payment arrives whether or not the electricity is wanted in the hour it is made, and the cost of the mismatch falls on a levy account that nobody making the decision feels. The way out is the storage and the flexible demand that let the energy earn its own value, so the investment rests on the price it commands rather than on the payment that currently stands in for it.

There is a reading of all this that connects back to the reason MacKay wrote the book. Cheap energy, if it reaches industry, is what keeps energy-intensive industry alive, and that industry is a large part of what an economy runs on. The same surplus that starves a generator’s revenue is, read at the buyer’s meter, cheap input, but only if the gates let it through. Germany shows the loop run backward: after its gas price rose, energy-intensive output fell to about 82% of its 2021 level and stayed there.23



What it costs to build against what it earns

The capture price becomes a decision rather than an observation when it is set beside the cost of building the thing. That comparison is rarely drawn, because the two numbers come from different places: the cost from engineering studies, the earnings from settlement data.

[image: Levelised cost of building against realised 2025 capture price for six GB technologies. Solar, onshore wind, fixed offshore wind and gas CCGT earn more than they cost; floating offshore wind at 91 against 72, and gas with carbon capture at 101 against 94.8, do not.]

Figure 28a.4. Cost to build against price realised, Great Britain. Cost is the Department for Energy Security and Net Zero’s levelised cost for projects commissioning in 2035, in 2024 prices, with the low-to-high capex range shown. Earnings are the price each technology actually realised on the GB market in 2025, weighted by its own output.24




	£/MWh
	Cost to build
	Earned in 2025





	Large-scale solar
	44
	65.9



	Onshore wind
	41
	72.0



	Offshore wind, fixed
	59
	72.0



	Offshore wind, floating
	91
	72.0



	Gas CCGT
	45
	94.8



	Gas with carbon capture
	101
	94.8





Four of the six clear their costs on today’s prices. Floating offshore wind does not — 91 against 72 — which is the quantified version of the proviso chapter 10 records MacKay repeating from wind experts in 2008, that deep offshore is prohibitively expensive. Eighteen years later it is still about a quarter short. Gas with carbon capture does not either, at 101 against 94.8, which is chapter 23’s finding in one line: capture works and has not been built, for reasons of cost rather than physics.

Before reading anything into those margins, one asymmetry in the chart has to be admitted. The two columns are not measured on the same boundary. The right-hand column is a system quantity: a capture price is what the market actually paid, in the hours the plant actually produced, with everything the system was doing at the time already in it. The left-hand column is an asset quantity: DESNZ’s levelised cost counts capital, fuel and operations inside the fence, and excludes the balancing capacity a variable source needs, the curtailment it suffers, and the capacity utilisation it takes away from the dispatchable plant that must stay available for it.

That asymmetry has a direction. It leaves the cost of a variable source understated relative to a dispatchable one, so the margins in the table are too generous to solar and wind and too harsh on gas — by an amount nobody in this chart has measured. Chapter M sets out the methodological case and one attempt to quantify it: a Norwegian onshore wind farm costed on a system boundary came out 19% above its asset figure, 34% once uncertainties were carried through, and up to 3.5 times if the capacity model was left at nameplate. Those numbers come from a single case with a strong assumption — it firms one wind farm to a dispatchable standard using dedicated gas, which no system operator actually does — so they are an upper bound rather than a correction to apply. The direction, however, is not in doubt.

Which means the honest reading of the chart is not “four of six clear their costs by these margins” but “four of six clear their costs, and the variable ones by less than shown.” The £13/MWh that fixed offshore wind clears by is the number most exposed to this, and it is the number the rest of this section leans on.

And the chart is a snapshot of a moving thing, which is this chapter’s whole point. The right-hand column is what the existing fleet earned. Build more of a technology and its capture price falls, because the new plant produces in the same hours as the old. So a project appraised against today’s £72 will not receive £72 once it and its neighbours are running: wind’s value factor of 0.90 has further to fall.

Read that way the figure states the investment problem exactly. Fixed offshore wind clears its cost by about £13/MWh, and its own expansion is what closes that gap. The CfD exists to bridge it, which is why chapter 4’s note on AR6 matters: a strike price of about £82 in today’s money against a captured £72 is the public purse paying the difference between what the market gives and what the machine costs.

And it explains why the strike price and the levelised cost do not match. AR6 cleared at roughly £82/MWh indexed while the levelised cost here is £59. A bid below the published cost of building is not a contradiction; it is what happens when a contract removes the price risk, because the discount rate a project is financed at falls when its revenue is guaranteed. The CfD’s real product is cheap capital rather than a high price. That is the same insight as chapter 28a’s opening, arriving from the financing side: what a generator is paid for is not only energy but certainty.



The same comparison, for a country that imports its fuel

The table above is a British question, and it takes a particular form because Britain has a liquid wholesale market: the thing a generator is measured against is the price other generators were paid. For most of Asia the comparison is a different one, and it is much less forgiving of fossil fuel.

An importer is not choosing between two ways of earning £/MWh in an auction. It is choosing between building a machine once, in its own currency, and buying fuel every year, for ever, in someone else’s — through a strait that chapter N describes being closed in March 2026. Asia has 54% of the world’s population and 2% of its oil reserves, imports about $1.1 trillion of fossil fuel a year at over 3% of regional GDP, and has solar and wind resources sufficient for at least fourteen times its total energy demand. Set beside those numbers, the levelised cost of solar is not competing with a capture price. It is competing with an import bill and a currency risk.

That is why the bet is being placed, and the exceptions are what confirm it. The countries paying most — Thailand at around 7.5% of GDP, then Taiwan, South Korea, Singapore, Viet Nam, Pakistan, the Philippines — have the most to gain from displacing the bill. The countries sitting near zero on the same measure are Malaysia and Myanmar, and they are near zero because they export. An exporter’s arithmetic runs the other way: every kilowatt-hour of domestic solar displaces a barrel it would rather have sold. Russia is the limiting case of that position: the larger the export revenue, the weaker the domestic reason to displace it.

The caution is that this cuts both ways as an explanation. Import dependence explains the urgency, not the whole of the behaviour — Malaysia and Brunei are both exporters and both ahead of the United States on electrification, because the share of final energy delivered as electricity is driven by what a country builds and sells as much as by what it must buy. And the fourteen-times resource figure is a technical potential, the same class of number as MacKay’s own green stack in chapter 18, which he was careful to say was not a forecast. What the trade balance predicts is which countries have a reason to hurry, and on that it predicts well.25



Three things that are not the same thing

There is a claim in wide circulation that follows naturally from everything above, and it is worth testing because it is testable. The claim is that a system which closes dispatchable plant and builds weather-dependent generation in its place must pay steadily more to keep itself in balance, since the machines that used to hold the frequency have gone.

Before it can be tested, three quantities have to be separated, because the argument runs them together and they are not the same. Rotational energy, the spinning mass of synchronous machines, governs how fast the frequency begins to fall in the first seconds after a large sudden fault. Ancillary services are the products a system operator buys so that something arrests that fall and then restores the frequency. The balancing market is where energy is actually activated, quarter-hour by quarter-hour and area by area, to close the imbalance that remains. Only the first of the three is a question about spinning mass. The second is a procurement question and the third is a market-design question, and as the rest of this section shows, it is the second and third that the money went to.

Start with what sizes the fast reserves, because it is not what the argument assumes. Svenska kraftnät sizes FCR-D up against the Nordic dimensioning fault and names it: Oskarshamn 3 at 1450 megawatts, assumed unchanged to 2030. It sizes FCR-D down against a fault of 1400 megawatts, being full export over either NordLink or North Sea Link. The two largest instantaneous events the Nordic system plans for are therefore its largest nuclear unit and a high-voltage cable. A wind farm does not disconnect 1450 megawatts in one step; a single reactor does, and commissioning a larger one would raise the requirement. On this product the relationship between nuclear plant and fast reserves runs the opposite way to the one the story assumes.

Then look at the volumes, which Svenska kraftnät also publishes, product by product, out to 2030. Sweden’s share of the Nordic requirement is 224 megawatts of FCR-N, 542 of FCR-D up and 524 of FCR-D down, and all three are flat every year to 2030. What grows is the restoration side: aFRR doubles from 150 to 300 megawatts in each direction, and mFRR up rises from 800 to 1400, close to the 1450 megawatts of the reference incident. The containment reserves do not grow at all: 1290 megawatts in 2025 and 1290 in 2030, of which the part sized directly by the largest single fault, FCR-D up and down together, is 1066. The restoration reserves grow by about half, from 2090 to 3150. But the tidy reading of that contrast — fault-driven reserves flat, imbalance-driven reserves growing — does not survive the dimensioning rules. Under the Nordic methodology the total FRR requirement is the sum of aFRR and mFRR for normal imbalances plus mFRR for disturbances, and the disturbance component must cover at least the control area’s reference incident: the largest instantaneous loss of a single generating unit, a single demand facility or a single HVDC interconnector. mFRR alone carries that component. So the same 1450 megawatt reactor that sets FCR-D up also sets the floor under Sweden’s mFRR, reducible only by reserve sharing between the Nordic operators, which is how a 1450 megawatt incident can sit above a 1400 megawatt requirement. The dimensioning fault is present twice in these volumes rather than once. What is genuinely imbalance-driven is aFRR plus the normal-imbalance share of mFRR, and that share is not published separately.26

[image: Svenska kraftnät's reserve volume requirement by product, Sweden's share in megawatts, 2025 against 2030. FCR-N at 224, FCR-D up at 542 and FCR-D down at 524 are unchanged; aFRR doubles from 150 to 300 in each direction and mFRR up rises from 800 to 1400.]

[image: Svenska kraftnät's ancillary-service cost by product, 2023 to 2025, on the net segment basis, in millions of kronor. Frequency containment falls from 5 222 to 1 126, aFRR drifts down from 533 to 377, and mFRR rises from 100 to 7 169. Totals 5 855, 4 957 and 8 672.]

The cost has moved the same way. Of the 4 281 million kronor by which Svenska kraftnät’s gross ancillary-service bill rose in 2025, mFRR accounted for 6 123 million while the frequency-containment reserves fell by 1 723 million. The figure above is on the net basis, after the revenue Svenska kraftnät earns from reselling these services, which is why its totals run 500 to 1 100 million lower and its year-on-year steps differ; the direction is the same on either basis. What that does not license is the conclusion that the money went to a purely weather-driven product: mFRR is where the cover for losing the largest plant or the largest cable sits, alongside the cover for forecast error. What can be said is narrower and still worth saying. The product whose volume follows the reference incident directly, FCR-D, is flat in volume and falling in cost, and the year the bill jumped was the year the automated energy-activation market opened, in March 2025, not a year the fleet changed.

If that decomposition is right, then the containment bill should not have risen anywhere as dispatchable plant closed, and over a long enough run it is possible to check. Germany is the only one of the four systems in this section whose regulator has published the same measurement, on the same definition, for long enough to read as a series. The Bundesnetzagentur reports each year what the four transmission operators pay to hold the three balancing reserves — primary, secondary and minute reserve, FCR, aFRR and mFRR — available. Over the years in which Germany shut ten reactors and 11 gigawatts, that cost fell from 825 million euros in 2009 to 123 million in 2018, a decline of 85%. It then rose with the gas price to 644 million in 2023 and fell again to 518 million in 2024. Across the whole phase-out, seventeen reactors and 20.5 gigawatts between 2011 and 2023, the bill ended 37% below where it started. The phase-out does not appear in the series. The fuel price does.

[image: German balancing-reserve procurement cost, 2009 to 2024, in millions of euros a year. It falls from 825 in 2009 to 123 in 2018, rises with the gas crisis to 644 in 2023 and falls to 518 in 2024. Dotted rules mark the six years in which reactors closed.]

Put that number next to the demand it serves and the reason it stayed invisible becomes clear. Germany’s 518 million euros is spread across about 457 terawatt-hours, which is 1.1 euros per megawatt-hour, or a tenth of a penny per kilowatt-hour. Whatever is making electricity expensive, it is not the cost of holding reserves, and the next section puts a figure on what is.27

Sweden is the country where the claim looks strongest, and its own accounts are the reason to be careful with it. Its ancillary-service bill rose 78% in a single year, from 5 455 million kronor in 2024 to 9 736 million in 2025. Svenska kraftnät attributes the mFRR share of that to the automated energy-activation market introduced on 4 March 2025, which moved balancing to fifteen-minute settlement and to activation within each price area, scaled procured volumes up sharply, and did so into a market whose supply, in its own words, had not yet had time to adapt; prices fell again later in the year. Area-based activation is also why a megawatt of reserve in the wrong bidding area is not a substitute for one in the right area, which is a transmission constraint expressing itself as a balancing cost.

The containment side ran the other way for the reason chapter 26 gives. Pre-qualified volume for FCR-D down went from about 100 megawatts in the third quarter of 2021 to nearly 2500 by the third quarter of 2024, against a requirement of 524: hydro supplies about 1500 megawatts of it, with batteries and wind the fastest-growing entrants. Roughly five times the required volume now competes for it, and FCR-D up cleared at 6.32 euros per megawatt per hour in September 2025 against the 60 to 80 euros of 2022. That is chapter 26’s argument arriving in the accounts. The reserve price was never a fact about batteries; it was a fact about how few of them there were.

Finland is the case that decides the question, because it has no closures to blame. It shut nothing, and in April 2023 it commissioned 1 600 megawatts at Olkiluoto 3. Its reserve bill still nearly tripled, from 68 million euros in 2021 to 187 million in 2022. What happened in May 2022 was that imports from Russia stopped, taking with them about 1 300 megawatts of firm capacity that the Finnish system had leaned on for decades. So dispatchable capacity does move the balancing bill. The mechanism in the one clean case was a transmission link, not a reactor, which is a reminder that a system’s firm capacity and its own generating fleet are different quantities.

The price of the same product across Europe is the last check, and the widest one available. Over the four weeks from 1 to 28 September 2026, a megawatt of upward aFRR capacity cost 1.01 euros an hour in Finland and 124 in Poland, with fifteen more systems in between: a factor of a hundred and twenty-three for a service defined by the same European regulation and held to the same standard. Germany, which carries more weather-dependent generation than any of the others, sits in the middle of that range at 12.24 euros, and it buys more of the product than anyone — close to 2 000 megawatts of upward capacity and 1 900 of downward in every hour of the four weeks, 1 344 gigawatt-hours against Spain’s 848 and France’s 588. Its whole aFRR bill over those weeks comes to 1.07 euros per megawatt-hour of demand, which is what the entire German reserve bill came to in 2024. Whatever sets the price of standing ready, it is not the share of wind and solar on the system. If it were, the ranking would run the other way.28

[image: What a megawatt of aFRR capacity cost in seventeen European systems over the four weeks from 1 to 28 September 2026, volume-weighted, in euros per megawatt per hour of capacity held. Upward capacity runs from 1.01 euros in Finland to 124 in Poland; Germany is at 12.24. Dot area is the capacity bought, which is where the range is widest of all: Germany's 1 344 gigawatt-hours of upward capacity against Sweden's 0.32.]

Sweden is the exception on that chart twice over. It publishes no procured aFRR capacity to the platform at all, so its row comes from Svenska kraftnät’s own data service; and what that shows is a system which barely buys the product. It held upward aFRR capacity in forty of the window’s 672 hours, 0.32 gigawatt-hours of it against Germany’s 1 344, and its whole aFRR bill is four eurocents per megawatt-hour of demand against Germany’s 1.07 euros. Downward it bought fifty times as much, 17.3 gigawatt-hours across 348 hours, and paid more for it: 20.59 euros against 16.83 upward. Paying more to absorb than to deliver is not peculiar to Sweden — Germany, Austria, Estonia and Finland all do, five systems of the seventeen — but Sweden pays the most of them, and buys the least upward of any. That shape is this section’s argument arriving from the accounts rather than from the dimensioning rules: Sweden’s restoration is bought as mFRR, which is where the 2025 bill went, and the reserve it is shortest of is the downward kind, which is the one the export cables size.

What has risen, everywhere, is the other bill. German congestion management ran at 2.9 to 3.4 billion euros a year through 2023 to 2025, six times the reserve cost; British constraint payments went from 397 million pounds in 2017/18 to 2 211 million in 2025/26, while the frequency and reserve categories over the same period were essentially unchanged, 146 million against 149 million, with a gas-crisis bulge in between. Those are payments to move power past a grid that is full, or to pay a wind farm not to generate. They belong to the wedge this chapter has been describing, and they are a fact about transmission rather than about balancing.

There is a cost-allocation question underneath all of this, and this chapter of all chapters should not leave it out. The reserve that covers the reference incident is bought by Svenska kraftnät and recovered from the system as a whole, through the network tariff and the balance-responsibility fee. Revenue from the latter rose from 3 977 million kronor in 2023 to 6 408 million in 2025 on rate rises of about 30% in 2024 and 25% in 2025. The requirement itself is created by whichever single unit happens to be the largest. A 1450 megawatt generator obliges the system to hold cover for 1450 megawatts, and is charged through the network tariff in proportion to its size and its energy like any other user, and through a balance-responsibility fee whose base component does not vary with either. Neither charge varies with the contingency the unit creates. Nothing in the Nordic dimensioning rules prices the reference incident to whoever sets it; Article 7(3) lets the system operators share the burden between themselves, which lowers the total, but it does not send any part of the bill to the unit whose size is the reason for it.29

That is the same shape as the complaint this chapter makes about weather-dependent generation. A resource whose behaviour the system must accommodate does not meet the cost of accommodating it, and the cost lands on everyone through a tariff. The difference is which case gets discussed. The wind version is argued about constantly; the unit-size version is argued about almost never, although the Nordic rules state the principle explicitly and Svenska kraftnät puts a megawatt figure on it.

All of which changes the question worth asking. The division of labour in a Swedish-style market is clear enough: a balance-responsible party answers for its own economy and its own imbalances, and the system operator answers for the system. If the operator needs a property — inertia, containment, automatic or manual restoration, voltage support — its job is to specify the requirement and buy it, and then hydro, wind, batteries, flexible demand and anything else that can meet the specification compete to supply it. That is a market working as intended, and the Swedish pre-qualification figures are what it looks like when it does. So the useful question is not how much wind a grid can absorb before it becomes unstable. It is which properties the operator actually needs, how large each volume is, and which resource can deliver it most cheaply. Svenska kraftnät publishes all three, which makes the question answerable rather than rhetorical — and the published answer is that the containment volumes are flat, the restoration volumes are growing by about half, and the cheapest supplier of the first kind is changing fast. It is not an answer about weather, because the reference incident that sizes both FCR-D and the disturbance half of mFRR is a reactor and a cable, neither of which is weather. The one genuinely inertia-linked product, FFR, is the exception: it has no flat published figure, and Svenska kraftnät expects to need more of it.



And Britain’s industrial price is the standing version of it

Britain’s version of the value problem is not a shock but a standing condition, and it is worse than Germany’s negative-price problem described earlier in this chapter. Of the 28 IEA countries that reported industrial electricity prices for 2024, the United Kingdom’s were the highest, counting taxes and levies. Large British industrial users paid about 25.3p per kWh, some 125% above the EU-14 median of 11.3p.30 For a book whose argument is that Britain should electrify — heat, transport, industry — that is the most awkward number in the entire subject, and MacKay’s method cannot see it, because it is not a fact about joules.

Set it beside the wholesale figure from earlier in this chapter and the shape of the problem becomes clear. The GB market price averaged £79.9/MWh in 2025, which is 8.0p per kWh. Large industrial users pay roughly three times that. The difference — some 17p per kWh — is network charges, policy levies, supplier margin and the cost of firming, and almost none of it is the cost of generating the electricity.

That is the reconciliation this chapter has been circling. The complaint of the generator, that wind captures only 90% of a falling average, and the complaint of the smelter, that power costs three times what the market says it does, sound like opposite grievances. They are the same wedge measured from its two ends. Cheap generation and expensive delivered power are not in contradiction; the surplus is real, and it is being consumed somewhere between the turbine and the meter. A country can cannibalise its generators and impoverish its industrial consumers at the same time, and Britain currently does both.

So the argument of this chapter has a corollary it would be dishonest to leave out. Storage and flexible demand let renewable energy earn its own value, which is the answer to the first complaint. They do nothing whatever about the second. If 17p of a 25p industrial price is network, levy and margin, then no amount of cheap wind reaches the factory until that wedge is addressed, and it is addressed by policy rather than by physics or by batteries.

None of this argues against building renewables. MacKay’s arithmetic still holds, and the build-out has largely happened. It argues that the balance sheet needs a second page. The first page asks whether we can produce enough clean energy. The second asks who bears the cost of turning an intermittent surplus into firm, useful supply, and whether policy lets the cheap hours reach the demand that would value them. A fuller treatment, with the feedback loops drawn out and the Swedish and European data behind each figure, is at oluies.github.io/elmix.31







Regenerated by this edition’s data-refresh script (Refresh.scala, DuckDB) from Our World in Data. Solar module cost fell from USD 4.61/W (2008) to 0.26/W (2024). Global weighted-average LCOE (IRENA), USD/MWh, 2010 to 2024: solar PV 417 to 43, onshore wind 113 to 34, offshore wind 208 to 79. Battery pack price, cited separately (BloombergNEF): about USD 1200/kWh (2010) to 115/kWh (2024).



Figure regenerated from Our World in Data (Ember and the Energy Institute) by this edition’s data-refresh script (Refresh.scala, DuckDB), in TWh: UK coal 124 (2008) to 0 (2025), wind 7 to 86, solar 0 to 19, bioenergy 10 to 41, gas 176 to 91, nuclear 52 to 36.



Capture price = the sum of (production times spot price) divided by the sum of production. Source list at https://oluies.github.io/elmix/modell/referenser.html .



Goransson, Johnsson and others, “Tre elsystem som kan mota omstallningen av industri- och transportsektorerna”, Chalmers / Mistra Electrification, 2025.



Computed by this edition’s data-refresh script (Refresh.scala, DuckDB) from Elexon BMRS: half-hourly GB generation by fuel type and the market-index price (APXMIDP), 2025. Capture price = sum(generation × price) / sum(generation); value factor against the 79.9 GBP/MWh time-weighted average. Gas 1.19, Biomass 1.08, Nuclear 1.01, Wind 0.90, Solar 0.82.



Julian Geis, Michael Lindner and Tom Brown, “Managing the mismatch: The role of flexibility on the path to a carbon-neutral energy system”, Advances in Applied Energy 23 (2026) 100284, from the Department of Digital Transformation in Energy Systems at TU Berlin. A high-resolution, sector-coupled model of the German energy system run to 2045. Daily flexibility needs rise by a factor of 3.7 between 2025 and 2045, driven mainly by solar; by 2045 stationary batteries supply 38% of daily flexibility and flexible vehicle charging 30%. Against the base scenario, constrained flexibility raises annualised system costs by 6.9%, the electricity price by €14/MWh and hydrogen and e-fuel imports by 47%, and gives both the highest average price and the widest interquartile range of any scenario; the high-flexibility scenario lowers system costs by 3.3%, average prices by €3 to €5/MWh and backup capacity by 22%, or 22 GW. Zero-price hours run at 7% in that high-flexibility case, 15% without flexible battery-vehicle charging, and 22 to 23% with inflexible electrolysis and power-to-X. Two cautions the authors state themselves: the demand-side management is modelled with zero activation cost, instantaneous ramping and unconstrained activation frequency, which overstates what a real system would get from it, and the cost assumptions for iron-air batteries, vehicle-to-grid and industrial demand-side management remain highly uncertain.



Energiateollisuus district-heating statistics, 2025; Fernqvist, Broberg, Toren and Svensson, “District heating as a flexibility service”, Energy Policy 172 (2023) 113332.



Energimarknadsinspektionen finding of 11 June 2026 on connection times; the Power2Earth refusal at Lulea, autumn 2025.



MacKay, Chapter 26, “Fluctuations and storage”. Finnish and Swedish figures and the role of thermal storage: Energiateollisuus 2025; Fernqvist and others, Energy Policy 172 (2023) 113332; the Arlanda aquifer store, Swedavia.



California battery arbitrage revenue: CAISO Department of Market Monitoring, and Modo Energy’s series of about 103, 80, 51 and 38 USD per kW-year. Australian NEM battery revenues at a record low: Modo Energy, 2026.



The storage merit order by duration: installed cost per kWh at a four-hour duty against a hundred-hour duty, where the spread widens to roughly a factor of 22 and lithium-ion falls from second-cheapest to dearest. https://oluies.github.io/elmix/lagring.html .



Michael Liebreich, “Clean Hydrogen Ladder Version 5.0”, 19 October 2023, https://liebreich.com/hydrogen-ladder-version-5-0/ .



Julian Geis, Michael Lindner and Tom Brown, “Managing the mismatch: The role of flexibility on the path to a carbon-neutral energy system”, Advances in Applied Energy 23 (2026) 100284, from the Department of Digital Transformation in Energy Systems at TU Berlin. A high-resolution, sector-coupled model of the German energy system run to 2045. Daily flexibility needs rise by a factor of 3.7 between 2025 and 2045, driven mainly by solar; by 2045 stationary batteries supply 38% of daily flexibility and flexible vehicle charging 30%. Against the base scenario, constrained flexibility raises annualised system costs by 6.9%, the electricity price by €14/MWh and hydrogen and e-fuel imports by 47%, and gives both the highest average price and the widest interquartile range of any scenario; the high-flexibility scenario lowers system costs by 3.3%, average prices by €3 to €5/MWh and backup capacity by 22%, or 22 GW. Zero-price hours run at 7% in that high-flexibility case, 15% without flexible battery-vehicle charging, and 22 to 23% with inflexible electrolysis and power-to-X. Two cautions the authors state themselves: the demand-side management is modelled with zero activation cost, instantaneous ramping and unconstrained activation frequency, which overstates what a real system would get from it, and the cost assumptions for iron-air batteries, vehicle-to-grid and industrial demand-side management remain highly uncertain.



“Government agrees to phase out Germany’s landmark fixed feed-in tariffs for new small solar PV”, Clean Energy Wire, 29 July 2026.



“Förändrade skattesubventioner för solceller”, Finansdepartementet, 17 September 2024: https://www.regeringen.se/pressmeddelanden/2024/09/forandrade-skattesubventioner-for-solceller/. The changes were part of an agreement between the government and Sverigedemokraterna; the rate cut was estimated at 100 million kronor in 2025 and 200 million a year from 2026, the abolition of the microproduction credit at 680 million a year from 2026.



Rates for the skattereduktion för grön teknik, Energimyndigheten’s Solelportalen: https://www.energimyndigheten.se/effektiv-energianvandning/guider/solelportalen/vilka-stod-och-intakter-kan-jag-fa/skattereduktion-for-gron-teknik/. As of 2026: 15% for solar panels, 50% for storage of self-produced electricity, 50% for an EV charging point, capped at 50 000 kronor per person per year. The battery sizes quoted are typical installed capacities rather than a recommendation.



The EEG’s approval under EU state-aid law runs only to 31 December 2026, so an EU-compliant successor regime must take effect on 1 January 2027; without one, new plant could be built and connected but not supported. Industry bodies including the BDEW and the BEE have pressed for a rapid parliamentary conclusion precisely so that the Commission has time to review and approve the replacement. Note that it is the state-aid approval that expires, not the statute itself.



Draft EEG reform sent to consultation by the federal economics ministry under Katherina Reiche in July 2026: guaranteed feed-in ends for new rooftop systems, replaced by a transitional payment set below the previous tariff and capped at 36 months, plus a direct-marketing bonus of 1.5 ct/kWh for the first four years for systems under 25 kW. Direct marketing becomes mandatory for systems of 50 kW and above from 2027, extending to smaller classes each year until it covers all new systems except plug-in and mini-PV units of 2 kW or less by 2030. Summary at https://www.pv-magazine.de/2026/07/20/reiche-schickt-entwuerfe-fuer-eeg-und-netzpaket-in-die-verbaendeanhoerung/. The industry association rejected the transitional terms as a “wertloses Trostpflaster” — a worthless sticking plaster — arguing they cannot replace the roughly 7 ct/kWh paid to partial feed-in systems and 10 to 12 ct to full feed-in systems. Those are the association’s own characterisation of the rates the reform removes, spanning the vintages currently in payment, and are not directly comparable with the 6.47 and 10.68 ct/kWh applying to systems commissioned in 2024 quoted in the previous note; EEG tariffs degress downward, so a figure above the 2024 rate refers to earlier commissioning years. Figures here are from a draft in consultation and may change in the parliamentary process.



The primary source is the Bundesnetzagentur’s Monitoringbericht, which has not been consulted directly here. The EEG flow of about €18 billion a year, the €10 billion paid to solar producers in 2024 against roughly half that for wind, and the fleet-average 17.4 ct/kWh are as reported from that monitoring report by Daniel Wetzel, “Die Ökostrom-Lobby hängt an den Subventionen wie ein Junkie an der Nadel”, Welt, August 2026. That piece is a signed opinion column arguing a position, in vigorous language, and is used here for its checkable figures rather than its framing; the generation comparison and the per-kilowatt-hour inference are made here from the Energy Institute’s Statistical Review of World Energy 2026, which gives German solar 75.9 TWh and wind 139.8 TWh in 2024. Rates for systems commissioned in 2024 (6.47 ct/kWh and 10.68 ct/kWh by segment) are the Bundesnetzagentur’s published tariffs. The €10 billion and the 17.4 ct figures are on different bases — net EEG payment above market revenue, and gross remuneration rate — so they should not be divided into one another; gross receipts on 75.9 TWh at 17.4 ct would be about €13 billion, not €10 billion.



April 2026: 123 of 720 hours cleared below zero on the German day-ahead market, 105 of them (85%) between 10:00 and 16:00 CEST; mean clearing price across the negative hours −€36.0/MWh; deepest single hour −€413.8/MWh. German negative-price hours in the first half of 2026 have been reported at 299 against 389 in the same period of 2025 — down year on year, not a trend within 2026. Note that these German figures run opposite to the Europe-wide count, which roughly doubled in the first quarter of 2026: the two are different geographies and should not be read as one series. See https://www.euronews.com/2026/07/29/wind-and-solar-overtake-fossil-fuels-in-germany-but-negative-electricity-prices-still-rife for the German half-year figures and https://www.pv-magazine.com/2026/05/08/europes-negative-electricity-price-hours-double-in-q1-amid-renewables-surpluses-market-imbalances/ for the European Q1 count. The April 2026 hourly detail predates both and should be checked against the exchange’s own published data before being relied on.



Under § 51 EEG the payment lapses when the day-ahead price is negative for a run of consecutive hours, with both the run length and the size floor depending on when the plant was commissioned. Plants of 500 kW and above commissioned from 2016 under the EEG 2014/2017 faced a six-hour trigger with no compensation. Under the EEG 2023, for plants of 400 kW and above, the threshold is four hours for the 2023 vintage, three for 2024 and 2025, two for 2026 and one from 2027. The Gesetz zur Änderung des EEG 2023 known as the Solarspitzengesetz, in force 25 February 2025, replaces the run with the first negative quarter-hour and removes the size floor: systems of 100 kWp and above immediately, and all systems from 2 kWp once a smart meter is fitted. Compensation for lost hours runs under § 51a, which extends the remuneration period — but it does not reach the oldest cohorts, and the 2025 reform replaced the flat hour-for-hour extension with a time-contingent model weighting photovoltaic losses at 0.5 times the negative quarter-hours actually incurred. Installations on the original 2000s guarantees are below every size floor these rules have used and are not reached by any of them.



The renewable share of German gross electricity consumption rose from 6.3% in 2000 to 55.1% in 2025; renewables reached 23.8% of gross final energy consumption in 2025. For primary energy, AG Energiebilanzen’s estimate for 2025 puts the fossil share of primary energy at 76.4% and renewables at 20.6%; the largest components are mineral oil at 35.7% and natural gas at 26.9%, with hard coal and lignite making up the remainder. The 76.4% is AGEB’s published total and is not re-derived here from the rounded components. Sources: Umweltbundesamt, “Renewable energies in figures”, for the electricity shares; AG Energiebilanzen’s 2025 annual estimate for the primary-energy shares. The distinction matters because primary energy includes transport fuels and heating fuels that the EEG does not address.



Destatis, production index for energy-intensive branches, 2025.



Levelised costs are from Electricity Generation Costs 2025, Department for Energy Security and Net Zero: central capex estimates for projects commissioning in 2035, in 2024 real prices — large-scale solar 44 (range 36–50), onshore wind 41 (33–55), fixed offshore wind 59 (50–72), floating offshore wind 91 (65–121), gas CCGT 45 (38–53) and gas with CCUS 101 (85–117), the two gas figures at a 30% load factor. Capture prices are for 2025 from this edition’s data-refresh script over Elexon settlement data. Three cautions. The two sides are not on the same footing: a 2035 commissioning cost in 2024 money against prices realised in 2025 by plant already built, so this is an order-of-magnitude comparison rather than an appraisal. The capture figure for wind combines onshore and offshore, so fixed offshore is measured against a blended price. And DESNZ notes that levelised cost omits system effects entirely — transmission, balancing and the value of being dispatchable — which is precisely what separates the gas column from the wind column and is the subject of this chapter.



Ember, Electric Asia: How Asia is leading the electric age, 11 June 2026. The figures, and the cautions that go with them — that Ember advocates for electrification, that its “Asia” excludes Russia, that the “share of Asia” percentages have an unstated denominator, and that the resource multiple is a technical potential rather than a forecast — are set out in full in the corresponding note to chapter N.



Volumes are Svenska kraftnät’s own published requirement for Sweden’s share of the Nordic need, from its Framtida volymbehov and Behov av reserver idag och i framtiden pages: FCR-N 224 MW, FCR-D up 542 MW and FCR-D down 524 MW, each unchanged in every year from 2025 to 2030; aFRR 150 MW rising to 300 MW in each direction; mFRR up 800 MW rising to 1400 MW and mFRR down 990 MW rising to 1150 MW, the last four carrying wide uncertainty ranges in the source, which the figure does not draw — mFRR up, for instance, is given as 580 to 1300 MW for 2025 and 1100 to 1850 MW thereafter. The plotted numbers are Svenska kraftnät’s own point estimates, and they are not the midpoints of the ranges it publishes beside them, which for mFRR up would be 940 and 1475. On the bounds the growth could be much larger or could reverse, since 1300 MW in 2025 against 1100 MW in 2030 is within the stated ranges. So the aggregate growth of about a half is a forecast point estimate rather than a measurement, and the word “about” is doing real work. The dimensioning statements are quoted from the same pages: FCR-D up against “det nordiska dimensionerande felet, Oskarshamn 3 på 1450 MW”, FCR-D down against “det nordiska dimensionerande felet på 1400 MW, med full export via antingen Nordlink eller North Sea Link”. Note the direction: it is loss of full export that raises the frequency and calls for down-regulation, not import. For the restoration products the governing document is the Nordic synchronous area methodology for the FRR dimensioning rules under Article 157(1) of Regulation (EU) 2017/1485, as amended and approved by Energinet, Fingrid, Kraftnät Åland, Svenska kraftnät and Statnett. It defines normal imbalances as “the continuous mismatch between generation, demand, import and export”, including stochastic and deterministic imbalances and forecast errors, and disturbances as occasional instantaneous deviations whose largest case is the reference incident: “the largest imbalance that may result from an instantaneous change of active power of a single power generating module, single demand facility, single HVDC interconnector or from a tripping of an AC line”. Article 7(2) requires that each control area’s positive FRR for disturbances “cover at least the positive reference incident for the control area”, reducible by sharing between TSOs under Article 7(3), and the total FRR requirement is the combination of aFRR and mFRR for normal imbalances plus mFRR for disturbances. mFRR therefore carries the whole disturbance component, which is why the dimensioning fault sizes mFRR as well as FCR-D. Sweden’s mFRR up requirement of 1400 MW sits close to the 1450 MW reference incident, which is suggestive, but no published source consulted here states that the 800 to 1400 MW step is the disturbance component being taken up in full, so the correspondence is left as a correspondence. The normal-imbalance and disturbance shares of mFRR are not published separately, so no split between weather-driven and fault-driven mFRR can be quoted. FCR-N, although a containment product, is sized on historical imbalance rather than on the dimensioning fault, which is why the fault-dimensioned subtotal quoted in the text is 1066 MW and not the full 1290. FFR is left out of the figure because it is the one product with no flat forward number — its volume is derived from expected rotational-energy levels together with the dimensioning fault, Sweden carries 38% of the Nordic need, which is 113 MW for 2026, and the source gives only scenario ranges for the 2030s. That omission cuts against the argument made here rather than for it, since FFR is the product most directly tied to inertia and the one Svenska kraftnät expects to need more of as low-inertia hours become more common. Pre-qualified volumes, the roughly 100 MW in the third quarter of 2021 against nearly 2500 MW in the third quarter of 2024 and the hydro share of about 1500 MW, are from Svenska kraftnät’s own news item of 2024 on the growth in suppliers; the article gives hydro’s figure but not separate figures for batteries and wind, so “fastest-growing” is its characterisation rather than a number computed here. The September 2025 clearing prices are from Svenska kraftnät’s monthly FCR report for that month, which states them in euros per megawatt: 6.32 euros per megawatt per hour for FCR-D up, 31.86 for FCR-N and 8.00 for FCR-D down. These are capacity payments for standing ready, the distinction chapter 26 builds an argument on, and not energy prices. The 60 to 80 figure quoted for 2022 comes from a trade-press account that writes it as euros per megawatt-hour; on this product that can only mean per megawatt per hour, but it is a secondary source and the comparison should be read as an order of magnitude. Prices are on volume-weighted marginal pricing since February 2024 and pay-as-bid before it, which is a pricing-rule change rather than a change in the fleet and is part of why the series falls. Two cautions on the whole decomposition. Sweden’s share of a Nordic requirement can move without the Nordic requirement moving, since the allocation key is renegotiated. And a flat volume requirement is not the same as a flat cost: the price per megawatt can rise even when the megawatts do not, which is precisely what happened to FCR in 2021 and 2022 and then reversed.



German figures are the Regelleistungsvorhaltung line from the joint Bundesnetzagentur and Bundeskartellamt Monitoringbericht series — the 2011 report for 2009 and 2010, then the 2013, 2015, 2017, 2019, 2021 and 2025 reports. Each report states its own reporting year and the one before it in the text, and carries a four-year table of system-service costs, which is why the 2025 report supplies 2021 and 2022 as well as 2023 and 2024. The years are: 825, 697, 588, 417, 594, 437, 316, 198, 145.5, 123.3, 285.7, 152.4, 568.6, 628.6, 644 and 518 million euros for 2009 through 2024. The 2009 and 2010 reports, which would have carried 2007 and 2008, were not retrievable at any URL reachable here, so the series begins in 2009 rather than at this book’s usual 2006. The German figure covers the holding of capacity only; activated balancing energy in Germany is settled through imbalance prices paid by balance groups and never enters network charges, so the number is a floor on the total and not the whole of it. Swedish figures are Svenska kraftnät’s Årsredovisning for 2022, 2024 and 2025, which give gross ancillary-service costs of 3 628, 6 650, 6 934, 5 455 and 9 736 million kronor for 2021 to 2025, the mFRR and FCR components, and the explanations quoted. The per-product split drawn in the figure above is derived rather than quoted. Svenska kraftnät publishes two business segments, each with a net ancillary total and an mFRR figure, plus footnotes saying which products the segment covers, so FCR-D for Transmissionsnät and aFRR for Balansering are obtained by subtraction; only the segment totals, the two mFRR figures and the Balansering FCR figure are quoted. The three years reconcile against the published net totals of 5 855, 4 957 and 8 672 million kronor, and the build step fails if they do not. That check is narrower than it looks: it catches an error in either published segment total, because the sum reduces to those two, but it cannot catch an error in any of the three per-product inputs, each of which only moves value between products rather than changing the total. Swedish figures before 2019 are on a narrower definition — primärreglering, frequency containment alone — and run 298 million kronor in 2009, 453 in 2010, 629 in 2016, 675 in 2017 and 1 335 in 2018, from the 2010, 2016 and 2018 annual reports; the 2011 to 2015 and 2019 to 2020 reports are no longer served on svk.se or in the Internet Archive, so the Swedish series has a hole in it and its two halves are not continuous. The 2018 Swedish doubling is attributed by Svenska kraftnät to an opening cold spell, a violent spring flood, a dry summer with a hydrological deficit and high power prices, because at that time all Swedish primary regulation came from hydro; reactor closures are not in its explanation. Finnish figures are Fingrid’s financial statements bulletins for 2019 to 2023, which give 55.9, 63.5, 68.4, 186.9 and 185.6 million euros; note that Fingrid’s own 2021 bulletin states 83.7 million for that year against the 68.4 in the 2022 comparative, and the lower figure is used here so that 2021 and 2022 sit on one basis. British figures are aggregated by this edition from NESO’s daily Balancing Services Use of System cost data, by financial year, summing the frequency-control and reserve categories separately from constraints; they are narrower than NESO’s own headline total, which was 2.7 billion pounds for 2024/25 against the 2.1 billion these categories give. German congestion figures are the Bundesnetzagentur’s Netzengpassmanagement totals. Three cautions bear on the whole comparison. None of it is inflation-adjusted, and the 2021 to 2023 energy shock moves every series at once and by more than anything else visible here. The five definitions are not interchangeable, which is why no chart in this edition places them on one axis. And the attribution is contested rather than settled: Svenska kraftnät’s balancing-market chief has said the costs would have been much the same at comparable power prices had the reactors stayed open, while Tidningen Näringslivet, drawing on Svenska kraftnät’s own 2020 and 2021 reports and a PwC study it commissioned, argues that the connection to lost dispatchable plant is plain. What the published series will support is the narrower statement made above: the bill does not track the closures, and it does track the fuel price.



Prices are volume-weighted averages of what was actually paid for capacity over the four weeks from 1 to 28 September 2026, central European days, from ENTSO-E’s Transparency Platform under article 12.3.F of the electricity balancing guideline: one record per accepted bid, a quantity in megawatts and a price over a stated period, weighted by the megawatt-hours of capacity each bid held. The dataset has three traps and this figure walks into none of them, which is worth saying because the first two are invisible in the schema. The price is quoted per settlement period and not per hour, a factor of four on a fifteen-minute market, and both are labelled “MAW”; the reading used here is pinned against regelleistung.net, which publishes the same German and Austrian auction in euros per megawatt per hour, and the step that builds the figure refuses to write its file unless both countries and both directions come out at the price regelleistung prints — 2.30 and 0.68 euros for Germany, 2.28 and 0.78 for Austria, in the 00:00 to 04:00 block of 1 September, on volumes within half a percent. Four operators report in their own currency, which the document says and an unwary reader does not, so Switzerland, Hungary, Poland and Romania are converted at the European Central Bank’s reference rate for the day. And several operators publish one record per accepted bid at a shared position, which reads as a duration of zero unless the span is measured to the next distinct position instead of to the next record. Four systems are left out, each on a stated test rather than on judgement. Switzerland and Hungary buy 96% and 93% of their capacity on contracts longer than a day, where the published figure is the price of the contract and not of a period. Greece and Slovakia imply an aFRR capacity bill of 20.7 and 5.6 euros per megawatt-hour of their own demand, against 1.07 for Germany; the threshold is five euros, five times the whole German reserve bill, and Poland passes it at 4.67 with room to spare that is not large. Comparing the survivors still compares like products bought on unlike terms — Germany pays each accepted bid its own price where most of the others pay a single marginal price, the product is a four-hour block in some markets and a quarter-hour in others — which is why the figure carries the volume beside the price. Sweden is absent from the platform for every reserve product, so its row is Svenska kraftnät’s aFRR capacity market dataset from data.svk.se, CC BY 4.0, which covers the hours in which Sweden procured aFRR locally. Demand denominators are actual total load for the same areas and days from the same platform.



The fee figures are Svenska kraftnät’s Årsredovisning 2025, which reports that charge revenue from balance-responsible parties rose from 3 977 million kronor in 2023 to 6 408 million in 2025, “vilket i huvudsak förklaras av höjda avgifter”, with the base fee raised about 30% in 2024 and about 25% in 2025. The fee figure measures the fee, not the reserve. Svenska kraftnät does not itemise the balance-responsibility fee by product, so no part of it can be attributed to the cover for the reference incident, and the 2025 ancillary-service bill of 9 736 million kronor gross is larger than the whole fee revenue. What the published series shows is that the fee as a whole rose, on rises the annual report explains only as “höjda avgifter”; the cost-allocation claim above rests on how the charges are structured, not on that figure. Three limits on what is claimed here. This edition has not established that no Nordic mechanism differentiates a charge by the contingency a unit creates — the claim is the narrower one that the FRR dimensioning methodology contains no such mechanism. Article 6 sets the volume of FRR the block must hold, by requiring it to cover the block’s imbalances at least 99% of the time and to keep the frequency restoration control error inside its target ranges; Article 7 then requires the disturbance component to cover the control area’s reference incident and allows operators to share it. Neither says anything about who pays. And nothing above argues that charging the causer would be better policy: a single large unit is usually cheaper per megawatt-hour than several small ones, and a rule that priced its contingency to it would trade that efficiency for a different one. The point is only that the trade is currently made silently, in a tariff, rather than in the open.



Department for Energy Security and Net Zero, Quarterly Energy Prices, international industrial electricity price comparisons: of 28 IEA countries reporting for 2024, the UK had the highest industrial electricity prices including taxes and levies, with large users at about 25.33p/kWh against an EU-14 median of 11.25p/kWh. The 2024 price is compared here with the 2025 GB wholesale average, so the ratio is indicative rather than exact; and some energy-intensive users receive partial exemption from policy levies, so the figure for an individual plant may be lower. Sweden makes an instructive contrast: qualifying manufacturers there pay an electricity tax of 0.6 öre/kWh against a full rate of 43.9, a relief now under audit by Riksrevisionen.



The elmix cannibalization model, https://oluies.github.io/elmix/modell/system.html .
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29 What to do now


Unless we act now, not some time distant but now, these consequences, disastrous as they are, will be irreversible. So there is nothing more serious, more urgent or more demanding of leadership.

Tony Blair, 30 October 2006




a bit impractical actually… 1

Tony Blair, two months later, responding to the suggestion that he should show leadership by not flying to Barbados for holidays.



What we should do depends in part on our motivation. Recall that in chapter 1 we discussed three motivations for getting off fossil fuels: the end of cheap fossil fuels; security of supply; and climate change. Let’s assume first that we have the climate-change motivation – that we want to reduce carbon emissions radically. (Anyone who doesn’t believe in climate change can skip this section and rejoin the rest of us next section.


What to do about carbon pollution

We are not on track to a zero-carbon future. Long-term investment is not happening. Carbon sequestration companies are not thriving, even though the advice from climate experts and economic experts alike is that sucking carbon dioxide from thin air will very probably be necessary to avoid dangerous climate change. Carbon is not even being captured at any coal power stations (except for one tiny prototype in Germany).

Why not?

The principal problem is that carbon pollution is not priced correctly. And there is no confidence that it’s going to be priced correctly in the future. When I say “correctly,” I mean that the price of emitting carbon dioxide should be big enough such that every running coal power station has carbon capture technology fitted to it.

Solving climate change is a complex topic, but in a single crude brushstroke, here is the solution: the price of carbon dioxide must be such that people stop burning coal without capture. Most of the solution is captured in this one brush-stroke because, in the long term, coal is the big fossil fuel. (Trying to reduce emissions from oil and gas is of secondary importance because supplies of both oil and gas are expected to decline over the next 50 years.)

[image: Figure 29.1]

Figure 29.1. A fat lot of good that did! The price, in euro, of one ton of CO2 under the first period of the European emissions trading scheme. Source: www.eex.com.

So what do politicians need to do? They need to ensure that all coal power stations have carbon capture fitted. The first step towards this goal is for government to finance a large-scale demonstration project to sort out the technology for carbon capture and storage; second, politicians need to change the long-term regulations for power stations so that the perfected technology is adopted everywhere. My simple-minded suggestion for this second step is to pass a law that says that – from some date – all coal power stations must use carbon capture. However, most democratic politicians seem to think that the way to close a stable door is to create a market in permits-to-leave-doors-open. So, if we conform to the dogma that climate change should be solved through markets, what’s the market-based way to ensure we achieve our simple goal – all coal power stations to have carbon capture? Well, we can faff around with carbon trading – trading of permits to emit carbon and of certificates of carbon-capture, with onetonne carbon-capture certificates being convertible into one-tonne carbonemission permits. But coal station owners will invest in carbon capture and storage only if they are convinced that the price of carbon is going to be high enough for long enough that carbon-capturing facilities will pay for themselves. Experts say that a long-term guaranteed carbon price of something like $100 per ton of CO2 will do the trick.

So politicians need to agree long-term reductions in CO2 emissions that are sufficiently strong that investors have confidence that the price of carbon will rise permanently to at least $100 per ton of CO2. Alternatively they could issue carbon pollution permits in an auction with a fixed minimum price. Another way would be for governments to underwrite investment in carbon capture by guaranteeing that they will redeem captured-carbon certificates for $100 per ton of CO2, whatever happens to the market in carbon-emission permits.

I still wonder whether it would be wisest to close the stable door directly, rather than fiddling with an international market that is merely intended to encourage stable door-closing.

Britain’s energy policy just doesn’t stack up. It won’t deliver security. It won’t deliver on our commitments on climate change. It falls short of what the world’s poorest countries need.

Lord Patten of Barnes, Chair of Oxford University task force on energy and climate change, 4 June 2007.



What to do about energy supply

Let’s now expand our set of motivations, and assume that we want to get off fossil fuels in order to ensure security of energy supply.

What should we do to bring about the development of non-fossil energy supply, and of efficiency measures? One attitude is “Just let the market handle it. As fossil fuels become expensive, renewables and nuclear power will become relatively cheaper, and the rational consumer will prefer efficient technologies.” I find it odd that people have such faith in markets, given how regularly markets give us things like booms and busts, credit crunches, and collapses of banks. Markets may be a good way of making some short-term decisions – about investments that will pay off within ten years or so – but can we expect markets to do a good job of making decisions about energy, decisions whose impacts last many decades or centuries?

[image: Figure 29.2]

Figure 29.2. What price would CO2 need to have in order to drive society to make significant changes in CO2 pollution? The diagram shows carbon dioxide costs (per tonne) at which particular investments will become economical, or particular behaviours will be significantly impacted, assuming that a major behavioural impact on activities like flying and driving results if the carbon cost doubles the cost of the activity. As the cost rises through $20–70 per tonne, CO2 would become sufficiently costly that it would be economical to add carbon sequestration to new and old power stations. A price of $110 per tonne would transform large-scale renewable electricity-generation projects that currently cost 3p per kWh more than gas from pipedreams into financially viable ventures. For example, the proposed Severn barrage would produce tidal power with a cost of 6p per kWh, which is 3.3p above a typical selling price of 2.7p per kWh; if each 1000 kWh from the barrage avoided one ton of CO2 pollution at a value of £60 per ton, the Severn barrage would more than pay for itself. At $150 per tonne, domestic users of gas would notice the cost of carbon in their heating bills. A price of $250 per tonne would increase the effective cost of a barrel of oil by $100. At $370, carbon pollution would cost enough to significantly reduce people’s inclination to fly. At $500 per tonne, average Europeans who didn’t change their lifestyle might spend 12% of income on the carbon costs of driving, flying, and heating their homes with gas. And at $900 per tonne, the carbon cost of driving would be noticeable.

If the free market is allowed to build houses, we end up with houses that are poorly insulated. Modern houses are only more energy-efficient thanks to legislation.

The free market isn’t responsible for building roads, railways, dedicated bus lanes, car parks, or cycle paths. But road-building and the provision of car parks and cycle paths have a significant impact on people’s transport choices. Similarly, planning laws, which determine where homes and workplaces may be created and how densely houses may be packed into land have an overwhelming influence on people’s future travelling behaviour. If a new town is created that has no rail station, it is unlikely that the residents of that town will make long-distance journeys by rail. If housing and workplaces are more than a few miles apart, many people will feel that they have no choice but to drive to work.

One of the biggest energy-sinks is the manufacture of stuff; in a free market, many manufacturers supply us with stuff that has planned obsolescence, stuff that has to be thrown away and replaced, so as to make more business for the manufacturers.

So, while markets may play a role, it’s silly to say “let the market handle it all.” Surely we need to talk about legislation, regulations, and taxes.


Greening the tax system


We need to profoundly revise all of our taxes and charges. The aim is to tax pollution – notably fossil fuels – more, and tax work less.

Nicolas Sarkozy, President of France



At present it’s much cheaper to buy a new microwave, DVD player, or vacuum cleaner than to get a malfunctioning one fixed. That’s crazy.

This craziness is partly caused by our tax system, which taxes the labour of the microwave-repair man, and surrounds his business with time-consuming paperwork. He’s doing a good thing, repairing my microwave! – yet the tax system makes it difficult for him to do business.

The idea of “greening the tax system” is to move taxes from “goods” like labour, to “bads” like environmental damage. Advocates of environmental tax reform suggest balancing tax cuts on “goods” by equivalent tax increases on “bads,” so that the tax reforms are revenue-neutral. 2



Carbon tax

The most important tax to increase, if we want to promote fossil-fuel-free technologies, is a tax on carbon. The price of carbon needs to be high enough to promote investment in alternatives to fossil fuels, and investment in efficiency measures. Notice this is exactly the same policy as was suggested in the previous section. So, whether our motivation is fixing climate change, or ensuring security of supply, the policy outcome is the same: we need a carbon price that is stable and high. Figure 29.2 indicates very roughly the various carbon prices that are required to bring about various behaviour changes and investments; and the much lower prices charged by organizations that claim to “offset” greenhouse-gas emissions. How best to arrange a high carbon price? Is the European emissions trading scheme (figure 29.1) the way to go? This question lies in the domain of economists and international policy experts. The view of Cambridge economists Michael Grubb and David Newbery is that the European emissions trading scheme is not up to the job – “current instruments will not deliver an adequate investment response.”

The Economist recommends a carbon tax as the primary mechanism for government support of clean energy sources. 3 The Conservative Party’s Quality of Life Policy Group also recommends increasing environmental taxes and reducing other taxes – “a shift from pay as you earn to pay as you burn.” 4 The Royal Commission on Environmental Pollution also says that the UK should introduce a carbon tax. “It should apply upstream and cover all sectors.”

So, there’s clear support for a big carbon tax, accompanied by reductions in employment taxes, corporation taxes, and value-added taxes. But taxes and markets alone are not going to bring about all the actions needed. The tax-and-market approach fails if consumers sometimes choose irrationally, if consumers value short-term cash more highly than long-term savings, or if the person choosing what to buy doesn’t pay all the costs associated with their choice.

Indeed many brands are “reassuringly expensive.” Consumer choice is not determined solely by price signals. Many consumers care more about image and perception, and some deliberately buy expensive.

Once an inefficient thing is bought, it’s too late. It’s essential that inefficient things should not be manufactured in the first place; or that the consumer, when buying, should feel influenced not to buy inefficient things.

Here are some further examples of failures of the free market.



The admission barrier

Imagine that carbon taxes are sufficiently high that a new super-duper low carbon gizmo would cost 5% less than its long-standing high-carbon rival, the Dino-gizmo, if it were mass-produced in the same quantities. Thanks to clever technology, the Eco-gizmo’s carbon emissions are a fantastic 90% lower than the Dino-gizmo’s. It’s clear that it would be good for society if everyone bought Eco-gizmos now. But at the moment, sales of the new Eco-gizmo are low, so the per-unit economic costs are higher than the Dino-gizmo’s. Only a few tree-huggers and lab coats will buy the EcoGizmo, and Eco-Gizmo Inc. will go out of business.

Perhaps government interventions are necessary to oil the transition and give innovation a chance. Support for research and development? Taxincentives favouring the new product (like the tax-incentives that oiled the transition from leaded to unleaded petrol)?



The problem of small cost differences

Imagine that Eco-Gizmo Inc. makes it from tadpole to frog, and that carbon taxes are sufficiently high that an Eco-gizmo indeed costs 5% less than its long-standing high-carbon rival from Dino-appliances, Inc. Surely the carbon taxes will now do their job, and all consumers will buy the lowcarbon gizmo? Ha! First, many consumers don’t care too much about a 5% price difference. Image is everything. Second, if they feel at all threatened by the Eco-gizmo, Dino-appliances, Inc. will relaunch their Dino-gizmo, emphasizing that it’s more patriotic, announcing that it’s now available in green, and showing cool people sticking with the old faithful Dino-gizmo. “Real men buy Dino-gizmos.” If this doesn’t work, Dino will issue press releases saying scientists haven’t ruled out the possibility that long-term use of the Eco-gizmo might cause cancer, highlighting the case of an old lady who was tripped up by an Eco-gizmo, or suggesting that Eco-gizmos harm the lesser spotted fruit bat. Fear, Uncertainty, Doubt. As a backup plan, Dino-appliances could always buy up the Eco-gizmo company. The winning product will have nothing to do with energy saving if the economic incentive to the consumer is only 5%.

How to fix this problem? Perhaps government should simply ban the sales of the Dino-gizmo (just as it banned sales of leaded-petrol cars)?



The problem of Larry and Tina

Imagine that Larry the landlord rents out a flat to Tina the tenant. Larry is responsible for maintaining the flat and providing the appliances in it, and Tina pays the monthly heating and electricity bills. Here’s the problem: Larry feels no incentive to invest in modifications to the flat that would reduce Tina’s bills. He could install more-efficient lightbulbs, and plug in a more economical fridge; these eco-friendly appliances would easily pay back their extra up-front cost over their long life; but it’s Tina who would benefit, not Larry. Similarly, Larry feels little incentive to improve the flat’s insulation or install double-glazing, especially when he takes into account the risk that Tina’s boyfriend Wayne might smash one of the windows when drunk. In principle, in a perfect market, Larry and Tina would both make the “right” decisions: Larry would install all the energy-saving features, and would charge Tina a slightly higher monthly rent; Tina would recognize that the modern and well-appointed flat would be cheaper to live in and would thus be happy to pay the higher rent; Larry would demand an increased deposit in case of breakage of the expensive new windows; and Tina would respond rationally and banish Wayne. However, I don’t think that Larry and Tina can ever deliver a perfect market. Tina is poor, so has difficulty paying large deposits. Larry strongly wishes to rent out the flat, so Tina mistrusts his assurances about the property’s low energy bills, suspecting Larry of exaggeration.

So some sort of intervention is required, to get Larry and Tina to do the right thing – for example, government could legislate a huge tax on inefficient appliances; ban from sale all fridges that do not meet economy benchmarks; require all flats to meet high standards of insulation; or introduce a system of mandatory independent flat assessment, so that Tina could read about the flat’s energy profile before renting.




Investment in research and development


We deplore the minimal amounts that the Government have committed to renewable-energy-related research and development (£12.2 million in 2002-03). … If resources other than wind are to be exploited in the United Kingdom this has to change. We could not avoid the conclusion that the Government are not taking energy problems sufficiently seriously.

House of Lords Science and Technology Committee




The absence of scientific understanding often leads to superficial decision- making. The 2003 energy white paper was a good example of that. I would not like publicly to call it amateurish but it did not tackle the problem in a realistic way.

Sir David King, former Chief Scientist




Serving on the government’s Renewables Advisory Board … felt like watching several dozen episodes of Yes Minister in slow motion. I do not think this government has ever been serious about renewables.

Jeremy Leggett, founder of Solarcentury



I think the numbers speak for themselves. Just look at figure 28.5 and compare the billions spent on office refurbishments and military toys with the hundred-fold smaller commitment to renewable-energy-related research and development. It takes decades to develop renewable technologies such as tidal stream power, concentrating solar power, and photovoltaics. Nuclear fusion takes decades too. All these technologies need up-front support if they are going to succeed.



Individual action

People sometimes ask me “What should I do?” Table 29.3 indicates eight simple personal actions I’d recommend, and a very rough indication of the savings associated with each action. Terms and conditions apply. Your savings will depend on your starting point. The numbers in table 29.3 assume the starting point of an above-average consumer.








	Simple action
	possible saving





	Put on a woolly jumper and turn down your heating’s thermostat (to 15 or 17 °C, say). Put individual thermostats on all radiators. Make sure the heating’s off when no-one’s at home. Do the same at work.
	20 kWh/d



	Read all your meters (gas, electricity, water) every week, and identify easy changes to reduce consumption (e.g., switching things off). Compare competitively with a friend. Read the meters at your place of work too, creating a perpetual live energy audit.
	4 kWh/d



	Stop flying.
	35 kWh/d



	Drive less, drive more slowly, drive more gently, carpool, use an electric car, join a car club, cycle, walk, use trains and buses.
	20 kWh/d



	Keep using old gadgets (e.g. computers); don’t replace them early.
	4 kWh/d



	Change lights to fluorescent or LED.
	4 kWh/d



	Don’t buy clutter. Avoid packaging.
	20 kWh/d



	Eat vegetarian, six days out of seven.
	10 kWh/d





Table 29.3. Eight simple personal actions.

Whereas the above actions are easy to implement, the ones in table 29.4 take a bit more planning, determination, and money.








	Major action
	possible saving





	Eliminate draughts.
	5 kWh/d



	Double glazing.
	10 kWh/d



	Improve wall, roof, and floor insulation.
	10 kWh/d



	Solar hot water panels.
	8 kWh/d



	Photovoltaic panels.
	5 kWh/d



	Knock down old building and replace by new.
	35 kWh/d



	Replace fossil-fuel heating by ground-source or air-source heat pumps.
	10 kWh/d





Table 29.4. Seven harder actions.

Finally, table 29.5 shows a few runners-up: some simple actions with small savings.








	Action
	possible saving





	Wash laundry in cold water.
	0.5 kWh/d



	Stop using a tumble-dryer; use a clothes-line or airing cupboard.
	0.5 kWh/d





Table 29.5. A few more simple actions with small savings.



The carbon price arrived. The bans did the work.

A section added in the 2026 revision. This chapter makes one recommendation and then spends three sections explaining why it will not be enough. Eighteen years later the verdict is unusually clean: the recommendation was adopted, all three objections proved correct, and the things that actually delivered were the interventions MacKay mentions almost in passing.


The price arrived, and it is real

MacKay’s complaint is that carbon is not priced and that there is no confidence it will be. Both halves have moved.

Direct carbon pricing now covers 29% of world greenhouse gas emissions, up from 12% a decade ago, and raised $107 billion in 2025 against under $30 billion in 2016. The EU allowance price went from €9.68 in 2018 to €100 in early 2023, settling near €80. Britain’s own scheme trades lower, around €53, though the Carbon Price Support levy takes the effective British rate near €76. And the EU’s Carbon Border Adjustment Mechanism entered its definitive phase on 1 January 2026 — an instrument that did not exist anywhere when this book was written, and that attacks the leakage problem chapter 15 identifies.5

So the first half of this chapter has substantially happened. Not everywhere, and not at the level MacKay wanted, but the instrument exists, it prices, and it raises real money.



And all three objections proved right

Take the admission barrier. MacKay imagines a low-carbon product that would win at scale but cannot reach scale. That is exactly what happened, and what fixed it was not the carbon price. Solar’s tenfold fall, in chapter 6, came from Chinese manufacturing scale and German feed-in tariffs — the “tax-incentives favouring the new product” he raises as a parenthetical possibility.

On small cost differences he was also right, and chapter 20 supplies the demonstration: flights are cheaper than trains on 54% of European cross-border routes, on a continent where aviation carries a carbon price and rail does not get one.

The Larry-and-Tina objection is the one that has been solved, and solved precisely as MacKay proposes: he suggests government might “require all flats to meet high standards.” Since April 2020 no property in England or Wales may be let below EPC band E. On 21 January 2026 the government confirmed that all private tenancies must reach band C by 1 October 2030, with landlords required to spend up to £10 000 per property. 52% of the private rented stock currently sits below C, which is chapter 7’s two-in-five problem in its rental form.6

Larry and Tina did not respond to a price. They responded to a statute.



The scoreboard

Set what actually moved energy use against the mechanism that moved it — the first three rows and the fifth are British, the fourth and sixth are worldwide:








	What changed
	What did it





	Coal to zero (chapter 23)
	carbon price floor, gas, wind — the price did work here



	Lighting, 4 → 0.8 kWh/d (chapter 9)
	LED cost collapse, and a ban on incandescents



	Standby, near-eliminated (chapter 22)
	ecodesign regulation



	Solar an order of magnitude cheaper (chapter 6)
	manufacturing scale, feed-in tariffs



	Rented housing (this chapter)
	legislation



	Carbon capture (chapter 23)
	0.14% of emissions — the price signal’s clearest failure





The last row deserves weight. Carbon capture is the ideal case for a carbon price: an abatement technology with no other product, whose entire value is the carbon it does not emit. If a price were going to call anything into existence, it would be this. The allowance price reached €100 and chapter 23 records the result — 0.6% of emissions as installed capacity and about 0.14% actually operating.



Which inverts the chapter’s own emphasis

MacKay leads with the carbon tax and presents bans, standards and mandates as regrettable patches for where markets fail. The evidence suggests the ordering should be the other way round.

The carbon price did useful work at the margin, most visibly in killing coal — where a large price difference met an easy substitute already built. The transformations were delivered by regulation applied at the point of manufacture and by industrial policy applied to production cost: both act on what is available to buy, rather than on what it costs to buy once it exists.

Chapter 22 puts it most sharply. MacKay hunted vampires with a meter and a notebook and recovered 45 watts. A regulation recovered a comparable amount in every household in Europe, and required nothing of anybody at all.

None of this makes the carbon price a mistake, and this edition does not argue for abandoning it. It means that the three counter-examples MacKay wrote himself turned out to matter more than the recommendation he led with — and that he gave them second billing.



And the personal list, marked

Table 29.3 has held up better than most eighteen-year-old advice, but two entries have moved.

“Change lights to fluorescent or LED — 4 kWh/d” has largely been done for the reader. Chapter 9 records that the 4 kWh/d MacKay allows for lighting would now be a small fraction of that, and almost none of that was individuals choosing bulbs; it was manufacturers no longer being permitted to sell the alternative.

“Stop flying — 35 kWh/d” remains the largest single item on the list and the one least touched by anything. Chapter 5’s arithmetic is unchanged, and chapter 5 also records synthetic aviation fuel at about three times the price of kerosene with no downward trend, and no regulation anywhere restricts the number of flights a person may take. The item that regulation removed from the list was the small one. The big one is still entirely a matter of personal choice, which is either an argument for individual action or an indictment of everything above, depending on the reader’s temperament.




Notes and further reading







“a bit impractical actually” The full transcript of the interview with Tony Blair (9 January 2007) is here [2ykfgw]. Here are some more quotes from it: Interviewer: Have you thought of perhaps not flying to Barbados for a holiday and not using all those air miles? Tony Blair: I would, frankly, be reluctant to give up my holidays abroad. Interviewer: It would send out a clear message though wouldn’t it, if we didn’t see that great big air journey off to the sunshine? … – a holiday closer to home? Tony Blair: Yeah – but I personally think these things are a bit impractical actually to expect people to do that. I think that what we need to do is to look at how you make air travel more energy efficient, how you develop the new fuels that will allow us to burn less energy and emit less. How – for example – in the new frames for the aircraft, they are far more energy efficient. I know everyone always – people probably think the Prime Minister shouldn’t go on holiday at all, but I think if what we do in this area is set people unrealistic targets, you know if we say to people we’re going to cancel all the cheap air travel . . . You know, I’m still waiting for the first politician who’s actually running for office who’s going to come out and say it – and they’re not. The other quote: “Unless we act now, not some time distant but now, these consequences, disastrous as they are, will be irreversible. So there is nothing more serious, more urgent or more demanding of leadership.” is Tony Blair speaking at the launch of the Stern review, 30 October 2006 [2nsvx2]. See also [yxq5xk] for further comment.



Environmental tax reform. See the Green Fiscal Commission, www.greenfiscalcommission.org.uk.



The Economist recommends a carbon tax. “Nuclear power’s new age,” The Economist, September 8th 2007.



The Conservative Party’s Quality of Life Policy Group – Gummer et al. (2007).



World Bank, State and Trends of Carbon Pricing: direct carbon pricing instruments covered 29% of global greenhouse gas emissions as of 1 April 2026, against about 12% a decade earlier, raising $107 billion in 2025 against under $30 billion in 2016. EU allowance prices: about €9.68 in 2018, a record near €100 in February 2023, about €60 in early 2024 and near €80 in mid-2026 — a range wide enough that any single quoted price misleads, which is itself the point MacKay makes about confidence in future pricing. UK ETS prices have traded below EU levels since divergence, with the Carbon Price Support levy adding to the effective British rate; an agreement to link the two schemes has been announced but was not in force at the time of writing. The Carbon Border Adjustment Mechanism’s definitive regime began on 1 January 2026 after a transitional reporting phase from October 2023, and covers iron and steel, cement, aluminium, fertilisers, electricity and hydrogen. Coverage percentages count emissions subject to a price, not emissions priced at any particular level; a large share of the 29% is priced in low single-figure dollars, so the headline overstates the stringency considerably.



The Energy Efficiency (Private Rented Property) Regulations have applied a minimum of EPC band E to all existing tenancies in England and Wales since 1 April 2020, having applied to new tenancies from 2018. On 21 January 2026 the government confirmed a requirement for band C, or its equivalent under the reformed multi-metric certificate introduced in October 2026, for all private tenancies by 1 October 2030, with a cost cap reported at £10 000 per property and an exemptions regime. Around 52% of the private rented stock is below band C. Scotland and Northern Ireland legislate separately. Whether the 2030 date survives is not something this edition can know: the equivalent standard has been announced, deferred and reinstated more than once since 2020, which is a fair illustration of MacKay’s point that the difficulty is confidence in future policy rather than the policy itself.
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30 Energy plans for Europe, America, and the World

Figure 30.1 shows the power consumptions of lots of countries or regions, versus their gross domestic products (GDPs). It is a widely held assumption that human development and growth are good things, so when sketching world plans for sustainable energy I am going to assume that all the countries with low GDP per capita are going to progress rightwards in figure 30.1. And as their GDPs increase, it’s inevitable that their power consumptions will increase too. It’s not clear what consumption we should plan for, but I think that the average European level (125 kWh per day per person) seems a reasonable assumption; alternatively, we could assume that efficiency measures, like those envisaged in Cartoon Britain in Chapters 19–28, allow all countries to attain a European standard of living with a lower power consumption. In the consumption plan in chapter 27, Cartoon Britain’s consumption fell to about 68 kWh/d/p. Bearing in mind that Cartoon Britain doesn’t have much industrial activity, perhaps it would be sensible to assume a slightly higher target, such as Hong Kong’s 80 kWh/d/p.

[image: Figure 30.1]

Figure 30.1. Power consumption per capita versus GDP per capita, in purchasing-power-parity US dollars. Data from UNDP Human Development Report, 2007. Squares show countries having “high human development;” circles, “medium” or “low.” Both variables are on logarithmic scales. Figure 18.4 shows the same data on normal scales.


Redoing the calculations for Europe

Can Europe live on renewables?

Europe’s average population density is roughly half of Britain’s, so there is more land area in which to put enormous renewable facilities. The area of the European Union is roughly 9000 m2 per person. However, many of the renewables have lower power density in Europe than in Britain: most of Europe has less wind, less wave, and less tide. Some parts do have more hydro (in Scandinavia and Central Europe); and some have more solar. Let’s work out some rough numbers.


Wind

The heart of continental Europe has lower typical windspeeds than the British Isles – in much of Italy, for example, windspeeds are below 4 m/s. Let’s guess that one fifth of Europe has big enough wind-speeds for economical wind-farms, having a power density of 2 W/m2, and then assume that we give those regions the same treatment we gave Britain in Chapter 4, filling 10% of them with wind farms. The area of the European Union is roughly 9000 m2 per person. So wind gives

15×10% × 9000 m2× 2 W/m2= 360 W
\frac{\text{1}}{\text{5}}\  \times \text{10\%~} \times \text{~9000~}\text{m}^{\text{2}}\  \times \text{~2\ W/}\text{m}^{\text{2}}\  = \text{~360\ W}


which is 9 kWh/d per person.



Hydroelectricity

Hydroelectric production in Europe totals 590 TWh/y, or 67 GW; shared between 500 million, that’s 3.2 kWh/d per person. This production is dominated by Norway, France, Sweden, Italy, Austria, and Switzerland. If every country doubled its hydroelectric facilities – which I think would be difficult – then hydro would give 6.4 kWh/d per person.



Wave

Taking the whole Atlantic coastline (about 4000 km) and multiplying by an assumed average production rate of 10 kW/m, we get 2 kWh/d per person. The Baltic and Mediterranean coastlines have no wave resource worth talking of.



Tide

Doubling the estimated total resource around the British Isles (11 kWh/d per person, from Chapter 14) to allow for French, Irish and Norwegian tidal resources, then sharing between a population of 500 million, we get 2.6 kWh/d per person. The Baltic and Mediterranean coastlines have no tidal resource worth talking of.



Solar photovoltaics and thermal panels on roofs

[image: Figure 30.2]

Figure 30.2. A solar water heater providing hot water for a family in Michigan. The system’s pump is powered by the small photovoltaic panel on the left.

Most places are sunnier than the UK, so solar panels would deliver more power in continental Europe. 10 m2 of roof-mounted photovoltaic panels would deliver about 7 kWh/d in all places south of the UK. Similarly, 2 m2 of water-heating panels could deliver on average 3.6 kWh/d of low-grade thermal heat. (I don’t see much point in suggesting having more than 2 m2 per person of water-heating panels, since this capacity would already be enough to saturate typical demand for hot water.)



What else?

The total so far is 9 + 6.4 + 2 + 2.6 + 7 + 3.6 = 30.6 kWh/d per person. The only resources not mentioned so far are geothermal power, and large-scale solar farming (with mirrors, panels, or biomass).

Geothermal power might work, but it’s still in the research stages. I suggest treating it like fusion power: a good investment, but not to be relied on.

So what about solar farming? We could imagine using 5% of Europe (450 m2 per person) for solar photovoltaic farms like the Bavarian one in figure 6.7 (which has a power density of 5 W/m2). This would deliver an average power of

5 W/m2 × 450 m2 = 54 kWh/d per person.

Solar PV farming would, therefore, add up to something substantial. The main problem with photovoltaic panels is their cost. Getting power during the winter is also a concern!

Energy crops? Plants capture only 0.5 W/m2 (figure 6.11). Given that Europe needs to feed itself, the non-food energy contribution from plants in Europe can never be enormous. Yes, there will be some oil-seed rape here and some forestry there, but I don’t imagine that the total non-food contribution of plants could be more than 12 kWh/d per person.



The bottom line

Let’s be realistic. Just like Britain, Europe can’t live on its own renewables. So if the aim is to get off fossil fuels, Europe needs nuclear power, or solar power in other people’s deserts (as discussed on p179), or both.




Redoing the calculations for North America

The average American uses 250 kWh per day. Can we hit that target with renewables? What if we imagine imposing shocking efficiency measures (such as efficient cars and high-speed electric trains) such that Americans were reduced to the misery of living on the mere 125 kWh/d of an average European or Japanese citizen?


Wind

A study by Elliott et al. (1991) assessed the wind energy potential of the USA. The windiest spots are in North Dakota, Wyoming, and Montana. They reckoned that, over the whole country, 435 000 km2 of windy land could be exploited without raising too many hackles, and that the electricity generated would be 4600 TWh per year, which is 42 kWh per day per person if shared between 300 million people. Their calculations assumed an average power density of 1.2 W/m2, incidentally – smaller than the 2 W/m2 we assumed in Chapter 4. The area of these wind farms, 435 000 km2, is roughly the same as the area of California. The amount of wind hardware required (assuming a load factor of 20%) would be a capacity of about 2600 GW, which would be a 200-fold increase in wind hardware in the USA.



Offshore wind

If we assume that shallow offshore waters with an area equal to the sum of Delaware and Connecticut (20 000 km2, a substantial chunk of all shallow waters on the east coast of the USA) are filled with offshore wind farms having a power density of 3 W/m2, we obtain an average power of 60 GW. That’s 4.8 kWh/d per person if shared between 300 million people. The wind hardware required would be 15 times the total wind hardware currently in the USA. 1



Geothermal

I mentioned the MIT geothermal energy study (Massachusetts Institute of Technology, 2006) in Chapter 16. The authors are upbeat about the potential of geothermal energy in North America, especially in the western states where there is more hotter rock. “With a reasonable investment in R&D, enhanced geothermal systems could provide 100 GW(e) or more of cost-competitive generating capacity in the next 50 years. Further, enhanced geothermal systems provide a secure source of power for the long term.” Let’s assume they are right. 100 GW of electricity is 8 kWh/d per person when shared between 300 million.



Hydro

The hydroelectric facilities of Canada, the USA, and Mexico generate about 660 TWh per year. Shared between 500 million people, that amounts to 3.6 kWh/d per person. Could the hydroelectric output of North America be doubled? If so, hydro would provide 7.2 kWh/d per person.



What else?

The total so far is 42 + 4.8 + 8 + 7.2 = 62 kWh/d per person. Not enough for even a European existence! I could discuss various other options such as the sustainable burning of Canadian forests in power stations. But rather than prolong the agony, let’s go immediately for a technology that adds up: concentrating solar power.

Figure 30.3 shows the area within North America that would provide everyone there (500 million people) with an average power of 250 kWh/d.

[image: Figure 30.3]

Figure 30.3. The little square strikes again. The 600 km by 600 km square in North America, completely filled with concentrating solar power, would provide enough power to give 500 million people the average American’s consumption of 250 kWh/d. This map also shows the square of size 600 km by 600 km in Africa, which we met earlier. I’ve assumed a power density of 15 W/m2, as before. The area of one yellow square is a little bigger than the area of Arizona, and 16 times the area of New Jersey. Within each big square is a smaller 145 km by 145 km square showing the area required in the desert – one New Jersey – to supply 30 million people with 250 kWh per day per person.



The bottom line

North America’s non-solar renewables aren’t enough for North America to live on. But when we include a massive expansion of solar power, there’s enough. So North America needs solar in its own deserts, or nuclear power, or both. 2




Redoing the calculations for the world

How can 6 billion people obtain the power for a European standard of living – 80 kWh per day per person, say?


Wind

The exceptional spots in the world with strong steady winds are the central states of the USA (Kansas, Oklahoma); Saskatchewan, Canada; the southern extremities of Argentina and Chile; northeast Australia; northeast and northwest China; northwest Sudan; southwest South Africa; Somalia; Iran; and Afghanistan. And everywhere offshore except for a tropical strip 60 degrees wide centred on the equator.

For our global estimate, let’s go with the numbers from Greenpeace and the European Wind Energy Association: “the total available wind resources worldwide are estimated at 53 000 TWh per year.” That’s 24 kWh/d per person.



Hydro

Worldwide, hydroelectricity currently contributes about 1.4 kWh/d per person.

From the website www.ieahydro.org, “The International Hydropower Association and the International Energy Agency estimate the world’s total technical feasible hydro potential at 14 000 TWh/year [6.4 kWh/d per person on the globe], of which about 8000 TWh/year [3.6 kWh/d per person] is currently considered economically feasible for development. Most of the potential for development is in Africa, Asia and Latin America.”



Tide

There are several places in the world with tidal resources on the same scale as the Severn estuary (figure 14.8). In Argentina there are two sites: San Jos´e and Golfo Nuevo; Australia has the Walcott Inlet; the USA & Canada share the Bay of Fundy; Canada has Cobequid; India has the Gulf of Khambat; the USA has Turnagain Arm and Knik Arm; and Russia has Tugur.

And then there is the world’s tidal whopper, a place called Penzhinsk in Russia with a resource of 22 GW – ten times as big as the Severn!

Kowalik (2004) estimates that worldwide, 40–80 GW of tidal power could be generated. Shared between 6 billion people, that comes to 0.16– 0.32 kWh/d per person.



Wave

We can estimate the total extractable power from waves by multiplying the length of exposed coastlines (roughly 300 000 km) by the typical power per unit length of coastline (10 kW per metre): the raw power is thus about 3000 GW. 3

Assuming 10% of this raw power is intercepted by systems that are 50%-efficient at converting power to electricity, wave power could deliver 0.5 kWh/d per person.



Geothermal

According to D. H. Freeston of the Auckland Geothermal Institute, geothermal power amounted on average to about 4 GW, worldwide, in 1995 4 – which is 0.01 kWh/d per person.

If we assume that the MIT authors were right, and if we assume that the whole world is like America, then geothermal power offers 8 kWh/d per person.



Solar for energy crops

People get all excited about energy crops like jatropha, which, it’s claimed, wouldn’t need to compete with food for land, because it can be grown on wastelands. People need to look at the numbers before they get excited. 5

The numbers for jatropha are in chapter D. Even if all of Africa were completely covered with jatropha plantations, the power produced, shared between six billion people, would be 8 kWh/d per person (which is only one third of today’s global oil consumption). You can’t fix your oil addiction by switching to jatropha!

Let’s estimate a bound on the power that energy crops could deliver for the whole world, using the same method we applied to Britain in Chapter 6: imagine taking all arable land and devoting it to energy crops. 18% of the world’s land is currently arable or crop land – an area of 27 million km2. That’s 4500 m2 per person, if shared between 6 billion. Assuming a power density of 0.5 W/m2, and losses of 33% in processing and farming, we find that energy crops, fully taking over all agricultural land, would deliver 36 kWh/d per person. Now, maybe this is an underestimate since in figure 6.11 (p43) we saw that Brazilian sugarcane can deliver a power density of 1.6 W/m2, three times bigger than I just assumed. OK, maybe energy crops from Brazil have some sort of future. But I’d like to move on to the last option.
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Table 30.4. World sunniness figures. [3doaeg]



Solar heaters, solar photovoltaics, and concentrating solar power

Solar thermal water heaters are a no-brainer. They will work almost everywhere in the world. China are world leaders in this technology. There’s over 100 GW of solar water heating capacity worldwide, and more than half of it is in China.

Solar photovoltaics were technically feasible for Europe, but I judged them too expensive. I hope I’m wrong, obviously. It will be wonderful if the cost of photovoltaic power drops in the same way that the cost of computer power has dropped over the last forty years.

My guess is that in many regions, the best solar technology for electricity production will be the concentrating solar power that we discussed in chapter 25 and earlier this chapter. There we already established that one billion people in Europe and North Africa could be sustained by country-sized solar power facilities in deserts near the Mediterranean; and that half a billion in North America could be sustained by Arizona-sized facilities in the deserts of the USA and Mexico. I’ll leave it as an exercise for the reader to identify appropriate deserts to help out the other 4.5 billion people in the world.



The bottom line

The non-solar numbers add up as follows. Wind: 24 kWh/d/p; hydro: 3.6 kWh/d/p; tide: 0.3 kWh/d/p; wave: 0.5 kWh/d/p; geothermal: 8 kWh/d/p – a total of 36 kWh/d/p. Our target was a post-European consumption of 80 kWh/d per person. We have a clear conclusion: the non-solar renewables may be “huge,” but they are not huge enough. To complete a plan that adds up, we must rely on one or more forms of solar power. Or use nuclear power. Or both.




Redone again, for 2026

A section added in the 2026 revision. This chapter asks the same question three times, of Europe, of North America and of the world, and gives three versions of the same answer. All three can now be checked.


The world hit MacKay’s total and missed his target

He asks how six billion people are to obtain 80 kWh per day each. Multiply it out and that is 631 exajoules a year. World energy supply in 2025 was 600 EJ — within 5% of his figure.

But it is divided among 8.23 billion people, so the average is 55.5 kWh per day, not 80.6

Two things follow and they cut against each other. The world came far closer to the quantity in his question than anyone in 2008 would have predicted. And it got there while carrying 8.23 billion people rather than the 6 billion of his question — about 1.5 billion more than the world held when he wrote — so the per-person figure went nowhere near a European standard.

Which reframes the question rather than answering it. MacKay asks whether the world could supply 80 kWh/d per person sustainably. The world has not attempted that: it has supplied 55 unsustainably, to more people. The gap that matters is not between his target and what is achievable. It is between his target and what is actual.



The renewables he counted are barely deployed

His world estimates are of the resource — what the wind and the tides could yield if we built everything buildable. Set them against what was actually delivered in 2025:









	kWh/d per person, world
	MacKay’s resource estimate
	delivered, 2025





	Wind
	24
	0.90



	Solar
	very large
	0.94



	Tide
	0.3
	about zero



	Wave
	0.5
	zero





Wind is at under 4% of the resource this chapter computes — after eighteen years containing the largest wind build-out in history. Solar is comparable, on a resource many times larger.

That is the finding that ought to change how the chapter is read. MacKay’s conclusion is that the non-solar renewables are not enough. The experience since is that we have not come close to testing it, because nothing has been built to the scale at which a resource limit could bind. What binds is the rate of construction, the cost of capital, land consent and grid connection — which is chapter 18’s argument that the constraint moved, not this chapter’s resource arithmetic.



Europe’s two options both closed

He is specific about Europe: it “needs nuclear power, or solar power in other people’s deserts, or both.” Eighteen years later, both of those went badly, and Europe did neither.

Chapter 25 records the desert option. DESERTEC dissolved within five years of its founding, and in June 2025 Britain declined the one fully engineered version of the idea ever put to a European government. Chapter 24 records the nuclear option: Germany went to zero, Olkiluoto took eighteen years and Flamanville seventeen, and chapter 28 puts Hinkley Point C near £14 a watt.

What Europe did instead was build domestic wind and solar, which now deliver roughly 5 kWh per day per person against a total consumption near 90, and burn gas for most of the rest — with the consequences of 2022.7

That is not a refutation of MacKay. It is the reverse. He said Europe could not do this on its own renewables; Europe tried anyway; and the numbers are where he said they would be. What he did not anticipate is that the two escape routes he identified would be closed by economics and politics rather than by physics — which is this edition’s recurring finding, not his.



America came down without trying

MacKay puts the average American at 250 kWh per day and asks whether shocking efficiency measures could bring them to a European 125. Americans now use about 209 kWh per day — a fall of about a sixth, achieved with no shocking measures at all, largely through shale gas displacing coal and through incremental efficiency — a different mechanism from the offshoring that chapter 15 finds in the British numbers. Wind and solar deliver about 7 kWh/d of the total.

His conclusion — that North America needs solar in its own deserts, or nuclear, or both — stands untouched, and the solar half of it is now being acted on at scale.



And the thing he got right matters more than the things he got wrong

Underneath all three regional answers is one conclusion: solar is the only renewable whose resource is large enough to matter at world scale. In 2008 that was a contested claim, and it was made harder by solar being the most expensive line in his own cost table — £3.96 a watt in chapter 28, against £0.77 for onshore wind.

It is not contested now. Solar became the cheapest source of new electricity across most of the world in the early 2020s, and is being installed faster than any generating technology in history.

He identified the answer and mispriced it by nearly an order of magnitude in the wrong direction. Chapter 25 finds the same error in his choice of concentrating solar over photovoltaics; chapter 28 finds it in his costings. On this book’s record, being right about the destination and wrong about the cost of arriving is the characteristic way to be usefully wrong — and it is a far better failure than being wrong about the destination.




Notes and further reading








	10.6 kWh/d/p
	of wind power,



	2.7 kWh/d/p
	of solar photovoltaic,



	1.9 kWh/d/p
	of concentrating solar power,



	1.7 kWh/d/p
	of biomass,



	and 5.8 kWh/d/p
	of geothermal power





by 2030. That’s a total of 23 kWh/d/p of new renewables. They also assume a small increase in nuclear power from 7.2 kWh/d/p to 8.3 kWh/d/p, and no change in hydroelectricity. Natural gas would continue to be used, contributing 4 kWh/d/p.

Further reading: Nature magazine has an 8-page article discussing how to power the world (Schiermeier et al., 2008).







North American offshore wind resources. www.ocean.udel.edu/windpower/ResourceMap/index-wn-dp.html



North America needs solar in its own deserts, or nuclear power, or both. To read Google’s 2008 plan for a 40% defossilization of the USA, see Jeffery Greenblatt’s article Clean Energy 2030 [3lcw9c]. The main features of this plan are efficiency measures, electrification of transport, and electricity production from renewables. Their electricity production plan includes



Global coastal wave power resource is estimated to be 3000 GW. See Quayle and Changery (1981).



Geothermal power in 1995. Freeston (1996).



Energy crops. See Rogner (2000) for estimates similar to mine.



World and regional figures are from the Energy Institute’s Statistical Review of World Energy 2026. Total energy supply: world 600.3 EJ, Europe 72.1 EJ, United States 93.8 EJ in 2025. Generation: world solar 2811 TWh and wind 2714 TWh; Europe solar 456 TWh and wind 625 TWh; United States solar 393 TWh and wind 469 TWh. Per-person figures use populations of 8.23 billion for the world, about 600 million for the Statistical Review’s “Total Europe” aggregate, and 342 million for the United States, and are given to the precision the denominators support — the European figure in particular depends on which countries the aggregate contains, and readers checking it against an EU-27 population will get a different answer. MacKay’s implied world total of 631 EJ is 80 kWh/d × 365 days × 6 billion people converted at 3.6 MJ per kWh. Note that “total energy supply” counts primary energy, so electricity from wind and solar is counted at its output rather than grossed up for a notional thermal input; on the substitution convention MacKay generally uses, their share would appear larger. That convention difference does not affect the comparison of delivered kWh per person, which is what the table gives.



World and regional figures are from the Energy Institute’s Statistical Review of World Energy 2026. Total energy supply: world 600.3 EJ, Europe 72.1 EJ, United States 93.8 EJ in 2025. Generation: world solar 2811 TWh and wind 2714 TWh; Europe solar 456 TWh and wind 625 TWh; United States solar 393 TWh and wind 469 TWh. Per-person figures use populations of 8.23 billion for the world, about 600 million for the Statistical Review’s “Total Europe” aggregate, and 342 million for the United States, and are given to the precision the denominators support — the European figure in particular depends on which countries the aggregate contains, and readers checking it against an EU-27 population will get a different answer. MacKay’s implied world total of 631 EJ is 80 kWh/d × 365 days × 6 billion people converted at 3.6 MJ per kWh. Note that “total energy supply” counts primary energy, so electricity from wind and solar is counted at its output rather than grossed up for a notional thermal input; on the substitution convention MacKay generally uses, their share would appear larger. That convention difference does not affect the comparison of delivered kWh per person, which is what the table gives.
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31 The last thing we should talk about

[image: ]

Capturing carbon dioxide from thin air is the last thing we should talk about.

When I say this, I am deliberately expressing a double meaning. First, the energy requirements for carbon capture from thin air are so enormous, it seems almost absurd to talk about it (and there’s the worry that raising the possibility of fixing climate change by this sort of geoengineering might promote inaction today). But second, I do think we should talk about it, contemplate how best to do it, and fund research into how to do it better, because capturing carbon from thin air may turn out to be our last line of defense, if climate change is as bad as the climate scientists say, and if humanity fails to take the cheaper and more sensible options that may still be available today.

Before we discuss capturing carbon from thin air, we need to understand the global carbon picture better.


Understanding CO2

When I first planned this book, my intention was to ignore climate change altogether. In some circles, “Is climate change happening?” was a controversial question. 1 As were “Is it caused by humans?” and “Does it matter?” And, dangling at the end of a chain of controversies, “What should we do about it?” I felt that sustainable energy was a compelling issue by itself, and it was best to avoid controversy. My argument was to be: “Never mind when fossil fuels are going to run out; never mind whether climate change is happening; burning fossil fuels is not sustainable anyway; let’s imagine living sustainably, and figure out how much sustainable energy is available.”

However, climate change has risen into public consciousness, and it raises all sorts of interesting back-of-envelope questions. So I decided to discuss it a little in the preface and in this closing chapter. Not a complete discussion, just a few interesting numbers.

[image: Figure 31.1]

Figure 31.1. The weights of an atom of carbon and a molecule of CO2 are in the ratio 12 to 44, because the carbon atom weighs 12 units and the two oxygen atoms weigh 16 each. 12 + 16 +16 = 44.


Units

Carbon pollution charges are usually measured in dollars or euros per ton of CO2 so I’ll use the ton of CO2 as the main unit when talking about percapita carbon pollution, and the ton of CO2 per year to measure rates of pollution. (The average European’s greenhouse emissions are equivalent to 11 tons per year of CO2; or 30 kg per day of CO2.) But when talking about carbon in fossil fuels, vegetation, soil, and water, I’ll talk about tons of carbon. One ton of CO2 contains 12/44 tons of carbon, a bit more than a quarter of a ton. On a planetary scale, I’ll talk about gigatons of carbon (Gt C). A gigaton of carbon is a billion tons. Gigatons are hard to imagine, but if you want to bring it down to a human scale, imagine burning one ton of coal (which is what you might use to heat a house over a year). Now imagine everyone on the planet burning one ton of coal per year: that’s 6 Gt C per year, because the planet has 6 billion people.




Where is the carbon?

Where is all the carbon? We need to know how much is in the oceans, in the ground, and in vegetation, compared to the atmosphere, if we want to understand the consequences of CO2 emissions. 2

[image: Figure 31.2]

Figure 31.2. Estimated amounts of carbon, in gigatons, in accessible places on the earth. (There’s a load more carbon in rocks too; this carbon moves round on a timescale of millions of years, with a long-term balance between carbon in sediment being subducted at tectonic plate boundaries, and carbon popping out of volcanoes from time to time. For simplicity I ignore this geological carbon.)

Figure 31.2 shows where the carbon is. Most of it – 40 000 Gt – is in the ocean (in the form of dissolved CO2 gas, carbonates, living plant and animal life, and decaying materials). Soils and vegetation together contain about 3700 Gt. Accessible fossil fuels – mainly coal – contain about 1600 Gt. Finally, the atmosphere contains about 600 Gt of carbon.

Until recently, all these pools of carbon were roughly in balance: all flows of carbon out of a pool (say, soils, vegetation, or atmosphere) were balanced by equal flows into that pool. The flows into and out of the fossil fuel pool were both negligible. Then humans started burning fossil fuels. This added two extra unbalanced flows, as shown in figure 31.3.

The rate of fossil fuel burning was roughly 1 Gt C/y in 1920, 2 Gt C/y in 1955, and 8.4 Gt C in 2006. (These figures include a small contribution from cement production, which releases CO2 from limestone.) 3

[image: Figure 31.3]

Figure 31.3. The arrows show two extra carbon flows produced by burning fossil fuels. There is an imbalance between the 8.4 Gt C/y emissions into the atmosphere from burning fossil fuels and the 2 Gt C/y take-up of CO2 by the oceans. This cartoon omits the less-well quantified flows between atmosphere, soil, vegetation, and so forth.

How has this significant extra flow of carbon modified the picture shown in figure 31.2? Well, it’s not exactly known. Figure 31.3 shows the key things that are known. Much of the extra 8.4 Gt C per year that we’re putting into the atmosphere stays in the atmosphere, raising the atmospheric concentration of carbon-dioxide. The atmosphere equilibrates fairly rapidly with the surface waters of the oceans (this equilibration takes only five or ten years), and there is a net flow of CO2 from the atmosphere into the surface waters of the oceans, amounting to 2 Gt C per year. (Recent research indicates this rate of carbon-uptake by the oceans may be reducing, however.) 4 This unbalanced flow into the surface waters causes ocean acidification, which is bad news for coral. Some extra carbon is moving into vegetation and soil too, perhaps about 1.5 Gt C per year, but these flows are less well measured. Because roughly half of the carbon emissions are staying in the atmosphere, 5 continued carbon pollution at a rate of 8.4 Gt C per year will continue to increase CO2 levels in the atmosphere, and in the surface waters.

What is the long-term destination of the extra CO2? Well, since the amount in fossil fuels is so much smaller than the total in the oceans, “in the long term” the extra carbon will make its way into the ocean, and the amounts of carbon in the atmosphere, vegetation, and soil will return to normal. However, “the long term” means thousands of years. Equilibration between atmosphere and the surface waters is rapid, as I said, but figures 31.2 and 31.3 show a dashed line separating the surface waters of the ocean from the rest of the ocean. On a time-scale of 50 years, this boundary is virtually a solid wall. Radioactive carbon dispersed across the globe by the atomic bomb tests of the 1960s and 70s has penetrated the oceans to a depth of only about 400 m. 6 In contrast the average depth of the oceans is about 4000 m.

The oceans circulate slowly: a chunk of deep-ocean water takes about 1000 years to roll up to the surface and down again. The circulation of the deep waters is driven by a combination of temperature gradients and salinity gradients, so it’s called the thermohaline circulation (in contrast to the circulations of the surface waters, which are wind-driven).

This slow turn-over of the oceans has a crucial consequence: we have enough fossil fuels to seriously influence the climate over the next 1000 years.



Where is the carbon going

Figure 31.3 is a gross simplification. For example, humans are causing additional flows not shown on this diagram: the burning of peat and forests in Borneo in 1997 alone released about 0.7 Gt C. Accidentally-started fires in coal seams release about 0.25 Gt C per year.

Nevertheless, this cartoon helps us understand roughly what will happen in the short term and the medium term under various policies. First, if carbon pollution follows a “business as usual” trajectory, burning another 500 Gt of carbon over the next 50 years, we can expect the carbon to continue to trickle gradually into the surface waters of the ocean at a rate of 2 Gt C per year. By 2055, at least 100 Gt of the 500 would have gone into the surface waters, and CO2 concentrations in the atmosphere would be roughly double their pre-industrial levels.
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Figure 31.4. Decay of a small pulse of CO2 added to today’s atmosphere, according to the Bern model of the carbon cycle. Source: Hansen et al. (2007).

If fossil-fuel burning were reduced to zero in the 2050s, the 2 Gt flow from atmosphere to ocean would also reduce significantly. (I used to imagine that this flow into the ocean would persist for decades, but that would be true only if the surface waters were out of equilibrium with the atmosphere; but, as I mentioned earlier, the surface waters and the atmosphere reach equilibrium within just a few years.) Much of the 500 Gt we put into the atmosphere would only gradually drift into the oceans over the next few thousand years, as the surface waters roll down and are replaced by new water from the deep.

Thus our perturbation of the carbon concentration might eventually be righted, but only after thousands of years. And that’s assuming that this large perturbation of the atmosphere doesn’t drastically alter the ecosystem. It’s conceivable, for example, that the acidification of the surface waters of the ocean might cause a sufficient extinction of ocean plant-life that a new vicious cycle kicks in: acidification means extinguished plant-life, means plant-life absorbs less CO2 from the ocean, means oceans become even more acidic. Such vicious cycles (which scientists call “positive feedbacks” or “runaway feedbacks”) have happened on earth before: it’s believed, for example, that ice ages ended relatively rapidly because of positive feedback cycles in which rising temperatures caused surface snow and ice to melt, which reduced the ground’s reflection of sunlight, which meant the ground absorbed more heat, which led to increased temperatures. (Melted snow – water – is much darker than frozen snow.) Another positive feedback possibility to worry about involves methane hydrates, which are frozen in gigaton quantities in places like Arctic Siberia, and in 100-gigaton quantities on continental shelves. Global warming greater than 1 °C would possibly melt methane hydrates, 7 which release methane into the atmosphere, and methane increases global warming more strongly than CO2 does.

This isn’t the place to discuss the uncertainties of climate change in any more detail. I highly recommend the books Avoiding Dangerous Climate Change (Schellnhuber et al., 2006) and Global Climate Change (Dessler and Parson, 2006). Also the papers by Hansen et al. (2007) and Charney et al. (1979).

The purpose of this chapter is to discuss the idea of fixing climate change by sucking carbon dioxide from thin air; we discuss the energy cost of this sucking next.



The cost of sucking

Today, pumping carbon out of the ground is big bucks. In the future, perhaps pumping carbon into the ground is going to be big bucks. Assuming that inadequate action is taken now to halt global carbon pollution, perhaps a coalition of the willing will in a few decades pay to create a giant vacuum cleaner, and clean up everyone’s mess.

Before we go into details of how to capture carbon from thin air, let’s discuss the unavoidable energy cost of carbon capture. Whatever technologies we use, they have to respect the laws of physics, and unfortunately grabbing CO2 from thin air and concentrating it requires energy. The laws of physics say that the energy required must be at least 0.2 kWh per kg of CO2 (table 31.5). Given that real processes are typically 35% efficient at best, I’d be amazed if the energy cost of carbon capture is ever reduced below 0.55 kWh per kg.

Now, let’s assume that we wish to neutralize a typical European’s CO2 output of 11 tons per year, which is 30 kg per day per person. The energy required, assuming a cost of 0.55 kWh per kg of CO2, is 16.5 kWh per day per person. This is exactly the same as British electricity consumption. So powering the giant vacuum cleaner may require us to double our electricity production – or at least, to somehow obtain extra power equal to our current electricity production.

If the cost of running giant vacuum cleaners can be brought down, brilliant, let’s make them. But no amount of research and development can get round the laws of physics, which say that grabbing CO2 from thin air and concentrating it into liquid CO2 requires at least 0.2 kWh per kg of CO2.

Now, what’s the best way to suck CO2 from thin air? I’ll discuss four technologies for building the giant vacuum cleaner:


	chemical pumps;

	trees;

	accelerated weathering of rocks;

	ocean nourishment.





A. Chemical technologies for carbon capture

The chemical technologies typically deal with carbon dioxide in two steps.

0.03% CO2→concentratePure CO2→compressLiquid CO2
\text{0.03\%~}\text{CO}_{\text{2}}\overset{\text{concentrate}}{\longrightarrow}\text{Pure~}\text{CO}_{\text{2}}\overset{\text{compress}}{\longrightarrow}\text{Liquid~}\text{CO}_{\text{2}}


First, they concentrate CO2 from its low concentration in the atmosphere; then they compress it into a small volume ready for shoving somewhere (either down a hole in the ground or deep in the ocean). 8 Each of these steps has an energy cost. The costs required by the laws of physics are shown in table 31.5.




	
	cost (kWh/kg)





	concentrate
	0.13



	compress
	0.07



	total
	0.20





Table 31.5. The inescapable energy-cost of concentrating and compressing CO2 from thin air. 9

In 2005, the best published methods for CO2 capture from thin air were quite inefficient: the energy cost was about 3.3 kWh per kg, with a financial cost of about $140 per ton of CO2. 10 At this energy cost, capturing a European’s 30 kg per day would cost 100 kWh per day – almost the same as the European’s energy consumption of 125 kWh per day. Can better vacuum cleaners be designed?

Recently, Wallace Broecker, climate scientist, 11 “perhaps the world’s foremost interpreter of the Earth’s operation as a biological, chemical, and physical system,” has been promoting an as yet unpublished technology developed by physicist Klaus Lackner for capturing CO2 from thin air. Broecker imagines that the world could carry on burning fossil fuels at much the same rate as it does now, and 60 million CO2-scrubbers (each the size of an up-ended shipping container) will vacuum up the CO2. What energy does Lackner’s process require? In June 2007 Lackner told me that his lab was achieving 1.3 kWh per kg, but since then they have developed a new process based on a resin that absorbs CO2 when dry and releases CO2 when moist. Lackner told me in June 2008 that, in a dry climate, the concentration cost has been reduced to about 0.18–0.37 kWh of low-grade heat per kg CO2. The compression cost is 0.11 kWh per kg. Thus Lackner’s total cost is 0.48 kWh or less per kg. For a European’s emissions of 30 kg CO2 per day, we are still talking about a cost of 14 kWh per day, of which 3.3 kWh per day would be electricity, and the rest heat.

Hurray for technical progress! But please don’t think that this is a small cost. We would require roughly a 20% increase in world energy production, just to run the vacuum cleaners.



B. What about trees?
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1 hectare = 10 000 m2

Trees are carbon-capturing systems; they suck CO2 out of thin air, and they don’t violate any laws of physics. They are two-in-one machines: they are carbon-capture facilities powered by built-in solar power stations. They capture carbon using energy obtained from sunlight. The fossil fuels that we burn were originally created by this process. So, the suggestion is, how about trying to do the opposite of fossil fuel burning? How about creating wood and burying it in a hole in the ground, while, next door, humanity continues digging up fossil wood and setting fire to it? It’s daft to imagine creating buried wood at the same time as digging up buried wood. Even so, let’s work out the land area required to solve the climate problem with trees.

The best plants in Europe capture carbon at a rate of roughly 10 tons of dry wood per hectare per year 12 – equivalent to about 15 tons of CO2 per hectare per year – so to fix a European’s output of 11 tons of CO2 per year we need 7500 square metres of forest per person. This required area of 7500 square metres per person is twice the area of Britain per person. And then you’d have to find somewhere to permanently store 7.5 tons of wood per person per year! At a density of 500 kg per m3, each person’s wood would occupy 15 m3 per year. A lifetime’s wood – which, remember, must be safely stored away and never burned – would occupy 1000 m3. That’s five times the entire volume of a typical house. If anyone proposes using trees to undo climate change, they need to realise that country-sized facilities are required. I don’t see how it could ever work.


What the IPCC says trees can do, and what they have done

MacKay’s section B is a hectare and a growth rate. The intervening years produced an assessment of the same question at world scale, and it is worth setting the two numbers it gives side by side, because they are not close.

The potential is large and cheap. The IPCC’s Sixth Assessment puts the economic mitigation potential of agriculture, forestry and other land use — everything available at under $100 (£79) a tonne — at 8 to 14 GtCO2-equivalent a year between 2020 and 2050, about half the technical potential, with 30 to 50% of it obtainable under $20 a tonne. Forests and other natural ecosystems are the largest share of that, at 7.3 (3.9–13.1) GtCO2-eq a year for protection, improved management and restoration together. Afforestation and reforestation alone have a technical potential near 3.9 (0.5–10.1) GtCO2 a year by 2050. Altogether the sector could supply 20 to 30% of the mitigation needed for a 1.5 or 2 °C pathway.

The delivery is 1.4%. Over 2010–2019, past policies actually delivered about 0.65 GtCO2 a year, which the report gives as 1.4% of global gross emissions, and more than 80% of that came from forestry measures. Realised mitigation is therefore something like five to eight per cent of the economic potential. On money, roughly $0.7 billion a year has been spent against more than $400 billion a year estimated as necessary — a factor of about 570.13

And the obstacles the IPCC lists are not physical ones. Its own summary names “lack of institutional support, uncertainty over long-term additionality and trade-offs, weak governance, fragmented land ownership, and uncertain permanence effects”, and says that robust measurement and verification is “paramount … to prevent misleading assumptions or claims on mitigation” — which is the phantom-credit problem described later in this chapter, stated by the assessment before that investigation appeared. The report is also explicit that the sector “cannot compensate for delayed emission reductions in other sectors.”



Sweden, where the sink is real and is not a constant

One country makes the shape of this concrete. On the 2024 figures, Sweden’s land sector removes more carbon dioxide than the whole country emits. Chapter L gives them: 47 Mt emitted against 54 Mt absorbed, a net −7 Mt — the only balance in the European Union that is negative — which over 10.6 million people is about −0.7 tonnes per person, against the −0.6 the European Environment Agency reports on its own slightly different vintage of the same inventory. Sweden also has the legal apparatus that makes it work — an obligation on the landowner to replant after felling, which is why heavy commercial harvesting has not become deforestation.

Three things stop this being the encouraging story it first looks like.

The removal was 31 Mt in 2023 and about 54 Mt in 2024. That is a swing of twenty-three megatonnes in a single year, very nearly half of Sweden’s entire gross emissions — so whether the country is net negative depends on which year is quoted, and on the 2023 removal it was not. The trend underneath is downward: since 2012 tree growth has slowed while harvest and natural degradation have risen, and the EEA’s assessment is that Sweden will have difficulty reaching its 2030 target for the sector. And inside that net sink sits a gross emission of nearly 13 Mt a year from drained organic soils, which is a third of what the whole country emits from energy.14

A claim often made alongside this one needs more care than it usually gets. Sweden and Finland burn very little forest — a fraction of a per cent of their forest area over 2001–2023 — while Canada and Russia burn eight or nine per cent, and the Nordic forests are mostly privately owned while the Canadian and Russian ones are mostly public. The inference drawn is that commercial forestry prevents fire.

The mechanism is plausible, but the evidence for it is much weaker than the comparison suggests. A managed forest has a dense road network built to get timber out, it is fragmented by clear-cuts that break fuel continuity, and every hectare has an owner with a reason to notice smoke. Those plausibly reduce burned area, and Sweden does suppress nearly every ignition. But the comparison is dominated by something else entirely. Lightning accounts for about 83% of the area burned in Canada — Natural Resources Canada’s figure over the thirty years to 2023 — in country generally too remote to defend. And fires deliberately left to burn under a modified response were 9% of reported fires but 64% of the area burned between 1997 and 2016 — that is a policy, not a failure. Public ownership in Canada and Russia is largely a consequence of remoteness rather than a cause of burning, and a boreal forest with a natural fire-return interval measured in decades is not malfunctioning when it burns.

So the honest reading is that management probably helps, that nobody has separated its effect from climate and from a deliberate decision not to fight remote fires, and that a chart of a handful of countries falling into two geographic clusters cannot do that separation.15

None of that makes the sink fictitious. It makes it a flow rather than a stock — a rate of uptake that depends on how fast trees are growing this decade, which is exactly the property the IPCC means by impermanence, and exactly the property a tonne emitted from a chimney does not have.



The drained peat, and why filling the ditches in does not simply undo it

The third of those three items is the one with an obvious remedy. Nearly 13 Mt a year is coming out of Swedish soils that were drained on purpose, mostly a century ago, and the ditches that drain them are still there — almost half a million kilometres of them on organic soils in Sweden alone. Finland has drained 4.9 million hectares, 54% of all its peatland, since the early 1900s, and about 30% of the boreal peatland area in the Nordic and Baltic countries has been drained for forestry. Block the ditches, the water comes back, the peat stops oxidising. It is the cheapest-sounding intervention in this chapter, and the arithmetic of it is stranger than it looks.

Rewetting the world’s drained peat would be worth about 2.6% of the problem, and almost none of that comes from the forests. Ojanen and Minkkinen built radiative-forcing scenarios for each class of drained peat soil and found that rewetting all of it reaches −70 mW per square metre of Earth at 100 years — against the roughly 2.72 W per square metre of total human forcing the IPCC gives, so about a fortieth of it. The striking part is the split. Tropical peat soils, 9.6 million hectares, give about two-thirds of that cooling and give it immediately. Temperate and boreal agricultural peat, 13.0 million hectares, gives the other third, though methane from the rewetted soil cancels much of the gain for the first few decades. Temperate and boreal forestry-drained peat — 10.6 million hectares, a third of the total area — has a negligible effect.16

The reason is a third term that only forests have. Draining a peatland stops it emitting methane and starts it emitting carbon dioxide; rewetting reverses both, and on farmed peat that is the whole story. On forestry-drained peat there is also a stand of trees that the drainage made possible, and rewetting kills it. Launiainen and colleagues put every term in at once — soil CO2, methane and nitrous oxide, the tree stand, the wood products, and albedo — for Northern European conditions, and found restoring nutrient-rich drained peatland forest to be warming for the first 200 years unless the carbon in the standing trees is somehow kept, and restoring nutrient-poor forest to be warming permanently. A restored bog is paler than a spruce plantation, so albedo does push the other way, persistently and most strongly against mature forest; it is not enough.

So the two literatures disagree about how good the forest is, and about nothing else. Scotland ran the same experiment on the ground. In the Flow Country, where conifers were planted on deep peat in the 1980s, forest-to-bog restoration turns to net cooling after 15 to 20 years, and sites less than ten years old are still net warming. The briefing that reports this says plainly why the long-term benefit arrives at all: the conifer yields were low, and poor timber goes to pulp and fuel, which return their carbon quickly. Where trees on drained peat grow badly, the tree term is small and rewetting pays inside two decades. Where they grow well, the tree term is large and it does not pay this century. Same physics, different forest — and it means the question to ask of any rewetting proposal is not how many hectares but what was growing on them.

Britain’s own peat makes the point about which hectares in the sharpest available form. The UK has about 3.0 million hectares of peat, an eighth of its land area, and it emits roughly 24.5 Mt CO2-eq a year — against UK territorial emissions of 373 Mt in 2024, about one part in fifteen. Britain’s peat is a source, not a sink, and its share of the national total rises every year that everything else falls. Where those emissions are is not where the peat is. Cropland on peat, mostly the drained fens of East Anglia, is 7% of the peat area and 32% of the emissions; grassland on peat is another 8% of the area and 27% of the emissions. Fifteen per cent of the area is making about 60% of the emissions — 60 rather than the 59 those two rounded shares add to, because the underlying tonnages give 60.2. Modified semi-natural peatland, meanwhile, is 41% of the area and 15% of the emissions, and woodland — mostly drained conifer plantation, which is Britain’s share of the case this section began with — is another 16% of the area. Per hectare the arable figure is about 36 tonnes a year against 2.8 from modified peatland, a factor of thirteen.17

Public money goes mostly to the other one. Scotland has committed £250 million to restore 250 000 hectares by 2030 — about £1000 a hectare — and reported 90 000 hectares restored since 1990, with a record 14 860 of them in 2024–25. Reaching the target needs about 32 000 hectares a year, more than twice the best year yet; the interim target of 110 000 by 2026 was still 20 000 hectares away in mid-2025. Sweden manages about 1500 hectares a year against several million drained: at that rate the job takes thousands of years. None of this makes upland restoration a mistake — it has water, flood and habitat arguments that stand on their own, and the fens are some of the most productive farmland in England, which is a real reason for the asymmetry rather than an oversight. But if the object is tonnes, the tonnes are in the lowland fen — and the fen is the class Ojanen’s accounting puts on the right side of the ledger, methane delay and all, rather than the class it finds does nothing.

Two of the papers above appeared back to back in the same issue of the same journal, one arguing that rewetting drained forested peatland is a cornerstone of Swedish climate policy and the next that it will not mitigate warming this century. That is the honest state of the question. It is also the same lesson as the rest of this chapter, arriving from a new direction: a stock that took a hundred years to drain does not return on a policy timetable, the flow it releases is not reversed by reversing the mechanism that started it, and which hectare is chosen matters more than how many.



Soil, where the stock argument is right and the flow argument decides it

A section added in the 2026 revision. There is a version of the land argument that is more arresting than trees, and it is usually made by pointing at a ratio.

The world’s soils hold more carbon than the air does. Organic carbon in the top metre of soil is on the order of 1500 GtC, against roughly 905 GtC in the atmosphere at 425 ppm — about two-thirds again as much. So a 1% increase in soil carbon would take 15 GtC out of the air, which is 55 GtCO2 — about 7 ppm, against a present 425, or a year and a half of world energy emissions. Presented that way it sounds like the whole problem solved by a rounding error, and this is the form the argument usually takes in talks about grazing and soil.

The ratio is correct. It is also a statement about a stock, and every question that matters here is about a flow.

Ask this book’s question — how fast, and for how long — and the numbers change character. The most careful assessment of grazing management, Garnett and colleagues’ Grazed and Confused? for the Food Climate Research Network, puts the global sequestration potential of better grassland management at 0.3 to 0.8 GtCO2 a year: between about 0.8% and 2.2% of energy emissions. At the middle of that range, adding 1% to the world’s soil carbon takes about a century.

Three properties make it worse than that arithmetic suggests, and all three are in the report. The effect is time-limited — a soil approaching a new equilibrium stops absorbing, so the flow is not a rate but a filling. It is reversible: ploughing, drought or a change of management releases it again, which is the impermanence section B’s forests have and a chimney’s tonne does not. And in grazing systems specifically it is substantially outweighed by the methane and nitrous oxide the animals emit, so better-managed grazing is an improvement to a net source rather than a sink.18

None of that is an argument against managed grazing, which has reasons to recommend it that have nothing to do with carbon — soil structure, water retention, biodiversity, and the livelihoods of people who graze. It is an argument against the ratio being offered as a climate solution. A stock ten thousand times larger than the annual flow — once both are counted in carbon — tells you nothing about the flow, and the enthusiasm the ratio generates is almost exactly inverted from the size of the effect.



Biochar, which is the same idea with a permanence answer

The one soil intervention that escapes the reversibility objection is biochar: biomass heated without oxygen until what remains is a form of carbon that soil organisms cannot easily digest. Buried, it stays put for centuries to millennia rather than years, which is the property everything else in this chapter lacks.

The IPCC has recognised it as a removal method since the 2019 refinement of its inventory guidelines, and it appears in essentially every modelled net-zero pathway. Estimates of its potential run from 0.5 to 2.6 GtCO2 a year at scale — about 1.4% to 7.3% of energy emissions, and the upper end of that is the largest single figure in this chapter. It is currently sold at $125 to $200 (£98 to £157) a tonne, which at the cheap end is an eighth of the $1000 a tonne this chapter gives for running direct air capture — a fifth of it at the dear end — and in either case above the $100 the damage is worth.19

So biochar sits between the two failures this chapter describes, and that is what makes it interesting. It is not the machine, which is dear and unbuilt at scale. It is not the forest, which is cheap and reverses. Its carbon stays where it is put, its cost is within an order of magnitude of the social cost of carbon rather than ten times it, and its ceiling is a few per cent of emissions rather than all of them.

That last clause is the one to keep. A few per cent is not nothing and it is not a solution, and the honest place for it is the same as everything else here: after the emitting has stopped, not instead of it.




C. Enhanced weathering of rocks

Is there a sneaky way to avoid the significant energy cost of the chemical approach to carbon-sucking? Here is an interesting idea: pulverize rocks that are capable of absorbing CO2, and leave them in the open air. 20 This idea can be pitched as the acceleration of a natural geological process. Let me explain.

Two flows of carbon that I omitted from figure 31.3 are the flow of carbon from rocks into oceans, associated with the natural weathering of rocks, and the natural precipitation of carbon into marine sediments, which eventually turn back into rocks. These flows are relatively small, involving about 0.2 Gt C per year (0.7 Gt CO2 per year). So they are dwarfed by current human carbon emissions, which are about 40 times bigger. But the suggestion of enhanced-weathering advocates is that we could fix climate change by speeding up the rate at which rocks are broken down and absorb CO2. The appropriate rocks to break down include olivines or magnesium silicate minerals, which are widespread. The idea would be to find mines in places surrounded by many square kilometres of land on which crushed rocks could be spread, or perhaps to spread the crushed rocks directly on the oceans. Either way, the rocks would absorb CO2 and turn into carbonates and the resulting carbonates would end up being washed into the oceans. To pulverize the rocks into appropriately small grains for the reaction with CO2 to take place requires only 0.04 kWh per kg of sucked CO2. Hang on, isn’t that smaller than the 0.20 kWh per kg required by the laws of physics? Yes, but nothing is wrong: the rocks themselves are the sources of the missing energy. Silicates have higher energy than carbonates, so the rocks pay the energy cost of sucking the CO2 from thin air.

I like the small energy cost of this scheme but the difficult question is, who would like to volunteer to cover their country with pulverized rock?



D. Ocean nourishment

One problem with chemical methods, tree-growing methods, and rock-pulverizing methods for sucking CO2 from thin air is that all would require a lot of work, and no-one has any incentive to do it – unless an international agreement pays for the cost of carbon capture. At the moment, carbon prices are too low.

A final idea for carbon sucking might sidestep this difficulty. The idea is to persuade the ocean to capture carbon a little faster than normal as a by-product of fish farming. 21

Some regions of the world have food shortages. There are fish shortages in many areas, because of over-fishing during the last 50 years. The idea of ocean nourishment is to fertilize the oceans, supporting the base of the food chain, enabling the oceans to support more plant life and more fish, and incidentally to fix more carbon. Led by Australian scientist Ian Jones, the ocean nourishment engineers would like to pump a nitrogencontaining fertilizer such as urea into appropriate fish-poor parts of the ocean. They claim that 900 km2 of ocean can be nourished to take up about 5 Mt CO2/y. Jones and his colleagues reckon that the ocean nourishment process is suitable for any areas of the ocean deficient in nitrogen. That includes most of the North Atlantic. Let’s put this idea on a map. UK carbon emissions are about 600 Mt CO2/y. So complete neutralization of UK carbon emissions would require 120 such areas in the ocean. The map in figure 31.6 shows these areas to scale alongside the British Isles. As usual, a plan that actually adds up requires country-sized facilities! And we haven’t touched on how we would make all the required urea.

[image: Figure 31.6]

Figure 31.6. 120 areas in the Atlantic Ocean, each 900 km2 in size. These make up the estimated area required in order to fix Britain’s carbon emissions by ocean nourishment.

[image: ]

While it’s an untested idea, and currently illegal, I do find ocean nourishment interesting because, in contrast to geological carbon storage, it’s a technology that might be implemented even if the international community doesn’t agree on a high value for cleaning up carbon pollution; fishermen might nourish the oceans purely in order to catch more fish.


Commentators can be predicted to oppose manipulations of the ocean, focusing on the uncertainties rather than on the potential benefits. They will be playing to the public’s fear of the unknown. People are ready to passively accept an escalation of an established practice (e.g., dumping CO2 in the atmosphere) while being wary of innovations that might improve their future well being. They have an uneven aversion to risk.

Ian Jones




We, humanity, cannot release to the atmosphere all, or even most, fossil fuel CO2. To do so would guarantee dramatic climate change, yielding a different planet…

J. Hansen et al (2007)




Avoiding dangerous climate change” is impossible – dangerous climate change is already here. The question is, can we avoid catastrophic climate change?

David King, UK Chief Scientist, 2007




The whale, which is ocean nourishment with a face

A section added in the 2026 revision. MacKay’s section D is fertilizing the ocean to grow plankton. The version that has had the attention since is the same idea delivered by an animal, and it is worth working through because it is a clean example of what this book’s method is for.

In 2019 four economists writing in the IMF’s Finance & Development proposed protecting whales as a climate strategy, opening with the line “one whale is worth thousands of trees”. They valued the average great whale at more than $2 million (£1.6 million) and the living stock at over $1 trillion, and estimated that whales restored to their pre-whaling numbers would capture 1.7 billion tonnes of CO2 a year — for which, they calculated, it would be worth paying about $13 a person annually. The framing was explicit: an alternative to capturing carbon from the air, which they called complex, untested and expensive.22

Separate the two things being counted, because almost everything depends on which one you mean.

The first is the carbon in the whale itself. A great whale sinking to the sea floor takes about 33 tonnes of CO2 down with it, which over a lifespan near eighty years is 0.4 tonnes a year. Multiply by the 1.3 million great whales alive now and the whole world’s whale-fall carbon is half a million tonnes of CO2 a year. Against the 35 800 Mt of energy-related CO2 this chapter uses elsewhere that is 0.0015%. Restore every whale killed since whaling began and it reaches 0.006%. As a way of storing carbon in bodies, whales are a rounding error — and this is the number the “worth thousands of trees” comparison is built on.

The second is the fertilizing. Whales bring iron and nitrogen to the surface where phytoplankton can use them, and phytoplankton is where the carbon actually goes. This is real and has been measured: the best-documented case, sperm whales in the Southern Ocean, found about 12 000 animals releasing some 50 tonnes of iron a year, exporting 4 × 105 tonnes of carbon to the deep while respiring 2 × 105, for a net 200 000 tonnes of carbon — about 0.73 million tonnes of CO2. That is 61 tonnes of CO2 per whale per year, about 150 times what the body carries.23

So the fertilizing is the whole of the argument, and the whale is the delivery mechanism. At 61 tonnes against 0.41, the body accounts for 0.7% of the measured effect. Which means about 99% of the benefit rests on the part that is hardest to measure, and almost none of it on the part that is easy.

Now scale the measured case. Sixty-one tonnes per whale-year across 1.3 million whales is 0.08 Gt of CO2 a year, about 0.2% of that same 35 800 Mt; across a restored 5 million it is 0.31 Gt, or 0.9%. Those are not trivial numbers. But the IMF figure is 1.7 Gt — more than five times what the one well-quantified study gives when scaled up, and that scaling is already generous, because the Southern Ocean is iron-limited in a way most of the ocean is not. Adding iron where iron is not the limiting nutrient does not produce plankton.

None of which is an argument against whales, and it is worth being clear about that. They are worth protecting for reasons that have nothing to do with carbon, and the fertilizing effect is real. The argument is about what the number is for. A trillion-dollar valuation, offered as an alternative to the machines in this chapter, is doing work that the evidence underneath it cannot support — and the part of it that a reader can check independently, the carbon in the animal, turns out to be four orders of magnitude too small to matter.

And the argument has now completed a circle worth noticing. If the carbon comes from the fertilizing rather than from the animal, then the animal is not required. Groups have begun manufacturing the input directly — artificial whale faeces, a nutrient mixture released to feed phytoplankton — with one such effort, the WhaleX Foundation, shortlisted among sixty entries from over eleven hundred in the XPRIZE carbon-removal competition. Strip away the whale and what remains is precisely MacKay’s section D: fertilize the ocean, grow plankton, hope the carbon sinks. Eighteen years on it is still a proposal without a published carbon figure attached to it — WhaleX’s own site gives none — and still constrained by the same treaties that made MacKay call it illegal in 2008.24

That is the same failure this chapter describes twice more below, in a more sympathetic costume. MacKay’s worry about section A was that raising the possibility of a fix promotes inaction now. A whale is a more appealing promise than a fan in the desert, and it fails the arithmetic by a wider margin.




The last thing, eighteen years on

A section added in the 2026 revision. MacKay’s title carries a double meaning — last in order of priority, and last as in a final resort — and he says so. Both readings have got stronger, and none of the eighteen years since has been kind to the technology.


The energy cost turned out worse than he assumed, not better

He works with a figure of 0.55 kWh per kilogram of carbon dioxide, roughly three times the thermodynamic floor of 0.2 that he derives, and observes that it “seems almost absurd” to talk about doing this at all. Real machines have now been built and measured:




	kWh per kg of CO2
	





	Thermodynamic minimum, as MacKay derives it
	0.2



	MacKay’s working assumption
	0.55



	Machines actually operating, 2025
	1.5 to 2.5





So the real thing is three to five times worse than the assumption he already thought close to absurd, and eight to twelve times the physical limit. The fans alone, before any chemistry, account for 300 to 900 kWh a tonne.25

Redo his sentence with a real number. Neutralising a European’s 30 kg a day at 2 kWh per kilogram takes 60 kWh per day per person. MacKay’s own version reads: “16.5 kWh per day per person. This is exactly the same as British electricity consumption.” Britain now generates 11.2 kWh(e) per day per person. Sucking one European’s emissions out of the air would take more than five times Britain’s entire electricity generation per head — where in 2008 the two numbers were equal.

The gap widened from both ends: the machines are dearer in energy than he assumed, and the generation he compared them against has shrunk.



It has been built at a scale of about nine seconds

Twenty-seven direct air capture plants had been commissioned worldwide by the International Energy Agency’s last full count, with a combined operating capacity a little over 10 000 tonnes a year. Mammoth’s 36 000-tonne nameplate is not in that total and would dominate it if the plant performed; the paragraph below records what it actually captured. World energy-related emissions are about 35 800 million tonnes a year, which is 1135 tonnes every second.

The entire operating capacity in that count, running perfectly for a full year, offsets about nine seconds of world emissions.

The flagship is worse than that headline suggests. Climeworks’ Mammoth, in Iceland, is the largest such plant ever built, with a nameplate of 36 000 tonnes a year. In 2024 it captured 105 tonnes — about three-tenths of one per cent of design capacity. The company’s own co-chief executive put operating cost “closer to the $1000 per ton mark than the $100 per ton mark” — nearer £790 a tonne than £79, and the firm cut staff in 2025.26

The next machine is larger. STRATOS, in Texas, is designed for 500 000 tonnes a year, which would multiply that operating count roughly fiftyfold. At full output it would offset about seven minutes of world emissions annually.



The flow is not steady, and the wobble is bigger than the fleet

“1135 tonnes every second” is an annual total divided by the seconds in a year. That is the right way to get the comparison above, and the wrong way to picture the thing, because emissions move on a scale of days with the weather.

A dataset published in 2026 makes the movement visible over the long run for the first time: daily carbon dioxide for a dozen-odd countries and regions across power, industry, transport and residential use, running from 1970 to 2024. It exists because annual and monthly figures cannot show what a heatwave or a cold snap does, and those are getting more frequent.

The comparison with direct air capture survives untouched, since both sides of it are annual quantities and the ratio does not care how the year was distributed. But the picture underneath it — a steady tap that a machine might be built to catch — does not. World emissions average about 98 million tonnes a day. A swing of a single per cent from one day to the next is therefore around a million tonnes, which is about a hundred times what every direct air capture plant now operating could remove in a year running perfectly, on the same nameplate basis as the count above. One per cent is a deliberately small illustration; in the United States, the one country for which the paper quotes a day-of-week profile, the weekday-to-Sunday difference alone is several times that.

One caveat belongs in the text and not in the note. Only 2019 onwards is built from observation, out of more than two million near-real-time records of electricity generation, traffic, gas use and industrial output. The fifty years before that are monthly national totals pushed down to daily values by machine learning and degree-day methods. The annual and monthly sums are as good as their sources; the daily shape before 2019 is a model of what the days probably looked like.27



The subsidy does not close the gap either

Chapter 23 records the American 45Q credit paying $180 (£142) a tonne for direct air capture — the most generous instrument for this anywhere in the world. Against an operating cost near $1000, it covers under a fifth. There is no jurisdiction in which building one of these machines is a commercial proposition, and none in prospect.



And emitting is free almost everywhere

The subsidy is only half the accounting. The other half is what it costs to put the carbon there in the first place, and the answer is usually nothing.

About 30% of the world’s carbon dioxide emissions carry a price of any kind. That is up from roughly 7% in 2010, most of the rise coming from China’s emissions trading system, which covers around 15% of global emissions on its own — though only about half of China’s own emissions, mostly the electricity sector. The corresponding statement is the one worth writing down: about 70% of the world’s emissions have no carbon price at all.

And where there is a price, it is mostly a small one. Most priced emissions are valued at $10 (£8) a tonne or below. Western European prices of $65 to $90 (£51 to £71) apply to about 5% of global emissions. Under 0.5% of all emissions face a price above $100 (£79) a tonne.28

Now set that against this chapter’s own figure of about $1000 (£790) a tonne to run a direct air capture plant, and against a number the chapter has not yet used. Estimates of the social cost of carbon — the damage a tonne actually does — cluster above $100 (£79) a tonne; a meta-analysis of 147 studies gives a median of $103 and a 2024 analysis $132.

So there are three numbers and they are each roughly an order of magnitude apart. Emitting a tonne typically costs nothing, or a few dollars. The damage it does is worth about a hundred. Undoing it costs about a thousand. No subsidy of the kind chapter 23 describes closes a gap of that shape, because the gap is not between the machine’s cost and its revenue. It is between the cost of un-emitting and the cost of emitting, and the second of those is zero for seven-tenths of the world’s carbon.

This is the sharpest form of the argument for a carbon price, and it is not the obvious one. It also bears on chapter 29, which finds that Europe’s price did useful work at the margin but called almost no carbon capture into existence, and concludes that MacKay’s ordering of price above regulation should be reversed. The arithmetic here explains only half of that. Direct air capture was never among the things any carbon price could have bought, at the $1000 a tonne this chapter records. But chapter 29’s puzzle is the cheaper case — capture on a flue, where chapter 23 records a subsidy that now exceeds the cost at the best sites. That one was within reach of prices that existed, and it still was not built, which is precisely why chapter 29 reaches for regulation rather than for a higher price. A price high enough to make direct air capture pay would have to be around $1000 a tonne — ten times the damage the tonne does, and a hundred times what most priced emissions currently pay. Long before it reached that level it would have made every cheaper abatement in this book pay, most of them many times over: the insulation of chapter 21, the heat pumps of chapter 7, the wind of chapter 4. The case for pricing carbon is not that it would finance this chapter’s machines. It is that this chapter’s machines are the very last thing it would finance — which is, once again, MacKay’s own ordering, arrived at from the other end.



And a war fills the air faster than anything here empties it

A section added in the 2026 revision. Chapter 17 puts the cost of a war in this book’s usual unit and arrives at a loss of about 43.5 GW of Ukrainian generating capacity in four years. This chapter’s unit is the tonne, and that arithmetic has now been done too.

The Initiative on GHG Accounting of War — Lennard de Klerk and colleagues, working with Ukrainian forestry, fire and meteorology institutes — has published an assessment every six to twelve months since 2022, counting only emissions attributable to the war. Its fourth-year report, covering 24 February 2022 to 23 February 2026, gives a total of 311.4 million tonnes of CO2-equivalent, of which 75 Mt arrived in the fourth year alone. The series ran 175 Mt at two years and 237 Mt at three, so the annual increment is rising rather than settling.29




	Four years of war
	Mt CO2e
	





	Warfare
	114.1
	37%



	Reconstruction (not yet emitted)
	73.3
	23%



	Landscape fires
	70.3
	23%



	Civil aviation rerouting
	29.8
	9%



	Damage to energy infrastructure
	18.6
	6%



	Refugees
	5.3
	2%



	Total
	311.4
	





The first thing the table says is that the fighting is the minority of it. Warfare is 37%, and 90% of that is simply diesel and kerosene burned by vehicles, aircraft and generators — the remaining tenth being ammunition and the replacement of destroyed equipment. The other 63% is consequence: fields and forests burning near the front line where no fire crew can go, airliners flying around two closed airspaces, nearly six million displaced people travelling, and the concrete and steel that will one day be poured to put the buildings back.

Two of those categories deserve a second look, because they are the kind of thing this book exists to notice.

Reconstruction has not happened yet. Those 73.3 Mt are owed rather than emitted — a liability booked against future cement and steel, which the report expects to be over 80% of it. That is the chemistry chapter L describes, where more than half the carbon dioxide comes out of the limestone rather than out of the fire underneath, and no amount of clean electricity removes it. Subtract the debt and the carbon actually in the air from four years of war is 238 Mt.

The fires are a feedback, and the report says so explicitly. Ukraine burned 1.39 million hectares of landscape in 2025, far above pre-war levels, with the excess concentrated along the front. The attribution is done by comparing fire intensity in the war zone against similar terrain and weather in government-controlled areas, which is a real method rather than an assumption. What it finds is the loop: exceptionally hot, dry summers in 2024 and 2025 turned combat sparks into fires that nobody could fight, and the fires emitted. Landscape fires were nearly a quarter of a war’s carbon, and neither cause would have produced them alone.

Now set the total against this chapter’s two scales. At the world’s 35 800 Mt a year of energy emissions — 1135 tonnes a second — the war’s 311.4 Mt is 0.87% of one year, a little over three days. As a rate it is 78 Mt a year: the annual output of about seven million Europeans at this chapter’s 11 tonnes each, and two-thirds again as much as Sweden’s entire gross emissions.

Against the machines it looks quite different. The world’s whole operating direct air capture fleet — the 10 000 tonnes a year that offsets nine seconds of world emissions — would need thirty-one thousand years to take back four years of one war.

The money says the same thing in the other unit. At COP30 Ukraine announced that it will file a claim for these emissions under the Environmental Damage category of the Register of Damage for Ukraine: so far as this edition can establish, the first attempt anywhere to make a state pay for the carbon its war put into the air. Priced at the $185 (£146) a tonne social cost the authors adopt, the claim comes to more than $57 billion (£45 billion).

Two things about that figure are worth stating plainly. It is a higher price than any emitter on earth actually pays — the section above records that under 0.5% of the world’s emissions face a price above $100 a tonne. And it is above the range this chapter quotes for the damage itself, a median of $103 across 147 studies and $132 in a 2024 analysis; at $103 the same tonnage would be claimed at $32 billion. The authors take the higher figure from a 2022 estimate in Nature, and that choice nearly doubles the claim.

And even so it is far below the cost of undoing it. At the $1000 (£790) a tonne this chapter records for running a direct air capture plant, removing 311.4 Mt costs $311 billion (£246 billion) — about five and a half times the claim. That is this chapter’s ladder again, in the one case where somebody has actually tried to climb it: emitting is free, the damage is worth a hundred-odd a tonne, and undoing it costs a thousand. A claim settled in full would buy back less than a fifth of the carbon it is compensation for.



And the routine part of it is not written down

The war is the visible case. The larger number is the peacetime one, and it is missing from almost every national inventory.

Scientists for Global Responsibility and the Conflict and Environment Observatory estimate the world’s militaries emit about 2.75 Gt CO2e a year including their supply chains — roughly 5.5% of global greenhouse gas emissions, which would make the world’s armed forces taken together the fourth largest emitter on the planet, ahead of Russia. Set against the war above, running at 78 Mt a year, the world’s peacetime military establishment is about thirty-five times larger. On this chapter’s arithmetic it is close to 8% of world energy emissions — roughly a month of them, every year, permanently.

And almost nobody has to report it. The Kyoto Protocol of 1997 exempted military emissions from UNFCCC reporting, at American insistence; the Paris Agreement of 2015 left the reporting voluntary. Inventory rules count domestic military energy use, commonly folded into civilian categories, and do not require emissions from overseas bases, from multilateral operations, or from the bunker fuels of international military transport. The one careful attempt to size the European part of it — Parkinson and Cottrell, for CEOBS and SGR — put the military footprint of the six largest EU spenders at 24.8 Mt CO2e in 2019, and said in the same breath that the estimate was conservative and assembled from fragments, because there is no consolidated public reporting to assemble it from.30

That is the third finding of its kind in this edition. Chapter 17 goes looking for the energy consumption of the police and of local government and reports that the numbers do not exist. This is the same absence at a scale that matters to the climate rather than to a chapter’s tally.

It also sharpens the section above. Emitting is free for about 70% of the world’s carbon. For this part of it, emitting is not merely free — it is not recorded, and a tonne that no inventory contains cannot be priced, capped or traded. The chapter’s proposition is that we may one day have to suck carbon back out of thin air at $1000 a tonne. The category examined here is putting it in at the rate of a small industrial nation, under an explicit exemption from being counted at all, and it is the one part of the world’s emissions that nobody has proposed to abate.



And the cheap alternative he treats gently turned out to be largely fictitious

Section B of this chapter is trees, and MacKay is even-handed about them. What has happened since is that the voluntary offset market — the mechanism through which almost all tree-based carbon removal was actually financed — lost its credibility. A 2023 investigation concluded that more than 90% of the rainforest credits certified by the largest standards body were likely to be “phantom credits” representing no real reduction. The certifier disputed the methodology, and the dispute is not settled; the market repriced regardless, and several large buyers withdrew.31

So the position is worse than in 2008 in both directions: the machine is dearer than assumed, and the natural alternative it was supposed to compete with turned out to have been partly imaginary.



A note on the arguments this book does not have

MacKay’s opening move is to grant the science and argue about quantities. He states it plainly — the book is about numbers, not adjectives — and every chapter since has taken warming as given and asked instead how many kilowatt-hours, over how much area, at what cost. That is a deliberate narrowing, and it is worth saying once what it leaves out.

There is a large and well-catalogued body of argument that climate change is not happening, is not caused by people, or does not matter. This book does not engage it, and a reader looking for that engagement should go elsewhere: the Skeptical Science catalogue lists 252 claims with a sourced response to each, ordered by how often they are actually made — “climate’s changed before”, “it’s the sun”, “there is no consensus”, “the models are unreliable”, “the temperature record is unreliable”.32

Forty-six of those 252 are not climate science at all. They are claims about energy and economics — that renewables are too expensive, that they cannot provide baseload, that electric cars are worse once the battery is counted, that turbines take up too much land, that panels do not work in cloudy places. Those are this book’s territory, and this edition answers several of them where they arise, in chapters 4, 6, 20 and 26, using the arithmetic of the chapter rather than an appeal to authority.

That division is the useful one. A claim about whether the greenhouse effect exists cannot be settled by an energy calculation, and a claim about whether wind farms take too much land cannot be settled by a consensus. Mixing the two does a disservice to both, and it is why this chapter, which is about the last thing we should talk about, is also the right place to say what this book has not been talking about at all.



Which makes the title more right than he meant it

MacKay’s reasons for putting this last were the energy cost, and the worry that “raising the possibility of fixing climate change by this sort of geoengineering might promote inaction now.” Both have been vindicated in the only way that counts: the energy cost is larger than he assumed, and the possibility has been used exactly as he feared.

But there is a sharper version of the argument that he does not make, and this edition would add it. Carbon dioxide is about 0.04% of the atmosphere and roughly 10% of a power station’s flue gas — a concentration ratio of some two hundred and fifty to one, and that ratio is the whole difficulty. Chapter 23 records what happened to capture at the easy end: 0.14% of world emissions actually operating, after thirty years of expectation and with a subsidy that now exceeds the cost at the best sites.

If capture from a flue at 10% concentration is built at one part in seven hundred, capture from open air at a two-hundred-and-fiftieth of that concentration is not a policy option. It is a research programme. The useful question is not how to make direct air capture cheap. It is why the far easier version was not built when it could have been — and chapters 23 and 29 answer that, and the answer is not physics.




Notes







climate change… was a controversial question. Indeed there still is a “yawning gap between mainstream opinion on climate change among the educated elites of Europe and America” [voxbz].



Where is the carbon? Sources: Schellnhuber et al. (2006), Davidson and Janssens (2006).



The rate of fossil fuel burning… Source: Marland et al. (2007).



Recent research indicates carbon-uptake by the oceans may be reducing. www.timesonline.co.uk/tol/news/uk/science/ article1805870.ece, www.sciencemag.org/cgi/content/abstract/1136188, [yofchc], Le Quéré et al. (2007).



roughly half of the carbon emissions are staying in the atmosphere. It takes 2.1 billion tons of carbon in the atmosphere (7.5 Gt CO2) to raise the atmospheric CO2 concentration by one part per million (1 ppm). If all the CO2 we pumped into the atmosphere stayed there, the concentration would be rising by more than 3 ppm per year – but it is actually rising at only 1.5 ppm per year.



Radioactive carbon… has penetrated to a depth of only about 400 m. The mean value of the penetration depth of bomb 14C for all observational sites during the late 1970s is 390±39 m (Broecker et al., 1995). From [3e28ed].



Global warming greater than 1 °C would possibly melt methane hydrates. Source: Hansen et al. (2007, p1942).



Shoving the CO2 down a hole in the ground or deep in the ocean. See Williams (2000) for discussion. “For a large fraction of injected CO2 to remain in the ocean, injection must be at great depths. A consensus is developing that the best near-term strategy would be to discharge CO2 at depths of 1000–1500 metres, which can be done with existing technology.” See also the Special Report by the IPCC: www.ipcc.ch/ipccreports/srccs.htm.



Table 31.5. Inescapable cost of concentrating and compressing CO2 from thin air. The unavoidable energy requirement to concentrate CO2 from 0.03% to 100% at atmospheric pressure is kT ln 100/0.03 per molecule, which is 0.13 kWh per kg. The ideal energy cost of compression of CO2 to 110 bar (a pressure mentioned for geological storage) is 0.067 kWh/kg. So the total ideal cost of CO2 capture and compression is 0.2 kWh/kg. According to the IPCC special report on carbon capture and storage, the practical cost of the second step, compression of CO2 to 110 bar, is 0.11 kWh per kg. (0.4 GJ per t CO2; 18 kJ per mole CO2; 7 kT per molecule.)



In 2005, the best methods for carbon capture were quite inefficient: the energy cost was about 3.3 kWh per kg, with a financial cost of about $140 per ton of CO2. Sources: Keith et al. (2005), Lackner et al. (2001), Herzog (2003), Herzog (2001), David and Herzog (2000).



Wallace Broecker, climate scientist. . . www.af-info.or.jp/eng/honor/hot/enrbro.html. His book promoting artificial trees: Broecker and Kunzig (2008).



The best plants in Europe capture carbon at a rate of roughly 10 tons of dry wood per hectare per year. Source: Select Committee on Science and Technology.



IPCC, Climate Change 2022: Mitigation of Climate Change, Working Group III contribution to the Sixth Assessment Report, chapter 7 (Agriculture, Forestry and Other Land Uses), Executive Summary. The figures are the chapter’s: economic potential under USD100 tCO2-eq of 8 to 14 GtCO2-eq per year for 2020–2050, described as a likely range whose bottom is the mean of integrated assessment models and whose top is the mean of global sectoral studies; forests and other ecosystems at 7.3 (3.9–13.1) against agriculture at 4.1 (1.7–6.7) and demand-side measures at 2.2 (1.1–3.6); delivery of about 0.65 GtCO2 per year over 2010–2019, being 1.4% of global gross emissions, with over 80% from forestry; and USD0.7 billion a year spent against more than USD400 billion a year judged necessary. The afforestation and reforestation technical potential of 3.9 (0.5–10.1) GtCO2 per year by 2050 is given at medium confidence. Two cautions on comparing the two headline numbers. Potential and delivery are not measured the same way — the 8–14 Gt is a modelled potential across all AFOLU measures including agricultural and demand-side ones, while the 0.65 Gt is an estimate of what policies achieved, so the ratio in the text is indicative of the gap rather than a precise efficiency. And the sector’s own accounting is contested: the chapter notes that book-keeping models and national inventories disagree about AFOLU CO2 fluxes, giving a net source of +5.9 ± 4.1 GtCO2 per year on one basis and 0.0 to +0.8 on the other, a discrepancy larger than most of the mitigation being discussed. Sterling conversion at the chapter I rate.



Swedish figures are from the European Environment Agency’s country assessment and Naturvårdsverket’s inventory reporting: gross greenhouse gas emissions excluding land use of 47 Mt CO2-eq in 2024, which is the figure chapter L uses and the one that gives the −0.7 tonnes per person computed in the text; the EEA’s −0.6 comes from a slightly different vintage of the same inventory, and this edition quotes both rather than reconciling them; land-sector net removal averaging about 55 Mt over 1990–2023, falling to 31 Mt in 2023 and estimated near 54 Mt in 2024; net emissions including land use reported at −0.6 tonnes per person for 2024; nearly 13 Mt a year of emissions from drained organic soils; and the EEA’s judgement that Sweden will have difficulty meeting its 2030 land-sector target, with slower tree growth and higher harvest and natural degradation since 2012 given as the reasons. The year-to-year swing deserves its own caution. A twenty-three-megatonne movement in a national sink between consecutive years is partly real — growth, harvest and disturbance do vary — and partly a product of how the inventory is estimated and revised, since these are modelled rather than measured quantities and back-revisions are routine. That is a reason to treat any single year’s net figure, including the negative one, as a weak statement about the country rather than a strong one.



Burned-area shares are as commonly plotted from Global Forest Watch data for 2001–2023 against public-ownership shares. The Canadian figures are sourced as follows. The lightning share is Natural Resources Canada’s, from the Canadian National Fire Database: about 83% of the area burned on the thirty years to 2023. Figures between 81 and 85% circulate for other averaging periods and this edition quotes the sourced central one rather than the top of that spread. The modified-response figures — 9% of reported fires and about 64% of area burned over 1997–2016 — are from Cordy Tymstra, Brian J. Stocks, Xinli Cai and Mike D. Flannigan, “Wildfire management in Canada: Review, challenges and opportunities”, Progress in Disaster Science 5 (2020) 100045, doi:10.1016/j.pdisas.2019.100045. An earlier draft of this note carried three figures taken from secondary reporting, two of which were wrong: lightning was given as 92% rather than about 83%, the modified-response pair as 8% and 60% for an unnamed single year, and a claim that only a fifth of Canada’s burned area over four decades lay in forest that had ever been actively managed — that last could not be traced to any primary source and has been removed rather than kept on an unverifiable footing. This note exists because the comparison is easy to over-read. A handful of countries in two clusters, Nordic and North American–Russian, cannot separate ownership from climate, from fire-return interval, from road density, or from a deliberate policy of not suppressing fires that threaten nothing. Sweden’s own 2018 season, which burned an unusually large area and exhausted the country’s suppression capacity, is the reminder that the Nordic figure is a record of conditions and effort rather than a property of ownership. The claim this edition is willing to make is the mechanical one: access, fragmentation and an owner on the ground reduce burned area, by an amount nobody has isolated.



The global accounting is Paavo Ojanen and Kari Minkkinen, “Rewetting Offers Rapid Climate Benefits for Tropical and Agricultural Peatlands But Not for Forestry-Drained Peatlands”, Global Biogeochemical Cycles 34 (2020) e2019GB006503, doi:10.1029/2019GB006503, which is the source of the −70 mW per square metre of Earth at 100 years, the areas of 9.6, 13.0 and 10.6 million hectares, and the two-thirds/one-third/negligible split. The comparison with total human forcing is this edition’s: 2.72 W m−2 is the IPCC’s effective radiative forcing for 1750–2019, so the ratio is about 2.6%. The full-accounting result for Northern Europe is Samuli Launiainen, Anssi Ahtikoski, Janne Rinne, Paavo Ojanen and Hannu Hökkä, “Rewetting drained boreal peatland forests does not mitigate climate warming in the twenty-first century”, Ambio 54 (2025) 2107–2117, doi:10.1007/s13280-025-02225-6, which supplies the Finnish drainage figures, the 30% of Nordic and Baltic boreal peatland drained for forestry, the 200-year and permanent-warming results, and the albedo term. The Swedish ditch length, the 1500 hectares a year and the observation that emission factors for rewetted boreal peatland are scarce are from Hjalmar Laudon, Järvi Järveoja, Anneli Ågren, Matthias Peichl and Amelie Lindgren, “Rewetting drained forested peatlands: A cornerstone of Sweden’s climate change mitigation strategy”, Ambio 54 (2025) 2092–2104, doi:10.1007/s13280-025-02220-x — the paper that runs immediately before the previous one in the same issue. The Scottish result is Renée Hermans and colleagues, Climate benefits of forest-to-bog restoration on deep peat, ClimateXchange policy briefing, April 2019, whose 15-to-20-year figure is a soil greenhouse-gas balance at Flow Country sites and does not carry the tree-stand and wood-product terms as fully as the Ambio work does. That difference in method is worth holding in mind before the two are read as a contradiction, though the briefing’s own stated reason for the benefit — low conifer yields, and timber going to pulp and fuel — is the same term the Finnish result turns on, pointing the same way. A caution on all of it. These are modelled forcing trajectories over one to two centuries, and the sign of the answer in the early decades depends on the methane emission factor assumed for a rewetted soil, which is the quantity the Swedish paper says is least well constrained in the boreal zone.



UK peat area, emissions and the land-use split are from the peatland emissions inventory developed for Defra by the UK Centre for Ecology and Hydrology (Evans and colleagues) and reported at https://lowlandpeat.ceh.ac.uk/inventory: the primary source is Chris Evans and colleagues, Implementation of an Emissions Inventory for UK Peatlands, report to Defra, UK Centre for Ecology and Hydrology, 2017, https://uk-air.defra.gov.uk/reports/cat07/1904111135_UK_peatland_GHG_emissions.pdf, whose figures are used here as it gives them: a total peat area of “around 3.0 million hectares (12.2% of the total UK land area)”, total emissions of “approximately 23 100 kt CO2e yr−1”, arable cropland at “just 7% of the UK’s peat area” emitting 7600 kt (32%), grassland at 8% of area and about 6300 kt (27%), modified semi-natural peatland at 1 213 000 ha (41%) emitting 3400 kt (15%), and woodland at “around 16% of the UK peat area … the majority of which is drained conifer plantation”. A further 640 000 ha (22%) is near-natural and close to carbon-neutral once methane is counted. The 24.5 Mt is a later inventory vintage as reported by the IUCN UK Peatland Programme; this edition quotes the newer total and the older split rather than mixing vintages inside a single ratio. The per-hectare figures are this edition’s arithmetic and everything in them comes from the report above, so that a reader can redo it: 7% of 3.0 million hectares is 210 000 ha, and 7600 kt over that is 36 tonnes; 3400 kt over 1 213 000 ha is 2.80; the ratio is 12.9, given in the text as thirteen. Four roundings are worth naming. The report’s area shares are its own and do not quite reproduce from its own hectares either: 1 213 000 ha against 3.0 million is 40.4%, which the report gives as 41%, and that 41% is the denominator of the shares-only route below. Its percentage shares of emissions likewise do not quite reproduce from its own kilotonnes — 7600 of 23 100 is 32.9% where the report says 32% — so the cropland and grassland shares are given as the report gives them while the combined figure is derived from the kilotonnes, 13 900 of 23 100, or 60.2%, hence “about 60%” rather than the 59% that adding the rounded shares would give. The later LowlandPeat project puts the cropland area at 194 124 ha rather than 210 000, which raises the intensity to 39 tonnes and the ratio to 14. And computing the ratio from the shares alone, (32/7) ÷ (15/41), gives 12.5. All three routes land between twelve and fourteen; the text says thirteen and none of the argument turns on which. The denominator is stated because the usual one is not reproducible. The IUCN headline for this material is that peatlands are 3.5% of national emissions, which against 24.5 Mt implies a national total near 700 Mt that no recent UK inventory supplies; this edition therefore drops that percentage and gives the ratio against a named figure instead — final UK territorial greenhouse-gas emissions of 373 Mt CO2-eq in 2024, from the Department for Energy Security and Net Zero, which puts peat at about one part in fifteen. That pairs a peat estimate of one vintage with a national total of another, which is why the text says “about”; peat emissions move slowly while the national total falls, so the share is rising. Scottish restoration figures — £250 million, 250 000 hectares by 2030, an interim 110 000 by 2026, 90 000 restored since 1990 and 14 860 of them in 2024–25 — are as reported by the Scottish Government on 2 June 2025; the 32 000 hectares a year needed is this edition’s arithmetic on the remaining 160 000 over five years. Two cautions. “Modified” peatland is not drained forestry or cropland and its low per-hectare figure is not evidence that restoring it is pointless — it is a large area whose condition can worsen, and the inventory number is an average across conditions that differ widely. And a per-hectare emission is not a per-hectare abatement: rewetting a fen does not recover all 36 tonnes, because the rewetted soil emits methane and, in England’s case, because the land is productive farmland whose displaced output has to come from somewhere.



Soil organic carbon in the top metre is conventionally given as roughly 1500 GtC, a figure with wide error bars — estimates to two metres run nearer 2400 — and the atmospheric stock is computed here as 425 ppm at 2.13 GtC per ppm, giving 905 GtC. The sequestration potential of grassland management, 0.3 to 0.8 GtCO2 a year, and the findings that the effect is time-limited, reversible and outweighed by the animals’ own emissions, are from Tara Garnett, Cécile Godde and colleagues, Grazed and Confused?, Food Climate Research Network, University of Oxford, 2017. The century figure in the text is this book’s arithmetic: 1% of 1500 GtC is 15 GtC, or 55 GtCO2 at 44/12, divided by the midpoint of the FCRN range. Two cautions on that sum. It treats a saturating process as a constant rate, which flatters it — a real soil approaching equilibrium slows, so a century is a lower bound on the time rather than an estimate of it. And “1% of soil carbon” is a rhetorical unit rather than a physical target: nobody proposes to raise carbon uniformly across every soil on Earth, and the achievable fraction is concentrated in degraded land where the deficit is largest. The percentages of emissions use the 35 800 Mt of energy-related CO2 this chapter uses throughout.



Biochar is biomass pyrolysed — heated in the absence of oxygen — leaving a recalcitrant carbon that resists microbial breakdown for centuries to millennia, which is why it is treated as durable removal where soil carbon generally is not. The IPCC recognised it as a removal method in the 2019 refinement to the National Greenhouse Gas Inventory Guidelines. Potential estimates span 0.5 to 2.6 GtCO2 a year, the upper figure from integrated-assessment pathway modelling and the lower from expert assessment of what is deliverable by 2050; prices in 2025–26 cluster at $125–200 a tonne, with a traded index nearer $125–145. Sterling at the chapter I rate. Three cautions. The wide potential range is not measurement error but a disagreement about feedstock: the high figures assume purpose-grown biomass, which is chapter 6’s land argument and competes with food, while the low ones use residues and waste only. The permanence claim depends on the pyrolysis conditions — char made at low temperature degrades far faster than the headline figures suggest, and a credit is only as durable as the process that produced it. And applying char to soil changes that soil’s own carbon and nitrogen cycling in ways that are not uniformly beneficial, so the net effect is not simply the carbon buried.



Enhanced weathering of rocks. See Schuiling and Krijgsman (2006).



Ocean nourishment. See Judd et al. (2008). See also Chisholm et al. (2001). The risks of ocean nourishment are discussed in Jones (2008).



Ralph Chami, Thomas Cosimano, Connel Fullenkamp and Sena Oztosun, “Nature’s Solution to Climate Change”, Finance & Development (International Monetary Fund), December 2019. The figures quoted are theirs: 33 tonnes of CO2 sequestered by an average great whale, more than $2 million for the average whale and over $1 trillion for the current stock, 1.3 million great whales today against a pre-whaling 4 to 5 million, 1.7 billion tonnes of CO2 a year if the population recovered, and $13 per person a year to pay for it. Sterling conversion at the mid-2026 rate in chapter I. Note what the $2 million values. It is a discounted stream of the whale’s carbon services plus its contribution to ecotourism, not a market price, and it is presented by the authors as a conservative estimate; the trillion-dollar total is that figure multiplied by the stock. The authors are economists at the IMF writing in a magazine rather than a peer-reviewed journal, and the piece is explicitly advocacy for a financing mechanism modelled on REDD.



The whale-fall arithmetic is this book’s, from the 33-tonne figure: an eighty-year lifespan gives 0.41 t CO2 per whale-year, which across 1.3 million great whales is 0.54 Mt a year and across 5 million is 2.1 Mt. Percentages here are taken against the 35 800 Mt of energy-related CO2 that this chapter and chapter 23 both use, from the Energy Institute’s 2026 Statistical Review, so they are comparable with the 0.14% quoted there for operating capture; a total-CO2 denominator including cement and land use would be larger and the percentages correspondingly smaller. The 33-tonne figure is also the one the United States National Oceanic and Atmospheric Administration uses, alongside the observation that “it’s difficult to put an exact number on the amount of blue carbon storage for which whales are responsible” — which is the honest position and the one this section takes. The fertilizing figures are from Trish J. Lavery, Ben Roudnew, Peter Gill, Justin Seymour, Laurent Seuront, Genevieve Johnson, James G. Mitchell and Victor Smetacek, “Iron defecation by sperm whales stimulates carbon export in the Southern Ocean”, Proceedings of the Royal Society B 277:1699 (2010), 3527–3531, doi:10.1098/rspb.2010.0863: roughly 12 000 Southern Ocean sperm whales releasing about 50 tonnes of iron a year, exporting 4 × 105 tonnes of carbon to the deep while respiring 2 × 105, so acting as a net sink of 2 × 105 tonnes of carbon. The carbon figures are the abstract’s own. The iron mass of about 50 tonnes a year is quoted from the same source but this edition has not confirmed it against the published abstract, where a figure of 36 tonnes is also attributed; it feeds none of the arithmetic here. Widely circulated secondary accounts give the respiration as 160 000 tonnes and the net as 240 000, which does not match the paper; this edition follows the paper. Three cautions on the scaling done in the text. Those are tonnes of carbon, converted here at 44/12 to 0.73 Mt of CO2; papers in this field quote both and the two differ by a factor of 3.67, which is a common source of confusion in secondary reporting. Scaling one species in one ocean to all great whales everywhere assumes the same iron limitation applies, and it does not — the Southern Ocean is the textbook high-nutrient low-chlorophyll region, which is precisely why the effect is measurable there. And carbon exported below the mixed layer is not the same as carbon sequestered for centuries; some returns within years. All three of these push the scaled figure down rather than up, so the 0.31 Gt is an upper bound on that method, not an estimate.



The WhaleX Foundation describes itself as simulating what whales do, dispersing nutrients to stimulate phytoplankton growth and so drive the biological pump, and records being shortlisted in the top 60 of 1132 entrants to the Musk Foundation’s $100 million XPRIZE for carbon dioxide removal. What it does not publish is a number. At the time of writing its site gives no trial location, date, scale, or quantity of carbon removed, and makes no comparison with the ocean iron fertilization experiments of the 2000s, which is the obvious precedent and which is where the field’s disappointments are recorded. That absence is the reason this edition mentions the effort without endorsing it: a carbon-removal proposal that publishes no tonnes cannot be assessed by this book’s method at all. The serious research end of this is not WhaleX. The Centre for Climate Repair at Cambridge lists a Marine Biomass Regeneration programme run by a consortium of Cambridge, Hawaii, Southern California, Cape Town and India’s National Institute of Oceanography — and at the time of writing its public page carries no mechanism, no tonnes, no cost and no trial status, only a note that more information will follow. That is a statement about the public page rather than about the work behind it, and a project that has not yet published is not a project that has failed. It is recorded here because it is the same shape as everything else in this section: the idea is old, the institutions are real, and the quantity is still missing. The legal position is that deliberate ocean fertilization for climate purposes is restricted under the London Convention and its Protocol, whose parties adopted a marine geoengineering amendment in 2013; MacKay’s own text calls the practice illegal, and this note records that the restriction is a treaty position on deliberate fertilization rather than a prohibition on research.



Operating direct air capture plants consume roughly 1500–2500 kWh per tonne of carbon dioxide captured, combining electrical energy for fans, pumps and compression with thermal energy for sorbent regeneration; the split and the total vary substantially between the solid-sorbent and liquid-solvent approaches, and figures are often reported for only one of the two energy streams, which is a frequent source of confusion in the literature. Fan energy alone has been estimated at 300–900 kWh per tonne, and around 370 kWh per tonne for the Climeworks Orca plant specifically. Two cautions. Comparing these totals against MacKay’s 0.55 kWh/kg is not quite like for like, since low-grade heat is not the same commodity as electricity and Iceland’s geothermal supply makes it unusually cheap there; on a pure exergy basis the gap would be narrower than three to five times. And these are first-of-a-kind machines, so improvement should be expected — the point is the starting position, not a claim that it cannot fall.



Climeworks’ Mammoth plant near Hellisheiði, Iceland, began operating in May 2024 with a nameplate capacity of up to 36 000 tonnes of CO2 a year; reporting in 2025 put its 2024 capture at about 105 tonnes, and its predecessor Orca at a comparably small fraction of a 4000-tonne nameplate. Commissioning years are not representative of steady-state performance and the company has disputed characterisations of the plant as failing; what is not disputed is the operating cost, which its co-chief executive described as nearer $1000 than $100 a tonne, or the staff reductions announced in 2025. World direct air capture capacity of a little over 10 000 tonnes a year across 27 commissioned plants is the International Energy Agency’s, most of those plants being demonstration units rather than commercial operations. The seconds-and-minutes comparisons use energy-related CO2 of 35 800 Mt a year from the Energy Institute’s Statistical Review of World Energy 2026, which is 1135 tonnes a second.



Tao Li and colleagues, “Global daily CO2 emissions from 1970 to 2024”, Scientific Data 13:605 (2026), https://doi.org/10.1038/s41597-026-06621-9; the dataset itself is a single CSV on Figshare at https://doi.org/10.6084/m9.figshare.28827932, giving country, sector, date and value across power, industry, transport including aviation, and residential. The paper’s own count and its own list disagree, and this edition has not resolved it. The text says 14 countries and regions and then enumerates thirteen: the United States, EU27 and UK, China, Russia, India, Germany, Spain, France, the United Kingdom, Italy, Japan, Brazil and rest of world. Either a row is missing from the list — international aviation and shipping is the usual fourteenth in datasets of this family — or the count is one too many. The body therefore does not give a number. The construction is in two halves and they are not of equal standing. 2019 to 2024 is built from near-real-time activity observations; 1970 to 2018 is monthly totals disaggregated by machine-learning and degree-day methods, so the daily structure in that period is inferred rather than measured. Validated against EDGAR temporal profiles, the daily series gives R2 from 0.71 to 0.98 with a mean of 0.88, and symmetric mean absolute percentage error from 3.8 to 12% with a mean of 7.2%; the weakest fits are the United Kingdom and the United States. The arithmetic in the body is this edition’s: 35 800 Mt a year is 98 Mt a day, one per cent of which is 980 000 tonnes, against the little over 10 000 tonnes a year of operating direct air capture capacity recorded above — a ratio of about 98. The one per cent is chosen as a conservative illustration and is not a figure from the paper. The weekday remark rests on the day-of-week scale factors the paper quotes from the TIMES profiles, which put American Sunday emissions at 0.91 and weekdays at 1.02 of the weekly mean.



Carbon-pricing coverage and price levels are from Our World in Data’s How much are people across the world paying for their carbon emissions?, drawing on Dolphin and Merkle (2024) and the World Bank’s carbon pricing dashboard (2025): about 30% of global CO2 emissions priced in 2024 against roughly 7% in 2010, China’s system covering some 15% of global emissions but only about half of China’s own, most priced emissions at or below $10 a tonne, Western European prices of $65–90 over about 5% of emissions, and under 0.5% of all emissions facing a price above $100. Social-cost-of-carbon figures are the median of $103 per tonne across 147 studies in a published meta-analysis and $132 in a 2024 analysis; the literature is wide and the number is sensitive to the discount rate above almost everything else, so “above $100” is the defensible statement rather than any single value. Three cautions on the coverage figure. Coverage is not stringency — an emission inside a trading system whose permits clear near zero is counted as priced, which is why the share and the level have to be read together and why the 30% on its own would flatter the position. Free allocation of permits, which is extensive in the European system for trade-exposed industry, means the headline price is not what every covered emitter actually pays at the margin. And the comparison drawn in the text is between a price per tonne emitted and a cost per tonne removed, which are the same unit but not the same transaction: a price changes behaviour at the margin, whereas the removal cost has to be paid in full on every tonne. The $1000 per tonne for direct air capture is this chapter’s own operating figure, and the $180 45Q credit is chapter 23’s. Currency conversions use the mid-2026 rate of 1.27 dollars to the pound given in chapter I, to two significant figures.



Climate Damage Caused by Russia’s War in Ukraine, 24 February 2022 – 23 February 2026, Initiative on GHG Accounting of War, February 2026, lead author Lennard de Klerk with Mykola Shlapak, Sergiy Zibtsev, Viktor Myroniuk, Oleksandr Soshenskyi, Roman Vasylyshyn, Svitlana Krakovska, Lidiia Kryshtop and Rostyslav Bun: https://en.ecoaction.org.ua/wp-content/uploads/2026/02/Climate-Damage-Caused-by-War-48-months_ENs.pdf, with the whole series at https://www.warbon.org. The table, the 75 Mt fourth-year increment, the 90% fossil-fuel share of warfare emissions, the 1.39 million hectares burned in 2025, the 80% concrete-and-steel share of future reconstruction, the $185/tCO2e social cost and the resulting claim of more than $57 billion are all the report’s; the methodology is set out at greater length in the three-year assessment of October 2025 and follows the group’s own Guidance on the assessment of conflict-related GHG emissions. The earlier totals quoted — 175 Mt at two years, 237 Mt at three — are from assessments 4 and 5 in the same series; the three-year figure was first reported as 230 Mt in February 2025 and revised upward in the October 2025 edition, which is worth knowing because it means these numbers are provisional in both directions. The comparisons against 35 800 Mt of world energy emissions, against 11 tonnes per European per year, against Sweden’s 47 Mt, against the 10 000 tonnes a year of operating direct air capture capacity, and the $311 billion cost of removal at $1000 a tonne are this book’s arithmetic on the report’s total, not the report’s. Two attribution caveats matter. Reconstruction emissions have not yet occurred and may never occur as modelled, so the 311.4 Mt is a mix of measured, estimated and projected quantities; and the counterfactual for warfare emissions is not zero, since the vehicles, aircraft and factories concerned would have burned some fuel in peacetime, which the assessment addresses by attribution factors rather than by assuming the whole of military activity is additional. The Wikipedia article that prompted this section, https://en.wikipedia.org/wiki/Environmental_impact_of_the_Russo-Ukrainian_war, quotes the same series at its two-year point (175 Mt) and collects the non-carbon damage — protected land, water, soil, wildlife — that this chapter’s unit cannot express. Chapter 17 gives the energy-sector losses and the human toll.



The global figure is Stuart Parkinson and Linsey Cottrell, Estimating the Military’s Global Greenhouse Gas Emissions, Scientists for Global Responsibility and the Conflict and Environment Observatory, November 2022: https://ceobs.org/estimating-the-militarys-global-greenhouse-gas-emissions/ — about 2.75 Gt CO2e a year including supply chains, some 5.5% of global greenhouse gas emissions, which the authors stress is conservative because the emissions of warfighting itself, of fires, of infrastructure damage, of reconstruction and of caring for survivors were too poorly documented to include. Note the denominators differ: 5.5% is against total global greenhouse gases, whereas the near-8% in the text is against the 35 800 Mt of energy-related CO2 this chapter uses elsewhere; against the roughly 41 000 Mt that chapter L reaches by adding industrial-process and methane emissions it is about 6.7%. The European figure is the same authors’ earlier Under the Radar: The Carbon Footprint of Europe’s Military Sectors (CEOBS and SGR for The Left in the European Parliament, February 2021): https://ceobs.org/under-the-radar-the-carbon-footprint-of-the-eus-military-sectors/, covering France, Germany, Italy, the Netherlands, Poland and Spain. On the reporting exemption: the Kyoto Protocol excluded military bunker fuels and multilateral operations from national reporting obligations after American negotiation, and the Paris Agreement did not restore the obligation, leaving military reporting to the UNFCCC voluntary and, where it happens, inconsistent between countries — documented by the Military Emissions Gap project at https://militaryemissions.org.



A joint investigation by The Guardian, Die Zeit and SourceMaterial published in January 2023, drawing on peer-reviewed analyses of Verra-certified rainforest projects, concluded that more than 90% of the credits examined were likely to be “phantom credits” not representing genuine emissions reductions. Verra rejected the analysis and criticised the counterfactual baselines used; subsequent academic work has supported the direction of the finding while disagreeing about magnitude, and Verra has since revised its methodologies. This edition records that the credibility of the market collapsed and that buyers withdrew, which is not in dispute, rather than adjudicating the percentage. Note that the finding concerns avoided-deforestation credits specifically, not tree planting or forest restoration, which raise different questions about permanence and additionality.



The Skeptical Science catalogue of climate arguments, https://skepticalscience.com/argument.php: 252 claims, each with a short response and a linked longer one, sorted by recent popularity. The count of 46 energy- and economics-related entries is this edition’s, taken from the list as it stood when this chapter was written; the boundary between an energy claim and a climate-science one is a judgement and another reader would draw it a few entries differently. Naming a single source here is not an endorsement of it as an authority, and it is not the only such catalogue; it is cited because it is the most complete public list of what is argued rather than of what is true, which is the useful thing for a reader who has just met one of these claims and wants to know whether it has been answered before. The primary literature it points to, rather than the site’s own summaries, is where an argument should be settled.
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32 Saying yes

Because Britain currently gets 90% of its energy from fossil fuels, it’s no surprise that getting off fossil fuels requires big, big changes – a total change in the transport fleet; a complete change of most building heating systems; and a 10- or 20-fold increase in green power.

Given the general tendency of the public to say “no” to wind farms, “no” to nuclear power, “no” to tidal barrages – “no” to anything other than fossil fuel power systems – I am worried that we won’t actually get off fossil fuels when we need to. Instead, we’ll settle for half-measures: slightly-more-efficient fossil-fuel power stations, cars, and home heating systems; a fig-leaf of a carbon trading system; a sprinkling of wind turbines; an inadequate number of nuclear power stations.

We need to choose a plan that adds up. It is possible to make a plan that adds up, but it’s not going to be easy.

We need to stop saying no and start saying yes. We need to stop the Punch and Judy show and get building.

If you would like an honest, realistic energy policy that adds up, please tell all your political representatives and prospective political candidates.


What Britain said yes to

A section added in the 2026 revision. This is the shortest chapter in the book and it makes three specific demands, on a premise worth checking too. Eighteen years is long enough to mark them.

“Britain currently gets 90% of its energy from fossil fuels.” In 2008 it was 92%. In 2025 it is 79%.1

That is real progress and it is slower than it sounds. Thirteen points in eighteen years, on a journey that has to end near zero, is a pace that finishes some time in the 2130s. And a fair share of the fall is the demand side rather than the supply side — total British energy supply fell from 9.19 to 6.29 exajoules, a drop of nearly a third, for the mixture of efficiency, cleaner electricity and offshored industry that chapter 15 takes apart.

Start with the “10- or 20-fold increase in green power”. British renewables went from 0.164 to 0.920 exajoules — a factor of 5.6. Counted as electricity rather than primary energy the multiple is larger, because wind and solar displace thermal plant at better than one for one. Either way Britain is somewhere between a third and two-thirds of the way to the bottom of the range he asked for, in a bit under half the time available. This is the demand he has come closest to meeting, and it is the one everybody said was impossible.

On the “total change in the transport fleet”, chapter 3 records that electric cars work and are arriving; chapter 20 records how little else has moved. Transport is still 2.71 EJ of oil, essentially unchanged in share.

On the “complete change of most building heating systems”, chapter 7 records the position, and it is the weakest of the three. Britain sits near the bottom of the European table for heat pump installations per household, and about two homes in five are below the fabric standard that would let one work well.

So: one demand substantially met, two barely begun, and the premise moving slowly. For a book that was widely read as pessimistic, that is a better record than its author would have predicted, and a worse one than the country needed.


And the “no” turned out to be bigger than he thought

MacKay’s diagnosis is public opposition — “the general tendency of the public to say no to wind farms, no to nuclear power, no to tidal barrages.” He is right that the “no” is the binding constraint. He is wrong about where it lives.

This edition has found the same shape in chapter after chapter, and almost none of it is the public in the sense he means:


	Chapter 24. Nuclear’s cost is capital, so its price is a statement about the discount rate. On overnight construction cost — the same basis for both — Chinese units cluster near $2 a watt while Western ones scattered up to $6–15, and the difference is a standing workforce, a repeated design and a regulator that does not reopen it each time.

	Chapter 25. Britain was offered 3.6 GW of Moroccan sun, engineered and through planning, and declined it in June 2025 because it preferred the electricity to be domestic. Sweden refused a cable to Germany; Norway is discussing switching two off.

	Chapter 26. Five days of storage would cost about one nuclear power station and is not being built, because no arrangement exists under which anybody would be paid to own it.

	Chapter 20. Nuclear merchant shipping is blocked by a liability convention that was written in 1962 and never entered into force. Insurers cannot price a risk when they cannot tell which regime applies.

	Chapter 29. The carbon price arrived and worked at the margin; the transformations came from regulation applied at the point of manufacture.

	Chapter 23. Capture works, and after thirty years it removes about one part in seven hundred of the carbon the energy system emits.



The word for all of these is still “no”. It is just not a member of the public saying it. It is a planning inquiry, a grid connection queue, a cost of capital, a procurement rule, an unratified treaty, a missing market. MacKay imagined the obstacle as an argument to be won. It turned out to be an institution to be rebuilt, which is harder, slower and much less interesting to write about.



What the arithmetic is for

Which brings this edition back to the thing the book is actually for, and the reason it has survived being wrong about so many numbers.

MacKay’s claim was never that his figures were right. It was that a plan has to add up, and that anyone who will not do the arithmetic is not making a plan. Eighteen years have moved almost every number in this book — solar by a factor of ten downwards, nuclear by a factor of ten upwards, British consumption per person by 44%, and the whole storage question from a cost problem into a market-design one. Not one of those changes touched the method. They were all discovered by doing exactly what he did: writing the quantity down, in a unit a person can hold, and checking whether the columns balance.

That is why the corrections in this edition are offered in his own units and against his own tables rather than as a replacement for them. The numbers were the perishable part. The insistence on having numbers at all is what has lasted, and on the evidence of the last eighteen years it is needed more now than when he wrote — because the arguments that stop things being built are now mostly arguments in which no quantity is stated at all.

So the closing instruction stands, with one addition. Stop saying no; get building. And when somebody tells you a thing cannot be done, ask them for the number.












British figures are from the Energy Institute’s Statistical Review of World Energy 2026. Total energy supply fell from 9.19 EJ in 2008 to 6.29 EJ in 2025. Fossil share — oil, gas and coal as a proportion of total energy supply — fell from 92% to 79%; MacKay’s “90%” is close enough to the 2008 figure on any reasonable boundary. Renewables consumption rose from 0.164 to 0.920 EJ, a factor of 5.6; hydroelectricity is counted separately in that series and adds 0.02 EJ, and the Review reports non-fossil electricity on a substitution basis in some tables and a direct basis in others, which changes the multiple. Counted as delivered electricity the increase is larger — chapter 27 gives wind at 3.5 and solar at 0.8 kWh/d per person against essentially nothing in 2008 — so the “5.6-fold” figure should be read as the conservative end. Coal consumption of 0.05 EJ in 2025 is residual industrial use; coal-fired electricity generation ended on 30 September 2024.
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A Cars II


(Figure omitted from this edition: third-party rights.)



Figure A.1.A Peugot 206 has a drag coefficient of 0.33. Photo by Christopher Batt.

We estimated that a car driven 100 km uses about 80 kWh of energy.

Where does this energy go? How does it depend on properties of the car? Could we make cars that are 100 times more efficient? Let’s make a simple cartoon of car-driving, to describe where the energy goes. The energy in a typical fossil-fuel car goes to four main destinations, all of which we will explore:


	speeding up then slowing down using the brakes;

	air resistance;

	rolling resistance;

	heat – 75% of the energy is thrown away as heat, because the energy-conversion chain is inefficient.



The key formula for most of the calculations in this book is:

kinetic energy=12mv2
\text{kinetic\ energy} = \frac{1}{2}mv^{2}


For example, a car of mass m = 1000 kg moving at 100 km per hour or v = 28 m/s has an energy of

12mv2≃390 000 J≃0.1 kWh.
\frac{1}{2}mv^{2} \simeq \text{390~000~J} \simeq \text{0.1~kWh.}


[image: Figure A.2]

Figure A.2.Our cartoon: a car moves at speed v between stops separated by a distance d.

Initially our cartoon will ignore rolling resistance; we’ll add in this effect later in the chapter.

Assume the driver accelerates rapidly up to a cruising speed v, and maintains that speed for a distance d, which is the distance between traffic lights, stop signs, or congestion events. At this point, he slams on the brakes and turns all his kinetic energy into heat in the brakes. (This vehicle doesn’t have fancy regenerative braking.) Once he’s able to move again, he accelerates back up to his cruising speed, v. This acceleration gives the car kinetic energy; braking throws that kinetic energy away.

Energy goes not only into the brakes: while the car is moving, it makes air swirl around. A car leaves behind it a tube of swirling air, moving at a speed similar to v. Which of these two forms of energy is the bigger: kinetic energy of the swirling air, or heat in the brakes? Let’s work it out.

The car speeds up and slows down once in each duration d/v. The rate at which energy pours into the brakes is:

kinetic energytime between braking events=12mcv2d/v=12mcv3d
\begin{matrix}
{\frac{\text{kinetic\ energy}}{\text{time\ between\ braking\ events}} = \frac{\frac{\text{1}}{\text{2}}m_{c}v^{2}}{d/v} = \frac{\frac{\text{1}}{\text{2}}m_{c}v^{3}}{d}} \\
\end{matrix}


where mc is the mass of the car.

[image: Figure A.3]

Figure A.3.A car moving at speed v creates behind it a tube of swirling air; the cross-sectional area of the tube is similar to the frontal area of the car, and the speed at which air in the tube swirls is roughly v.

The tube of air created in a time t has a volume Avt, where A is the cross-sectional area of the tube, which is similar to the area of the front view of the car. (For a streamlined car, A is usually a little smaller than the frontal area Acar, and the ratio of the tube’s effective cross-sectional area to the car area is called the drag coefficient cd. Throughout the following equations, A means the effective area of the car, cdAcar.) The tube has mass mair = ρAvt (where ρ is the density of air) and swirls at speed v, so its kinetic energy is:

I’m using this formula: mass = density × volume

The symbol ρ (Greek letter ‘rho’) denotes the density.

12mairv2=12ρAvtv2
\frac{\text{1}}{\text{2}}m_{\text{air}}v^{2} = \frac{\text{1}}{\text{2}}\rho Avt\ v^{2}


and the rate of generation of kinetic energy in swirling air is:

12ρAvtv2t=12ρAv3
\frac{\frac{\text{1}}{\text{2}}\rho Avt\ v^{2}}{t} = \frac{\text{1}}{\text{2}}\rho Av^{3}


[image: Figure A.4]

Figure A.4. To know whether energy consumption is braking-dominated or air-swirling-dominated, we compare the mass of the car with the mass of the tube of air between stop-signs.

[image: Figure A.5]

Figure A.5. Power consumed by a car is proportional to its cross-sectional area, during motorway driving, and to its mass, during town driving. Guess which gets better mileage – the VW on the left, or the spaceship?

So the total rate of energy production by the car is:

power going into brakes+power going into swirling air=12mcv3/d+12ρAv3
\begin{matrix}
{\text{power\ going\ into\ brakes} + \text{power\ going\ into\ swirling\ air}} \\
{= \frac{\text{1}}{\text{2}}{{m_{c}v^{3}}/d} + \frac{\text{1}}{\text{2}}\rho Av^{3}} \\
\end{matrix}


Both forms of energy dissipation scale as v3. So this cartoon predicts that a driver who halves his speed v makes his power consumption 8 times smaller. If he ends up driving the same total distance, his journey will take twice as long, but the total energy consumed by his journey will be four times smaller.

Which of the two forms of energy dissipation – brakes or air-swirling – is the bigger? It depends on the ratio of

(mc/d)/(ρA).
{\left( {m_{c}/d} \right)/\left( {\rho A} \right)}\text{.}


If this ratio is much bigger than 1, then more power is going into brakes; if it is smaller, more power is going into swirling air. Rearranging this ratio, it is bigger than 1 if

mc>ρAd.
m_{c} > \rho Ad\text{.}


Now, Ad is the volume of the tube of air swept out from one stop sign to the next. And ρAd is the mass of that tube of air. So we have a very simple situation: energy dissipation is dominated by kinetic-energy-being-dumped-into-the-brakes if the mass of the car is bigger than the mass of the tube of air from one stop sign to the next; and energy dissipation is dominated by making-air-swirl if the mass of the car is smaller (figure A.4).

Let’s work out the special distance d* between stop signs, below which the dissipation is braking-dominated and above which it is air-swirling dominated (also known as drag-dominated). If the frontal area of the car is:

Acar=2 m wide×1.5 m high=3 m2
A_{\text{car}} = \text{2\ m\ wide} \times \text{1.5\ m\ high} = \text{3\ m}^{\text{2}}


and the drag coefficient is cd=13c_{\text{d}} = \frac{1}{3} and the mass is mc=1000 kgm_{\text{c}} = 1000\text{~kg} then the special distance is:

d*=mcρcdAcar=1000 kg1.3 kg/m3×13×3 m2=750 m
d^{*} = \frac{m_{\text{c}}}{\rho c_{\text{d}}A_{\text{car}}} = \frac{\text{1000\ kg}}{\text{1.3~}{\text{kg}/{\text{m}^{\text{3}} \times \frac{\text{1}}{\text{3}} \times \text{3~}\text{m}^{\text{2}}}}} = \text{750\ m}


So “city-driving” is dominated by kinetic energy and braking if the distance between stops is less than 750 m. Under these conditions, it’s a good idea, if you want to save energy:


	to reduce the mass of your car;

	to get a car with regenerative brakes (which roughly halve the energy lost in braking – see Chapter 20); 1 and

	to drive more slowly.



When the stops are significantly more than 750 m apart, energy dissipation is drag-dominated. Under these conditions, it doesn’t much matter what your car weighs. Energy dissipation will be much the same whether the car contains one person or six. Energy dissipation can be reduced:


	by reducing the car’s drag coefficient;

	by reducing its cross-sectional area; or

	by driving more slowly.






	Vehicle
	
	Energy per distance





	Car at 110 km/h
	↔︎
	80 kWh/(100 km)



	Bicycle at 21 km/h
	↔︎
	2.4 kWh/(100 km)



	Planes at 900 km/h
	A380
	27 kWh/100 seat-km





Table A.6. Facts worth remembering: car energy consumption.

The actual energy consumption of the car will be the energy dissipation in equation (A.2), cranked up by a factor related to the inefficiency of the engine and the transmission. Typical petrol engines are about 25% efficient, 2 so of the chemical energy that a car guzzles, three quarters is wasted in making the car’s engine and radiator hot, and just one quarter goes into “useful” energy:

total power of car≃4[12mcv3/d+12ρAv3]
\text{total\ power\ of\ car} \simeq 4\left\lbrack {\frac{\text{1}}{\text{2}}m_{\text{c}}v^{3}/d + \frac{\text{1}}{\text{2}}\rho Av^{3}} \right\rbrack


Let’s check this theory of cars by plugging in plausible numbers for motorway driving. Let v = 70 miles per hour = 110 km/h = 31 m/s and A=cdAcar=1 m2.{A = c_{\text{d}}A_{\text{car}} = \text{1\ m}^{2}}\text{.} The power consumed by the engine is estimated to be roughly

4×12ρAv3=2×1.3 kg/m3×1 m2×(31 m/s)3=80 kW
4 \times \frac{\text{1}}{\text{2}}\rho Av^{3} = 2 \times 1.3{\text{~kg}/\text{m}}^{\text{3}} \times \text{1}\text{~m}^{\text{2}} \times \left( 31\text{~m}/\text{s} \right)^{\text{3}} = 80\text{~kW}





	Drag coefficient, cd
	





	Cars
	



	Honda Insight
	0.25



	Prius
	0.26



	Renault 25
	0.28



	Honda Civic (2006)
	0.31



	VW Polo GTi
	0.32



	Peugeot 206
	0.33



	Ford Sierra
	0.34



	Audi TT
	0.35



	Honda Civic (2001)
	0.36



	Citroën 2CV
	0.51



	Other
	



	Cyclist
	0.9



	Long-distance coach
	0.425



	Planes
	



	Cessna
	0.027



	Learjet
	0.022



	Boeing 747
	0.031








	Drag area, cdAcar (m2)
	





	Land Rover Discovery
	1.6



	Volvo 740
	0.81



	Typical car
	0.8



	Honda Civic
	0.68



	VW Polo GTi
	0.65



	Honda Insight
	0.47





Table A.7. Drag coefficients and drag areas. The two panels measure different things: the coefficient is dimensionless and describes the shape alone, while the drag area multiplies it by the frontal area and so is what actually enters the power calculation above. A typical car’s 0.8 m2 is the figure rounded to 1 m2 in the worked example.

If you drive the car at this speed for one hour every day, then you travel 110 km and use 80 kWh of energy per day. If you drove at half this speed for two hours per day instead, you would travel the same distance and use up 20 kWh of energy. This simple theory seems consistent with the mileage figures for cars quoted in Chapter 3. Moreover, the theory gives insight into how the energy consumed by your car could be reduced. The theory has a couple of flaws which we’ll explore in a moment.

Could we make a new car that consumes 100 times less energy and still goes at 70mph? No. Not if the car has the same shape. On the motorway at 70mph, the energy is going mainly into making air swirl. Changing the materials the car is made from makes no difference to that. A miraculous improvement to the fossil-fuel engine could perhaps boost its efficiency from 25% to 50%, bringing the energy consumption of a fossil-fuelled car down to roughly 40 kWh per 100 km.

Electric vehicles have some wins: while the weight of the energy store, per useful kWh stored, is about 25 times bigger than that of petrol, the weight of an electric engine can be about 8 times smaller. 3 And the energy-chain in an electric car is much more efficient: electric motors can be 90% efficient.

We’ll come back to electric cars in more detail towards the end of this chapter.


Bicycles and the scaling trick

Here’s a fun question: what’s the energy consumption of a bicycle, in kWh per 100 km? Pushing yourself along on a bicycle requires energy for the same reason as a car: you’re making air swirl around. Now, we could do all the calculations from scratch, replacing car-numbers by bike-numbers. But there’s a simple trick we can use to get the answer for the bike from the answer for the car. The energy consumed by a car, per distance travelled, is the power-consumption associated with air-swirling,

4×12ρAv3
4 \times \frac{\text{1}}{\text{2}}\rho Av^{3}


divided by the speed, v; that is,

energy per distance=4×12ρAv2
\text{energy\ per\ distance} = 4 \times \frac{\text{1}}{\text{2}}\rho Av^{2}


The “4” came from engine inefficiency; ρ is the density of air; the area A=cdAcarA = c_{\text{d}}A_{\text{car}} is the effective frontal area of a car; and v is its speed. Now, we can compare a bicycle with a car by dividing 4×12ρAv24 \times \frac{\text{1}}{\text{2}}\rho Av^{2} for the bicycle by 4×12ρAv24 \times \frac{\text{1}}{\text{2}}\rho Av^{2} for the car. All the fractions and ρ cancel, if the efficiency of the carbon-powered bicyclist’s engine is similar to the efficiency of the carbon-powered car engine (which it is). The ratio is:

energy per distance of bikeenergy per distance of car=cdbikeAbikevbike2cdcarAcarvcar2
\frac{\text{energy\ per\ distance\ of\ bike}}{\text{energy\ per\ distance\ of\ car}} = \frac{c_{\text{d}}^{\text{bike}}A_{\text{bike}}v_{\text{bike}}^{2}}{c_{\text{d}}^{\text{car}}A_{\text{car}}v_{\text{car}}^{2}}


The trick we are using is called “scaling.” If we know how energy consumption scales with speed and area, then we can predict energy consumption of objects with completely different speeds and areas. Specifically, let’s assume that the area ratio is

AbikeAcar=14
\frac{A_{\text{bike}}}{A_{\text{car}}} = \frac{1}{4}


(Four cyclists can sit shoulder to shoulder in the width of one car.) Let’s assume the bike is not very well streamlined:

cdbikecdcar=113
\frac{c_{\text{d}}^{\text{bike}}}{c_{\text{d}}^{\text{car}}} = \frac{1}{\frac{\text{1}}{\text{3}}}


And let’s assume the speed of the bike is 21 km/h (13 miles per hour), so

vbikevcar=15
\frac{v_{\text{bike}}}{v_{\text{car}}} = \frac{1}{5}


Then

=(cdbikecdcarAbikeAcar)(vbikevcar)2=(34)×(15)2=3100
\begin{matrix}
 \\
{= \left( {\frac{c_{\text{d}}^{\text{bike}}}{c_{\text{d}}^{\text{car}}}\frac{A_{\text{bike}}}{A_{\text{car}}}} \right)\left( \frac{v_{\text{bike}}}{v_{\text{car}}} \right)^{2}} \\
{= \left( \frac{3}{4} \right) \times \left( \frac{1}{5} \right)^{2}} \\
{= \frac{3}{100}} \\
\end{matrix}


So a cyclist at 21 km/h consumes about 3% of the energy per kilometre of a lone car-driver on the motorway – about 2.4 kWh per 100 km.

If you would like a vehicle whose fuel efficiency is 30 times better than a car’s, it’s simple: ride a bike.



What about rolling resistance?

Some things we’ve completely ignored so far are the energy consumed in the tyres and bearings of the car, the energy that goes into the noise of wheels against asphalt, the energy that goes into grinding rubber off the tyres, and the energy that vehicles put into shaking the ground. Collectively, these forms of energy consumption are called rolling resistance. The standard model of rolling resistance asserts that the force of rolling resistance is simply proportional to the weight of the vehicle, independent of the speed. The constant of proportionality is called the coefficient of rolling resistance, Crr. Table A.8 gives some typical values.




	wheel
	Crr





	train (steel on steel)
	0.002



	bicycle tyre
	0.005



	truck rubber tyres
	0.007



	car rubber tyres
	0.010





Table A.8. The rolling resistance is equal to the weight multiplied by the coefficient of rolling resistance, Crr. The rolling resistance includes the force due to wheel flex, friction losses in the wheel bearings, shaking and vibration of both the roadbed and the vehicle (including energy absorbed by the vehicle’s shock absorbers), and sliding of the wheels on the road or rail. The coefficient varies with the quality of the road, with the material the wheel is made from, and with temperature. The numbers given here assume smooth roads. [2bhu35]


Cars

The coefficient of rolling resistance for a car is about 0.01. The effect of rolling resistance is just like perpetually driving up a hill with a slope of one in a hundred. So rolling friction is about 100 newtons per ton, independent of speed. You can confirm this by pushing a typical one-ton car along a flat road. Once you’ve got it moving, you’ll find you can keep it moving with one hand. (100 newtons is the weight of 100 apples.) So at a speed of 31 m/s (70 mph), the power required to overcome rolling resistance, for a one-ton vehicle, is

force×velocity=(100 newtons)×(31 m/s)=3100 W;
\text{force} \times \text{velocity} = \left( \text{100\ newtons} \right) \times \left( \text{31\ m/s} \right) = \text{3100\ W;}


which, allowing for an engine efficiency of 25%, requires 12 kW of power to go into the engine; whereas the power required to overcome drag was estimated above to be 80 kW. So, at high speed, about 15% of the power is required for rolling resistance.

[image: Energy per distance against steady speed for MacKay's petrol car, rising from about 11 kWh per 100 km at walking pace to 78 at 110 km/h and 153 at 160 km/h.]

Figure A.9. Simple theory of car fuel consumption (energy per distance) when driving at steady speed. Assumptions: the car’s engine uses energy with an efficiency of 0.25, whatever the speed; cdAcar = 1 m2; mcar = 1000 kg; and Crr = 0.01. Redrawn in the 2026 revision from the assumptions in this caption; the curve is MacKay’s.

[image: Energy per distance against steady speed for a cyclist, rising from about 0.6 kWh per 100 km at 5 km/h to 3.1 at 25 km/h and 9 at 45 km/h.]

Figure A.10. Simple theory of bike fuel consumption (energy per distance). Vertical axis is energy consumption in kWh per 100 km. Assumptions: the bike’s engine (that’s you!) uses energy with an efficiency of 0.25; 4 the drag-area of the cyclist is 0.75 m2; the cyclist+bike’s mass is 90 kg; and Crr = 0.005. Redrawn in the 2026 revision from the assumptions in this caption; the curve is MacKay’s.

Figure A.11.Simple theory of train energy consumption, per passenger, for an eight-carriage train carrying 584 passengers. Vertical axis is energy consumption in kWh per 100 p-km. Assumptions: the train’s engine uses energy with an efficiency of 0.90; cdAtrain = 11 m2; mtrain = 400 000 kg; and Crr = 0.002. Redrawn in the 2026 revision from the assumptions in this caption; the curve is MacKay’s.

[image: Energy per passenger-distance against steady speed for a full eight-carriage train, rising from about 0.4 kWh per 100 passenger-km at low speed to 1.6 at 200 km/h and 3.0 at 300 km/h.]

Figure A.9 shows the theory of fuel consumption (energy per unit distance) as a function of steady speed, when we add together the air resistance and rolling resistance.

The speed at which a car’s rolling resistance is equal to air resistance is given by

Crrmcg=12ρcdAv2
C_{\text{rr}}m_{\text{c}}g = \frac{1}{2}\rho c_{\text{d}}Av^{2}


that is,

v=2CrrmcgρcdA=7 m/s=16 miles per hour.
v = \sqrt{2\frac{C_{\text{rr}}m_{\text{c}}g}{\rho c_{\text{d}}A}} = \text{7\ m/s} = \text{16\ miles\ per\ hour.}


[image: Figure A.13]

Figure A.13. Powers of cars (kW) versus their top speeds (km/h). Both scales are logarithmic. The power increases as the third power of the speed. To go twice as fast requires eight times as much engine power. From Tennekes (1997).

[image: Figure A.12]

Figure A.12. Current cars’ fuel consumptions do not vary as speed squared. Prius data from B.Z. Wilson; BMW data from Phil C. Stuart. The smooth curve shows what a speed-squared curve would look like, assuming a drag-area of 0.6 m2. 5



Bicycles

For a bicycle (m = 90 kg, A= 0.75 m2), the transition from rolling-resistance-dominated cycling to air-resistance-dominated cycling takes place at a speed of about 12 km/h. At a steady speed of 20 km/h, cycling costs about 2.2 kWh per 100 km. By adopting an aerodynamic posture, you can reduce your drag area and cut the energy consumption down to about 1.6 kWh per 100 km.



Trains

For an eight-carriage train as depicted in figure 20.4 (m = 400 000 kg, A = 11 m2), the speed above which air resistance is greater than rolling resistance is

v=33 m/s=74 miles per hour.
v = 33\text{~m/s} = \text{74\ miles\ per\ hour.}


For a single-carriage train (m = 50 000 kg, A = 11 m2) , the speed above which air resistance is greater than rolling resistance is

v=12 m/s=26 miles per hour.
v = 12\text{~m/s} = \text{26\ miles\ per\ hour.}





Dependence of power on speed

When I say that halving your driving speed should reduce fuel consumption (in miles per gallon) to one quarter of current levels, some people feel sceptical. They have a point: most cars’ engines have an optimum revolution rate, and the choice of gears of the car determines a range of speeds at which the optimum engine efficiency can be delivered. If my suggested experiment of halving the car’s speed takes the car out of this designed range of speeds, the consumption might not fall by as much as four-fold. My tacit assumption that the engine’s efficiency is the same at all speeds and all loads led to the conclusion that it’s always good (in terms of miles per gallon) to travel slower; but if the engine’s efficiency drops off at low speeds, then the most fuel-efficient speed might be at an intermediate speed that makes a compromise between going slow and keeping the engine efficient. For the BMW 318ti in figure A.12, for example, the optimum speed is about 60 km/h. But if society were to decide that car speeds should be reduced, there is nothing to stop engines and gears being redesigned so that the peak engine efficiency was found at the right speed. As further evidence that the power a car requires really does increase as the cube of speed, figure A.13 shows the engine power versus the top speeds of a range of cars. The line shows the relationship “power proportional to v3.”



Electric cars: is range a problem?

People often say that the range of electric cars is not big enough. Electric car advocates say “no problem, we can just put in more batteries” – and that’s true, but we need to work out what effect the extra batteries have on the energy consumption. The answer depends sensitively on what energy density we assume the batteries deliver: for an energy density of 40 Wh/kg (typical of lead-acid batteries), we’ll see that it’s hard to push the range beyond 200 or 300 km; but for an energy density of 120 Wh/kg (typical of various lithium-based batteries), a range of 500 km is easily achievable.

[image: Transport cost against range for two battery technologies. Lead-acid at 40 Wh/kg reaches 179 km with 500 kg of battery and runs into a wall below 400 km; lithium at 120 Wh/kg reaches 538 km with the same 500 kg. Both cost about 13 kWh per 100 km at that pack mass.]

Figure A.14. Theory of electric car range (horizontal axis) and transport cost (vertical axis) as a function of battery mass, for two battery technologies. A car with 500 kg of old batteries, with an energy density of 40 Wh per kg, has a range of 180 km. With the same weight of modern batteries, delivering 120 Wh per kg, an electric car can have a range of more than 500 km. Both cars would have an energy cost of about 13 kWh per 100 km. These numbers allow for a battery charging efficiency of 85%. Redrawn in the 2026 revision from the assumptions in this caption; the curves are MacKay’s, and figure A.14a adds the batteries and the cars of 2025.

Let’s assume that the mass of the car and occupants is 740 kg, without any batteries. In due course we’ll add 100 kg, 200 kg, 500 kg, or perhaps 1000 kg of batteries. Let’s assume a typical speed of 50 km/h (30 mph); a drag-area of 0.8 m2; a rolling resistance of 0.01; a distance between stops of 500 m; an engine efficiency of 85%; and that during stops and starts, regenerative braking recovers half of the kinetic energy of the car. Charging up the car from the mains is assumed to be 85% efficient. Figure A.14 shows the transport cost of the car versus its range, as we vary the amount of battery on board. The upper curve shows the result for a battery whose energy density is 40 Wh/kg (old-style lead-acid batteries). The range is limited by a wall at about 500 km. To get close to this maximum range, we have to take along comically large batteries: for a range of 400 km, for example, 2000 kg of batteries are required, and the transport cost is above 25 kWh per 100 km. If we are content with a range of 180 km, however, we can get by with 500 kg of batteries. Things get much better when we switch to lighter lithium-ion batteries. At an energy density of 120 Wh/kg, electric cars with 500 kg of batteries can easily deliver a range of 500 km. The transport cost is predicted to be about 13 kWh per 100 km.

It thus seems to me that the range problem has been solved by the advent of modern batteries. It would be nice to have even better batteries, but an energy density of 120 Wh per kg is already good enough, as long as we’re happy for the batteries in a car to weigh up to 500 kg. In practice I imagine most people would be content to have a range of 300 km, which can be delivered by 250 kg of batteries. If these batteries were divided into ten 25 kg chunks, separately unpluggable, then a car user could keep just four of the ten chunks on board when he’s doing regular commuting (100 kg gives a range of 140 km); and collect an extra six chunks from a battery-recharging station when he wants to make longer-range trips. During long-range trips, he would exchange his batteries for a fresh set at a battery-exchange station every 300 km or so.



The model survived; the cars got heavier

A section added in the 2026 revision. This chapter’s model has two terms — the energy to shove air out of the way, which scales with frontal area and the square of speed, and the energy to accelerate a mass repeatedly, which scales with weight. Neither has been revised and neither will be. What is worth recording is what the model predicted about the eighteen years since, because it predicted them rather well.

The electric car did what the model says it should. MacKay’s petrol car throws away three-quarters of its fuel as heat before any of it reaches the road. Remove that and the same vehicle, on the same journey against the same air, should need roughly a quarter to a fifth as much energy. Chapter 20 records the measurement: 21 kWh per 100 km as a real-world European average across 342 electric cars, against this chapter’s 80 kWh per 100 km petrol baseline. A factor of 3.8 — squarely inside the range the model predicts, and arrived at by measurement rather than by hope.

And the model equally predicts why the gain has been partly eaten. Both terms punish size: air resistance is proportional to frontal area, and the stop-start term to mass. Over the same period vehicles got taller and heavier — sport-utility vehicles passed half of world car sales, and the average new car in Europe gained something like two hundred kilograms. A model with area and mass in it says efficiency gains will be spent on size unless something stops them, and that is what happened.6

One term this chapter does not have. An electric car carries three to five hundred kilograms of battery, which the model taxes through the mass term while the thermal saving is not in the model at all. On balance the trade is overwhelmingly favourable — that is what 21 against 80 says — but it is why a heavy electric car is not four times better than a light petrol one.

Figures A.9, A.10 and A.11 are one model at a steady speed — air resistance plus rolling resistance, divided by the efficiency of whatever turns the wheels — and all three can be redrawn with the vehicles of 2025 in them without touching the physics.

[image: Three panels of energy per distance against steady speed. For cars, MacKay's petrol car rises to 78 kWh per 100 km at 110 km/h while a 2025 electric car reaches 17.7 and an electric sport-utility 25.5. For bicycles, his cyclist costs 3.1 kWh per 100 km in food at 25 km/h against 1.1 kWh of electricity for an electric bicycle. For trains, his full eight-carriage train costs 1.6 kWh per 100 passenger-km at 200 km/h, and the same train at 40% of its seats costs 3.9.]

Figure A.9a. Added in the 2026 revision. MacKay’s figures A.9, A.10 and A.11 recomputed from their own captions, with 2025 vehicles added to each. His vehicle is the blue line in every panel. Nothing here is measured: it is his model with different numbers in it.7

The check comes first again. His petrol car passes 78 kWh per 100 km at 110 km/h, which is the 80 this book is built on, so the curves are his.

An electric car of 2025 — a drag-area of 0.60 m2, 1800 kg with its battery aboard, and 85% from battery to wheels in place of 25% from tank to wheels — uses 17.7 kWh per 100 km at that speed. That is a factor of 4.4, against the 3.8 chapter 20 measures on the road. The gap between the two is the world the model leaves out: traffic, cold batteries, heating, and a journey that is never at a steady speed.

The sport-utility is the same drivetrain in a larger box, 0.90 m2 and 2400 kg, and it costs 25.5 kWh per 100 km — 44% more than the saloon, from nothing but size. Both terms of the model punish it, which is this section’s argument arriving as a number.

The bicycle panel gains a machine that barely existed when this appendix was written. His cyclist at 25 km/h spends 3.1 kWh per 100 km in food energy; an electric bicycle carrying the same rider — his bicycle plus 25 kg of motor and battery, the rider’s 25% replaced by a motor’s 75% — spends about 1.1 kWh per 100 km of electricity. The two are not the same kind of kilowatt-hour, but the second one is the one a grid sees, and a hundred kilometres of it is about twenty minutes of an electric kettle.

The train panel changes for a reason that has nothing to do with trains. His curve carries 584 passengers, every seat taken. At 40% of its seats, which is nearer what a long-distance train runs at outside the peak, the same train at 200 km/h costs 3.9 kWh per 100 passenger-km instead of 1.6. It is still more than twice as good as the electric car with two people in it, but the comparison turns on how full each one is rather than on either technology.

The last two of this appendix’s figures looked at first as though they could not be carried forward, because both of MacKay’s sources have decayed. They can, from better sources than he had.

[image: Fuel consumption in kWh per 100 km against steady speed for four dynamometer studies from 1973, 1984, 1997 and 2012, plus modelled 2016 vehicles. Every curve has a minimum between 50 and 90 km/h and rises gently above it, far below a dotted square-law curve which by 120 km/h is off the top of the chart.]

Figure A.12a. Added in the 2026 revision. What figure A.12 tests, on 111 cars instead of two: measured fuel consumption against steady speed, from the four studies collected in ORNL’s Transportation Energy Data Book, with a square law drawn through the most recent of them for comparison.8

Figure A.12 sets one Prius and one BMW against a speed-squared curve. The Prius source has gone — the address in note 5 returns a 404 — and the BMW page survives but publishes pictures rather than numbers. Oak Ridge National Laboratory has been collecting the same measurement for fifty years, and publishes it: four dynamometer studies of 13, 15, 9 and 74 cars, at steady speeds, in a free data book.

They say what MacKay’s two cars said, with more authority. Every curve has a minimum, between about 50 and 90 km/h depending on the decade, because below that the engine is inefficient and the rolling term dominates. Above it, consumption rises gently rather than as any square: over the 74-car study, going from 80 to 113 km/h costs 32% more fuel, where a square law demands 96%. And the family of curves has flattened over fifty years — the 1973 cars lost a quarter of their economy between 80 and 113 km/h, and the 2016 models lose less — which is the aerodynamic term shrinking relative to everything else.

[image: Log-log scatter of maximum net power against declared maximum speed for 665 car models. Combustion cars follow a line of slope 2.9; electric cars sit well above it, with high power at modest top speeds; 41 models declare exactly 250 km/h.]

Figure A.13a. Added in the 2026 revision. Figure A.13’s law tested on today’s cars: maximum net power against declared maximum speed, one point per model, from the Dutch vehicle register.9

Figure A.13 is Tennekes’ scatter, and its caption states the law: power goes as the cube of speed, so twice the speed wants eight times the engine. That cannot be redrawn from his source, but it can be tested, because the Netherlands publishes its whole vehicle register — including the type-approval maximum design speed, which almost no other country does — alongside maximum net power.

On 665 models with a hundred registrations or more since 2023, the answer divides. For combustion cars the exponent is 2.9, which is Tennekes’ cube to within the width of the scatter, seventy years of engine development after the observation was first made. For electric cars it is 2.3, and they sit far above the line: a 504 kW Tesla Model S declares 263 km/h where a 478 kW Porsche 911 Turbo S declares 327. Nothing about the air has changed. What has changed is that an electric car’s top speed is set by its gearing and its cooling, and by what the maker chooses to permit, rather than by the power it has.

The clearest evidence of that choice is a vertical line in the data: 41 of the 665 models declare exactly 250 km/h, the voluntary limit German manufacturers have observed since 1987. Taken together the whole sample fits an exponent of 1.4, which would look like a refutation of the cube law and is nothing of the kind. It is what happens when a physical limit is replaced by a policy.10

Figure A.14 is worth recomputing, because two of its inputs have moved since 2008 and they have moved in opposite directions.

[image: Transport cost against range for four battery cases, computed from MacKay's model. Lead-acid at 40 Wh/kg runs into a wall: 500 kg of it gives 179 km at 13 kWh per 100 km, and 1144 kg would be needed for 300 km. The 2008 lithium curve at 120 Wh/kg gives 538 km from the same 500 kg. A 2025 pack at 160 Wh/kg in the same 740 kg car gives 717 km, and needs only 170 kg for 300 km. The same pack in a car weighing 1500 kg without it still gives 500 km from 500 kg of pack, but at 19 kWh per 100 km instead of 13.]

Figure A.14a. Added in the 2026 revision. MacKay’s figure A.14, recomputed from his own assumptions, with two curves added: a 2025 pack at 160 Wh/kg in his 740 kg car, and the same pack in a car that weighs 1500 kg without it. Each dot is a pack mass — 100, 250, 500 and 1000 kg — so a curve is traced out by putting more battery in. Further right is more range; further up is more energy per distance, because the pack has to be carried too.11

The model is his and is unchanged: 740 kg of car and occupants before any battery, 50 km/h, a drag-area of 0.8 m2, rolling resistance 0.01, 500 m between stops, half the braking energy recovered, a drive that is 85% efficient and charging that is 85% efficient. Recomputed, it returns the numbers he printed — 500 kg of lead-acid gives 179 km where his text says 180, 500 kg of 2008 lithium gives 538 km, 250 kg of it gives 313 km where he says 300, and 100 kg gives 139 km where he says 140. That agreement is the check that what follows is his model rather than a new one.

Now the battery. A 2025 pack is about 160 Wh/kg — a pack, with its case, cooling and wiring included, not a bare cell. In his 740 kg car, 500 kg of it would carry you 717 km, and the 300 km he guessed most people would settle for needs 170 kg where he needed 237. His conclusion was that 120 Wh/kg was already good enough, and the eighteen years since have not so much overturned that as walked past it.

Then the car. His 740 kg for car and occupants is a 2008 abstraction; a car of that class now weighs about 1500 kg before its pack goes in. Put the modern pack in the modern car and the range is still there — 500 kg of pack, 500 km — but the transport cost rises from 13 kWh per 100 km to 19. Chapter 20 gives the measurement: about 21 kWh per 100 km across 342 real electric cars. His own model, handed the mass of a real 2025 car, lands a tenth below what real 2025 cars are metered at, and it gets there through the mass term.

So his question has changed shape rather than been answered. He asked whether the battery was good enough for the range, and it was. What the extra density since has bought is mostly not range: it is permission to build a heavier car.12

The chapter’s real lesson is unchanged, and worth restating in an edition full of revised numbers: the two terms are physics and the rest is choice. A vehicle that is smaller, lower and lighter uses less energy whatever is under the bonnet, and no drivetrain rescues a badly shaped one.



Notes and further reading

[image: Figure A.15]

Figure A.15. The Wartsila-Sulzer RTA96-C 14-cylinder two-stroke diesel engine. 27 m long and 13.5 m high. www.wartsila.com

Further reading: Gabrielli and von Kármán (1950).







Regenerative brakes roughly halve the energy lost in braking. Source: E4tech (2007).



Typical petrol engines are about 25% efficient. Encarta [6by8x] says “The efficiencies of good modern Otto-cycle engines range between 20 and 25%.” The petrol engine of a Toyota Prius, famously one of the most efficient car engines, uses the Atkinson cycle instead of the Otto cycle; it has a peak power output of 52 kW and has an efficiency of 34% when delivering 10 kW [348whs]. The most efficient diesel engine in the world is 52%-efficient, but it’s not suitable for cars as it weighs 2300 tons: the Wartsila–Sulzer RTA96-C turbocharged diesel engine (figure A.15) is intended for container ships and has a power output of 80 MW.



Electric engines can be about 8 times lighter than petrol engines. A 4-stroke petrol engine has a power-to-mass ratio of roughly 0.75 kW/kg. The best electric motors have an efficiency of 90% and a power-to-mass ratio of 6 kW/kg. So replacing a 75 kW petrol engine with a 75 kW electric motor saves 85 kg in weight. Sadly, the power to weight ratio of batteries is about 1 kW per kg, so what the electric vehicle gained on the motor, it loses on the batteries.



The bike’s engine uses energy with an efficiency of 0.25. This and the other assumptions about cycling are confirmed by di Prampero et al. (1979). The drag-area of a cyclist in racing posture is cdA = 0.3 m2. The rolling resistance of a cyclist on a high-quality racing cycle (total weight 73 kg) is 3.2 N.



Figure A.12. Prius data from B. Z. Wilson [home.hiwaay.net/~bzwilson/prius/]. BMW data from Phil C. Stuart [www.randomuseless.info/318ti/economy.html].



The share of sport-utility vehicles in world car sales passed 50% in the mid-2020s on the International Energy Agency’s classification, up from roughly a fifth in 2010; that classification is broad and includes crossovers not much larger than the saloons they replaced, so it overstates the change in frontal area. European new-car kerb mass has risen roughly 10–15% since 2008 on manufacturer-reported figures, part of it safety and emissions equipment rather than size, and part of the recent rise battery mass in electrified models. Both are indicative, and the point turns on neither, since the model’s dependence on area and mass is not in dispute.



Figure A.9a uses the assumptions printed in MacKay’s own captions to figures A.9, A.10 and A.11: for the car an efficiency of 0.25, a drag-area of 1 m2, 1000 kg and a rolling resistance of 0.01; for the bicycle 0.25, 0.75 m2, 90 kg and 0.005; for the train 0.90, 11 m2, 400 tonnes, 0.002 and 584 passengers. At a steady speed there is no stop-start term, which is why these curves are simpler than figure A.14a’s. The recompute is checked against the book’s own headline figure — his car gives 78 kWh per 100 km at 110 km/h against the 80 of chapter 3 — and the data task fails if it leaves 60 to 90. The added vehicles are this edition’s and none of them is a measurement. The electric car’s 0.60 m2 is a modern saloon’s drag-area, its 1800 kg a kerb mass with two people aboard, and its 85% the usual figure for battery to wheels, which excludes charging losses; the sport-utility keeps that drivetrain at 0.90 m2 and 2400 kg. The electric bicycle is his bicycle plus 25 kg for motor and battery, with the rider’s 25% replaced by a motor’s 75%, so its curve is electricity at the battery rather than food, and the two panels’ kilowatt-hours are therefore not the same quantity. The train at 40% of its seats changes nothing but the divisor. Chapter 20’s factor of 3.8 is a real-world average across 342 cars and is being compared against the model here, not used in it.



Figure A.12a is hand-entered from two tables in Oak Ridge National Laboratory’s Transportation Energy Data Book, edition 40 (2022), which is published free by the Department of Energy’s Vehicle Technologies Office. Table 4.34 gives fuel economy in miles per US gallon at steady speeds for four studies, and names their sources: the Federal Highway Administration’s 1973 study of thirteen cars of model year 1970 and earlier; its 1985 study of fifteen 1981–84 cars and light trucks; West and colleagues’ 1999 study of nine 1988–97 vehicles; and a 2012 set of 74 vehicles of model years 2003–2012, which is the ORNL work published as SAE 2013-01-1113 and used by fueleconomy.gov. Table 4.33 gives Argonne’s Autonomie model results for three model-year-2016 vehicles, which is a model rather than a measurement and is drawn dashed for that reason. Conversion to this book’s units uses the Environmental Protection Agency’s convention of 33.7 kWh per US gallon of petrol and 62.137 miles per 100 km, so kWh per 100 km is 2094 divided by the mpg; a reader who prefers mpg will find it in the data file. The data task reproduces the data book’s own printed figure for the 2012 study — a 24.5% loss of fuel economy between 50 and 70 mph — and fails if the conversion drifts. Three cautions. These are dynamometer tests, so they carry no wind, no gradient and no traffic, which is the same idealisation MacKay’s own figure makes. The studies are American and their vehicle mixes differ, so the vertical gaps between curves are as much about what was being driven as about the decade. And the 1973 curve stops at 70 mph and the 2012 one starts at 40, so the figure should be read as four overlapping windows rather than one continuous history.



Figure A.13a is computed from two open datasets published by the RDW, the Netherlands’ vehicle authority: the vehicle register (m9d7-ebf2), which carries maximale_constructiesnelheid, the maximum design speed from type approval, and the fuel register (8ys7-d773), which carries maximum net power — nettomaximumvermogen for combustion and netto_max_vermogen_elektrisch for electric drive. The Netherlands is used because it publishes a declared top speed, which almost no other register does. The sample is every make and model with at least a hundred registrations first admitted since 2023, in ordinary body types, which gives 665 models; one registration per model supplies the technical data, and hybrids are counted as hybrid where a model has both an electric and a combustion fuel line. The exponents are ordinary least squares on the logarithms, and the data task fails if the combustion exponent leaves the range 2.4 to 3.6. Three cautions, all of which point the same way. A declared maximum design speed is a type-approval number and not a measurement, so a manufacturer’s caution or a limiter is in it — which is the point the text makes, but it also means the electric exponent is not a physical quantity. Power is the peak rating, and for electric cars a peak that can be held for seconds is not the power that sets a top speed, so the electric points are, if anything, placed too high. And one point per model gives a sports car the same weight as a hatchback that outsells it a hundred to one, which is how Tennekes’ original scatter is drawn too.



Figure A.13a is computed from two open datasets published by the RDW, the Netherlands’ vehicle authority: the vehicle register (m9d7-ebf2), which carries maximale_constructiesnelheid, the maximum design speed from type approval, and the fuel register (8ys7-d773), which carries maximum net power — nettomaximumvermogen for combustion and netto_max_vermogen_elektrisch for electric drive. The Netherlands is used because it publishes a declared top speed, which almost no other register does. The sample is every make and model with at least a hundred registrations first admitted since 2023, in ordinary body types, which gives 665 models; one registration per model supplies the technical data, and hybrids are counted as hybrid where a model has both an electric and a combustion fuel line. The exponents are ordinary least squares on the logarithms, and the data task fails if the combustion exponent leaves the range 2.4 to 3.6. Three cautions, all of which point the same way. A declared maximum design speed is a type-approval number and not a measurement, so a manufacturer’s caution or a limiter is in it — which is the point the text makes, but it also means the electric exponent is not a physical quantity. Power is the peak rating, and for electric cars a peak that can be held for seconds is not the power that sets a top speed, so the electric points are, if anything, placed too high. And one point per model gives a sports car the same weight as a hatchback that outsells it a hundred to one, which is how Tennekes’ original scatter is drawn too.



Figure A.14a is MacKay’s model, recomputed here rather than redrawn, and the assumptions in the body are quoted from his own text. The recompute is checked against the five results he states — 179 km against his 180, 538 km, 386 km against his “400”, 313 km against his 300, and 139 km against his 140 — and the data task fails if any of them drifts by more than a tenth; the 2000 kg lead-acid point is the loosest of the five and the difference is his rounding rather than a different model. Two inputs are this edition’s and both are stated here because the figure turns on them. The pack density of 160 Wh/kg is a round figure for 2025 at pack level: published pack-level ranges are about 125–145 Wh/kg for LFP, 140–180 for NMC and 150–174 for NCA, and a Tesla Model 3 Long Range pack is about 75 kWh in about 478 kg, which is 157. Cell-level numbers are much higher and are not what a car carries — the International Energy Agency’s Global EV Outlook 2026 gives up to 265 Wh/kg for NMC cells and up to 205 for the latest LFP in 2025 — and the gap between cell and pack is the case, the cooling and the wiring. The 1500 kg of car and occupants without a pack is derived, not measured: a mid-size 2025 electric car is roughly 1800 to 2000 kg at the kerb, of which 300 to 500 kg is the pack, plus two occupants. At 1300 kg instead the transport cost with a 500 kg pack is 17.3 kWh per 100 km and the range 543 km; at 1700 kg it is 20.3 and 463 km, so the conclusion holds across the range but the exact figure does not. Both efficiencies are left at MacKay’s 85%, which is now pessimistic for the drive and about right for charging, so the modern curves understate the modern car slightly. Chapter 20’s 21 kWh per 100 km is a real-world average and is the quantity the model is being compared against, not an input to it.



Figure A.14a is MacKay’s model, recomputed here rather than redrawn, and the assumptions in the body are quoted from his own text. The recompute is checked against the five results he states — 179 km against his 180, 538 km, 386 km against his “400”, 313 km against his 300, and 139 km against his 140 — and the data task fails if any of them drifts by more than a tenth; the 2000 kg lead-acid point is the loosest of the five and the difference is his rounding rather than a different model. Two inputs are this edition’s and both are stated here because the figure turns on them. The pack density of 160 Wh/kg is a round figure for 2025 at pack level: published pack-level ranges are about 125–145 Wh/kg for LFP, 140–180 for NMC and 150–174 for NCA, and a Tesla Model 3 Long Range pack is about 75 kWh in about 478 kg, which is 157. Cell-level numbers are much higher and are not what a car carries — the International Energy Agency’s Global EV Outlook 2026 gives up to 265 Wh/kg for NMC cells and up to 205 for the latest LFP in 2025 — and the gap between cell and pack is the case, the cooling and the wiring. The 1500 kg of car and occupants without a pack is derived, not measured: a mid-size 2025 electric car is roughly 1800 to 2000 kg at the kerb, of which 300 to 500 kg is the pack, plus two occupants. At 1300 kg instead the transport cost with a 500 kg pack is 17.3 kWh per 100 km and the range 543 km; at 1700 kg it is 20.3 and 463 km, so the conclusion holds across the range but the exact figure does not. Both efficiencies are left at MacKay’s 85%, which is now pessimistic for the drive and about right for charging, so the modern curves understate the modern car slightly. Chapter 20’s 21 kWh per 100 km is a real-world average and is the quantity the model is being compared against, not an input to it.






  
  
  ch039.xhtml
  
  

  
  



B Wind II


The physics of wind power
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	miles/hour
	km/h
	m/s
	Beaufort scale





	2.2
	3.6
	1
	force 1



	7
	11
	3
	force 2



	11
	18
	5
	force 3



	13
	21
	6
	force 4



	16
	25
	7
	



	22
	36
	10
	force 5



	29
	47
	13
	force 6



	36
	58
	16
	force 7



	42
	68
	19
	force 8



	49
	79
	22
	force 9



	60
	97
	27
	force 10



	69
	112
	31
	force 11



	78
	126
	35
	force 12





Figure B.1. Speeds. Restored to a table in the 2026 revision: the conversion from the 2008 edition had flattened it into a column of loose numbers. The values are MacKay’s, including the row that carries no Beaufort force, which his own online edition has too.

I’m using this formula again:  mass = density × volume

To estimate the energy in wind, let’s imagine holding up a hoop with area A, facing the wind whose speed is v. Consider the mass of air that passes through that hoop in one second. Here’s a picture of that mass of air just before it passes through the hoop:

[image: ]

And here’s a picture of the same mass of air one second later:

[image: ]

The mass of this piece of air is the product of its density ρ, its area A, and its length, which is v times t, where t is one second.

[image: ]

The kinetic energy of this piece of air is

12mv2=12ρAvtv2=12ρAtv3
\begin{matrix}
{\frac{1}{2}mv^{2} = \frac{1}{2}\rho Avt\ v^{2} = \frac{1}{2}\rho Atv^{3}} \\
\end{matrix}


So the power of the wind, for an area A – that is, the kinetic energy passing across that area per unit time – is

12mv2t=12ρAv3
\begin{matrix}
{\frac{\frac{1}{2}mv^{2}}{t} = \frac{1}{2}\rho Av^{3}} \\
\end{matrix}


This formula may look familiar – we derived an identical expression when we were discussing the power requirement of a moving car.

What’s a typical wind speed? On a windy day, a cyclist really notices the wind direction; if the wind is behind you, you can go much faster than normal; the speed of such a wind is therefore comparable to the typical speed of the cyclist, which is, let’s say, 21 km per hour (13 miles per hour, or 6 metres per second). In Cambridge, the wind is only occasionally this big. Nevertheless, let’s use this as a typical British figure (and bear in mind that we may need to revise our estimates).

[image: Figure B.2]

Figure B.2. Flow of air past a windmill. The air is slowed down and splayed out by the windmill.


(Figure omitted from this edition: third-party rights.)



Figure B.3. The Brooklyn windmill above Wellington, New Zealand, with people providing a scale at the base. On a breezy day, this windmill was producing 60 kW, (1400 kWh per day). Photo by Philip Banks.

The density of air is about 1.3 kg per m3. (I usually round this to 1 kg per m3, which is easier to remember, although I haven’t done so here.) Then the typical power of the wind per square metre of hoop is

12ρv3=12×1.3 kg/m3×(6 m/s)3=140 W/m2
\begin{matrix}
{\frac{1}{2}\rho v^{3} = \frac{1}{2} \times \text{1.3\ kg/}\text{m}^{\text{3}} \times \left( \text{6\ m/s} \right)^{\text{3}} = \text{140\ W/}\text{m}^{\text{2}}} \\
\end{matrix}


Not all of this energy can be extracted by a windmill. The windmill slows the air down quite a lot, but it has to leave the air with some kinetic energy, otherwise that slowed-down air would get in the way. Figure B.2 is a cartoon of the actual flow past a windmill. The maximum fraction of the incoming energy that can be extracted by a disc-like windmill was worked out by a German physicist called Albert Betz 1 in 1919. If the departing wind speed is one third of the arriving wind speed, the power extracted is 16/27 of the total power in the wind. 16/27 is 0.59. In practice let’s guess that a windmill might be 50% efficient. In fact, real windmills are designed with particular wind speeds in mind; if the wind speed is significantly greater than the turbine’s ideal speed, it has to be switched off.

As an example, let’s assume a diameter of d = 25m, and a hub height of 32 m, which is roughly the size of the lone windmill above the city of Wellington, New Zealand (figure B.3). The power of a single windmill is

=50%×12ρv3×14πd2=50%×140 W/m2×14π(25 m)2=34 kW
\begin{matrix}
 \\
{= \text{50\%} \times \frac{1}{2}\rho v^{3} \times \frac{1}{4}\pi d^{2}} \\
{= \text{50\%} \times \text{140\ W/m}^{\text{2}} \times \frac{1}{4}\pi\left( \text{25\ m} \right)^{2}} \\
{= \text{34\ kW}} \\
\end{matrix}


Indeed, when I visited this windmill on a very breezy day, its meter showed it was generating 60 kW.

To estimate how much power we can get from wind, we need to decide how big our windmills are going to be, and how close together we can pack them.

How densely could such windmills be packed? Too close and the upwind ones will cast wind-shadows on the downwind ones. Experts say that windmills can’t be spaced closer than 5 times their diameter without losing significant power. At this spacing, the power that windmills can generate per unit land area is

=12ρv3π8d2(5d)2=π20012ρv3=0.016×140W/m2=2.2W/m2
\begin{matrix}
 \\
{= \frac{\frac{1}{2}\rho v^{3}\frac{\pi}{8}d^{2}}{\left( 5d \right)^{2}}} \\
{= \frac{\pi}{200}\frac{1}{2}\rho v^{3}} \\
{= 0.016 \times 140\text{W/m}^{\text{2}}} \\
{= 2.2\text{W/m}^{\text{2}}} \\
\end{matrix}


[image: Figure B.4]

Figure B.4. Wind farm layout.

This number is worth remembering: a wind farm with a wind speed of 6 m/s produces a power of 2 W per m2 of land area. Notice that our answer does not depend on the diameter of the windmill. The ds cancelled because bigger windmills have to be spaced further apart. Bigger windmills might be a good idea in order to catch bigger windspeeds that exist higher up (the taller a windmill is, the bigger the wind speed it encounters), or because of economies of scale, but those are the only reasons for preferring big windmills.

A note added in the 2026 revision. That last observation — that the answer does not depend on turbine diameter, because spacing scales with diameter — is the most testable prediction in this chapter, and eighteen years have provided a very large test of it.

MacKay’s reference machine below is a 54-metre rotor at 80 metres, rated 1 MW. The turbines going into Dogger Bank are GE Haliade-X units of 13 to 14.7 MW, with a 220-metre rotor and a tip height of 260 metres: thirteen times the capacity and about four times the diameter. If the scaling argument is right, that should have left the power per unit area alone.

It did. What changed instead was the other input, and the chapter should be honest that it is the weaker one. The spacing here is assumed to be 5 diameters. Dogger Bank A puts 95 turbines in 515 km2, which is 5.4 km2 each, or a spacing of about 2.3 km — 10.6 diameters. Dogger Bank B is wider still at 11.4. Modern offshore farms are spaced at roughly twice the separation assumed here, to cut the wake losses that matter more when the machines are this large and the sea this valuable.

Power per unit area goes as the inverse square of the spacing, so doubling it cuts the density to about a quarter. That is why the arithmetic below, which gives 2 W/m2 at 6 m/s, should not simply be rescaled to offshore wind speeds and believed: at Dogger Bank’s wind the formula with 5d spacing would suggest something like 7 W/m2, and the farm actually delivers nearer 1.3. The physics in this chapter is sound and the diameter-independence holds. It is the spacing constant that has moved, and it moved in the unhelpful direction.

Power per unit area

wind farm (speed 6 m/s)

2 W/m2

Table B.5. Facts worth remembering: wind farms.

This calculation depended sensitively on our estimate of the windspeed. Is 6 m/s plausible as a long-term typical windspeed in windy parts of Britain? Figures 4.1 and 4.2 showed windspeeds in Cambridge and Cairngorm. Figure B.6 shows the mean winter and summer windspeeds in eight more locations around Britain. I fear 6 m/s was an overestimate of the typical speed in most of Britain! If we replace 6 m/s by Bedford’s 4 m/s as our estimated windspeed, we must scale our estimate down, multiplying it by (4/6)3≅ 0.3. (Remember, wind power scales as wind-speed cubed.)

[image: Figure B.6]

Figure B.6. Average summer windspeed (dark bar) and average winter windspeed (light bar) in eight locations around Britain. Speeds were measured at the standard weatherman’s height of 10 metres. Averages are over the period 1971–2000.

On the other hand, to estimate the typical power, we shouldn’t take the mean wind speed and cube it; rather, we should find the mean cube of the windspeed. The average of the cube is bigger than the cube of the average. But if we start getting into these details, things get even more complicated, because real wind turbines don’t actually deliver a power proportional to wind-speed cubed. Rather, they typically have just a range of wind-speeds within which they deliver the ideal power; at higher or lower speeds real wind turbines deliver less than the ideal power.

A note added in the 2026 revision. That caution has turned out to have sharper teeth than it appears, and not only for estimating a level.

There is a well-documented worry in the wind literature called global stilling: measured surface wind speeds appear to have been falling since the late twentieth century — a review across 140 studies put the average at about −0.014 m/s per year — which would slowly erode every estimate in this chapter. Vest and Tych asked whether the effect is partly an artefact of how the wind is sampled, using the meteorological station and wind turbine at Hazelrigg, Lancaster, and comparing daily figures against 10-minute resolution.2

Their answer is that resolution changes the picture. The 10-minute record shows only minimal stilling at that site — a decrease of under a per cent over the decade — while the daily run-of-wind record shows a distinct and consistent decline. Carried through into power, the two disagree in direction over particular periods: the daily estimate rises from 2011 to 2016 while the 10-minute observed generation falls from 2016 to 2018 and then rises. The reason is the one stated above. Power goes as the cube of the wind speed, so averaging first and cubing afterwards does not merely give a slightly wrong answer; a run of gusty days and a run of steady days can share a daily mean and deliver quite different energy, and if that mix shifts over decades the daily record reports a trend the turbines never experienced.

The amplification is the part that matters for this chapter’s arithmetic. They cite a study using 6-hourly data that found a 5.5% decrease per decade in wind speed accompanied by a 24.5% decrease per decade in wind power — a small error in the wind becomes a large one in the energy. Sampling height matters for the same reason: another study they cite found wind speeds falling at 2 metres while rising at 10 metres over the same period, which should give pause to anyone applying near-surface stilling trends to a hub 100 metres up.

Two cautions before this is over-read, and the authors state both. Their own measured turbine output does fall across three and a half decades, from about 800 kW to 450 kW, but the confidence intervals on the rate of change almost always include zero, so that decline is not statistically significant. And this is one station: they describe the Lancaster trends as “parochial” and say the contribution of the work is the methodological point rather than the local result. Taken that way it is a caution rather than a finding: the 6 m/s used here is a long-term mean and the objection above still applies to it in full, and anyone minded to revise these numbers downward for stilling should first ask at what resolution, and at what height, the decline was measured.


Variation of wind speed with height

[image: Two panels. Left: wind speed against height on a log scale, both formulas pinned to 6 m/s at 10 m, the Danish logarithmic one reaching about 9 m/s at 100 m and the American power law about 8.3. Right: power density against height, rising from 140 W/m² at 10 m to 474 and 377 W/m² respectively at 100 m.]

Figure B.7. Left: two models of wind speed and wind power as a function of height. DWIA = Danish Wind Industry Association; NREL = National Renewable Energy Laboratory. For each model the speed at 10 m has been fixed to 6 m/s. For the Danish Wind model, the roughness length is set to z0 = 0.1 m. Right: the power density (the power per unit of upright area) according to each of these models. Redrawn in the 2026 revision from the two formulas printed above; the curves are MacKay’s.

Taller windmills see higher wind speeds. The way that wind speed increases with height is complicated and depends on the roughness of the surrounding terrain and on the time of day. As a ballpark figure, doubling the height typically increases wind-speed by 10% and thus increases the power of the wind by 30%.

Some standard formulae for speed v as a function of height z are:


	According to the wind shear formula from NREL [ydt7uk], the speed varies as a power of the height: v(z)=v10(z10 m)α,v\text{(}z\text{)} = v_{10}\left( \frac{z}{\text{10\ m}} \right)^{\alpha}\text{,} where v10v_{10} is the speed at 10 m, and a typical value of the exponent α is 0.143 or 1/7. The one-seventh law (v(z) is proportional to z1/7z^{\text{1/7}} ) is used by Elliott et al. (1991), for example.

	The wind shear formula from the Danish Wind Industry Association [yaoonz] is v(z)=vreflog(z/z0)log(zref/z0),v\text{(}z\text{)} = v_{\text{ref}}\frac{\text{log}\left( {z/z_{0}} \right)}{\text{log}\left( {z_{\text{ref}}/z_{0}} \right)}\text{,} where z0 is a parameter called the roughness length, and vref is the speed at a reference height zref such as 10 m. The roughness length for typical countryside (agricultural land with some houses and sheltering hedgerows with some 500-m intervals – “roughness class 2”) is z0 = 0.1 m.



In practice, these two wind shear formulae give similar numerical answers. That’s not to say that they are accurate at all times however. Van den Berg (2004) suggests that different wind profiles often hold at night.

[image: Figure B.8]

Figure B.8. The qr5 from quietrevolution.co.uk. Not a typical windmill.



Standard windmill properties

The typical windmill of today has a rotor diameter of around 54 metres centred at a height of 80 metres; such a machine has a “capacity” of 1 MW. The “capacity” or “peak power” is the maximum power the windmill can generate in optimal conditions. Usually, wind turbines are designed to start running at wind speeds somewhere around 3 to 5 m/s and to stop if the wind speed reaches gale speeds of 25 m/s. 3 The actual average power delivered is the “capacity” multiplied by a factor that describes the fraction of the time that wind conditions are near optimal. This factor, sometimes called the “load factor” or “capacity factor,” depends on the site; a typical load factor for a good site in the UK is 30%. 4 In the Netherlands, the typical load factor is 22%; in Germany, it is 19%.



Other people’s estimates of wind farm power per unit area

In the government’s study [www.world-nuclear.org/policy/DTI-PIU.pdf] the UK onshore wind resource is estimated using an assumed wind farm power per unit area of at most 9 W/m2 (capacity, not average production). If the capacity factor is 33% then the average power production would be 3 W/m2.

The London Array is an offshore wind farm planned for the outer Thames Estuary. With its 1 GW capacity, it is expected to become the world’s largest offshore wind farm. The completed wind farm will consist of 271 wind turbines in 245 km2 [6o86ec] and will deliver an average power of 3100 GWh per year (350 MW). (Cost £1.5 bn.) That’s a power per unit area of 350 MW/245 km2 = 1.4 W/m2. This is lower than other offshore farms because, I guess, the site includes a big channel (Knock Deep) that’s too deep (about 20 m) for economical planting of turbines.


I’m more worried about what these plans [for the proposed London Array wind farm] will do to this landscape and our way of life than I ever was about a Nazi invasion on the beach.

Bill Boggia of Graveney, where the undersea cables of the wind farm will come ashore.



[image: Figure B.9]

Figure B.9. An Ampair “600 W” micro-turbine. The average power generated by this micro-turbine in Leamington Spa is 0.037 kWh per day (1.5 W).

[image: Figure B.10]

Figure B.10. A 5.5-m diameter Iskra 5 kW turbine [www.iskrawind.com] having its annual check-up. This turbine, located in Hertfordshire (not the windiest of locations in Britain), mounted at a height of 12 m, has an average output of 11 kWh per day. A wind farm of machines with this performance, one per 30 m × 30 m square, would have a power per unit area of 0.5 W/m2.




Queries


What about micro-generation? If you plop one of those miniturbines on your roof, what energy can you expect it to deliver?

Assuming a windspeed of 6 m/s, which, as I said before, is above the average for most parts of Britain; and assuming a diameter of 1 m, the power delivered would be 50 W. That’s 1.3 kWh per day – not very much. And in reality, in a typical urban location in England, a microturbine delivers just 0.2 kWh per day – see chapter 10.

Perhaps the worst windmills in the world are a set in Tsukuba City, Japan, which actually consume more power than they generate. Their installers were so embarrassed by the stationary turbines that they imported power to make them spin so that they looked like they were working! [6bkvbn]




Notes and further reading

Watson et al. (2002) say a minimum annual mean wind speed of 7.0 m/s is currently thought to be necessary for commercial viability of wind power. About 33% of UK land area has such speeds.







The maximum fraction of the incoming energy that can be extracted by a disc-like windmill… There is a nice explanation of this on the Danish Wind Industry Association’s website. [yekdaa].



Kathryn Vest and Wlodek Tych, “Is the apparent global stilling effect on wind power generation an artefact of sampling rate? Evidence from high-frequency observations in the UK”, Renewable Energy 260 (2026) 125097, https://doi.org/10.1016/j.renene.2025.125097. Single-site study using the Lancaster University meteorological station and wind turbine at Hazelrigg. The 140-study review average of about −0.014 m/s per year is McVicar et al., cited therein; the 5.5%/24.5% per decade comparison and the 2 m versus 10 m divergence are also studies they cite rather than their own results. The authors describe the Lancaster trends as parochial and identify multi-site extension as the natural next step.



Usually, wind turbines are designed to start running at wind speeds around 3 to 5 m/s. [ymfbsn].



a typical load factor for a good site is 30%. In 2005, the average load factor of all major UK wind farms was 28% [ypvbvd]. The load factor varied during the year, with a low of 17% in June and July. The load factor for the best region in the country – Caithness, Orkney and the Shetlands – was 33%. The load factors of the two offshore wind farms operating in 2005 were 36% for North Hoyle (off North Wales) and 29% for Scroby Sands (off Great Yarmouth). Average load factors in 2006 for ten regions were: Cornwall 25%; Mid-Wales 27%; Cambridgeshire and Norfolk 25%; Cumbria 25%; Durham 16%; Southern Scotland 28%; Orkney and Shetlands 35%; Northeast Scotland 26%; Northern Ireland 31%; offshore 29%. [wbd8o]
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C Planes II

[image: Figure C.1]

Figure C.1. Birds: two Arctic terns, a bar-tailed godwit, and a Boeing 747.


What we need to do is to look at how you make air travel more energy efficient, how you develop the new fuels that will allow us to burn less energy and emit less.

Tony Blair




Hoping for the best is not a policy, it is a delusion.

Emily Armistead, Greenpeace



What are the fundamental limits of travel by flying? Does the physics of flight require an unavoidable use of a certain amount of energy, per ton, per kilometre flown? What’s the maximum distance a 300-ton Boeing 747 can fly? What about a 1-kg bar-tailed godwit or a 100-gram Arctic tern?

Just as Chapter 3, in which we estimated consumption by cars, was followed by Chapter A, offering a model of where the energy goes in cars, this chapter fills out Chapter 5, discussing where the energy goes in planes. The only physics required is Newton’s laws of motion, which I’ll describe when they’re needed.

This discussion will allow us to answer questions such as “would air travel consume much less energy if we travelled in slower propellor-driven planes?” There’s a lot of equations ahead: I hope you enjoy them!


How to fly

Planes (and birds) move through air, so, just like cars and trains, they experience a drag force, and much of the energy guzzled by a plane goes into pushing the plane along against this force. Additionally, unlike cars and trains, planes have to expend energy in order to stay up.

Planes stay up by throwing air down. When the plane pushes down on air, the air pushes up on the plane (because Newton’s third law tells it to). As long as this upward push, which is called lift, is big enough to balance the downward weight of the plane, the plane avoids plummeting downwards.

When the plane throws air down, it gives that air kinetic energy. So creating lift requires energy. The total power required by the plane is the sum of the power required to create lift and the power required to overcome ordinary drag. (The power required to create lift is usually called “induced drag,” by the way. But I’ll call it the lift power, Plift.)

The two equations we’ll need, in order to work out a theory of flight, are Newton’s second law:

force=rate of change of momentum
\begin{matrix}
{\text{force} = \text{rate\ of\ change\ of\ momentum}} \\
\end{matrix}


and Newton’s third law, which I just mentioned:

force exerted on A by B=- force exerted on B by A
\begin{matrix}
{\text{force\ exerted\ on\ A\ by\ B} = \text{-\ force\ exerted\ on\ B\ by\ A}} \\
\end{matrix}


If you don’t like equations, I can tell you the punchline now: we’re going to find that the power required to create lift turns out to be equal to the power required to overcome drag. So the requirement to “stay up” doubles the power required.

[image: Figure C.2]

Figure C.2. A plane encounters a stationary tube of air. Once the plane has passed by, the air has been thrown downwards by the plane. The force exerted by the plane on the air to accelerate it downwards is equal and opposite to the upwards force exerted on the plane by the air.

[image: Figure C.3]

Figure C.3. Our cartoon assumes that the plane leaves a sausage of air moving down in its wake. A realistic picture involves a more complex swirling flow. For the real thing, see figure C.4.


(Figure omitted from this edition: third-party rights.)



Figure C.4. Air flow behind a plane. Photo by NASA Langley Research Center.

Let’s make a cartoon of the lift force on a plane moving at speed v. In a time t the plane moves a distance vt and leaves behind it a sausage of downward-moving air (figure C.2). We’ll call the cross-sectional area of this sausage As. This sausage’s diameter is roughly equal to the wingspan w of the plane. (Within this large sausage is a smaller sausage of swirling turbulent air with cross-sectional area similar to the frontal area of the plane’s body.) Actually, the details of the air flow are much more interesting than this sausage picture: each wing tip leaves behind it a vortex, with the air between the wingtips moving down fast, and the air beyond (outside) the wingtips moving up (figures C.3 & C.4). This upward-moving air is exploited by birds flying in formation: just behind the tip of a bird’s wing is a sweet little updraft. Anyway, let’s get back to our sausage.

The sausage’s mass is

msausage=density×volume=ρvtAs.
\begin{matrix}
{m_{\text{sausage}} = \text{density} \times \text{volume} = \rho vtA_{\text{s}}\text{.}} \\
\end{matrix}


Let’s say the whole sausage is moving down with speed u, and figure out what u needs to be in order for the plane to experience a lift force equal to its weight mg. The downward momentum of the sausage created in time t is

mass×velocity=msausageu=ρvtAsu.
\begin{matrix}
{{\text{mass} \times \text{velocity} = m}_{\text{sausage}}u = \rho vtA_{\text{s}}u\text{.}} \\
\end{matrix}


And by Newton’s laws this must equal the momentum delivered by the plane’s weight in time t, namely,

mgt.
\begin{matrix}
{mgt\text{.}} \\
\end{matrix}


Rearranging this equation,

ρvtAsu=mgt,
\begin{matrix}
{\rho vtA_{\text{s}}u = mgt\text{,}} \\
\end{matrix}


we can solve for the required downward sausage speed,

u=mgρvAs.
u = \frac{mg}{\rho vA_{\text{s}}}\text{.}


Interesting! The sausage speed is inversely related to the plane’s speed v. A slow-moving plane has to throw down air harder than a fast-moving plane, because it encounters less air per unit time. That’s why landing planes, travelling slowly, have to extend their flaps: so as to create a larger and steeper wing that deflects air more.

What’s the energetic cost of pushing the sausage down at the required speed u? The power required is

Plift=kinetic energy of sausagetimePlift=1t12msausageu2Plift=12tρvtAs(mgρvAs)2Plift=12(mg)2ρvAs
\begin{matrix}
{P_{\text{lift}} = \frac{\text{kinetic\ energy\ of\ sausage}}{\text{time}}} \\
{\phantom{P_{\text{lift}}} = \frac{1}{t}\frac{1}{2}m_{\text{sausage}}u^{2}} \\
{\phantom{P_{\text{lift}}} = \frac{1}{2t}\rho vtA_{\text{s}}\left( \frac{mg}{\rho vA_{\text{s}}} \right)^{2}} \\
{\phantom{P_{\text{lift}}} = \frac{1}{2}\frac{\left( {mg} \right)^{2}}{\rho vA_{\text{s}}}} \\
\end{matrix}


The total power required to keep the plane going is the sum of the drag power and the lift power:

Ptotal=Pdrag+PliftPtotal=12cdρApv3+12(mg)2ρvAs,
\begin{matrix}
{P_{\text{total}} = P_{\text{drag}} + P_{\text{lift}}} \\
{\phantom{P_{\text{total}}} = \frac{1}{2}c_{\text{d}}\rho A_{\text{p}}v^{3} + \frac{1}{2}\frac{\left( {mg} \right)^{2}}{\rho vA_{\text{s}}}\text{,}} \\
\end{matrix}


where Ap is the frontal area of the plane and cd is its drag coefficient (as in Chapter A).

The fuel-efficiency of the plane, expressed as the energy per distance travelled, would be

energydistance|ideal=Ptotalv=12cdρApv2+12(mg)2ρv2As,
\begin{matrix}
{\left. \frac{\text{energy}}{\text{distance}} \right|_{\text{ideal}} = \frac{P_{\text{total}}}{v} = \frac{1}{2}c_{\text{d}}\rho A_{\text{p}}v^{2} + \frac{1}{2}\frac{\left( {mg} \right)^{2}}{\rho v^{2}A_{\text{s}}}\text{,}} \\
\end{matrix}


if the plane turned its fuel’s power into drag power and lift power perfectly efficiently. (Incidentally, another name for “energy per distance travelled” is “force,” and we can recognize the two terms above as the drag force 1⁄2cdρApv2and the lift-related force 1⁄2(mg)2/(ρv2As). The sum is the force, or “thrust,” that specifies exactly how hard the engines have to push.)

[image: Thrust against speed for a jumbo jet. Ordinary drag rises as the square of speed, lift-related drag falls as the square of it, and their sum has a minimum of 113 kN at 226 m/s.]

Figure C.5. The force required to keep a plane moving, as a function of its speed v, is the sum of an ordinary drag force 1⁄2cdρApv2 – which increases with speed – and the lift-related force (also known as the induced drag) 1/2(mg)2/(ρv2As) – which decreases with speed. There is an ideal speed, voptimal, at which the force required is minimized. The force is an energy per distance, so minimizing the force also minimizes the fuel per distance. To optimize the fuel efficiency, fly at voptimal. This graph shows our cartoon’s estimate of the thrust required, in kilonewtons, for a Boeing 747 1 of mass 319 t, wingspan 64.4 m, drag coefficient 0.03, and frontal area 180 m2, travelling in air of density ρ = 0.41 kg/m3 (the density at a height of 10 km), as a function of its speed v in m/s. Our model has an optimal speed voptimal = 220 m/s (540 mph). For a cartoon based on sausages, this is a good match to real life! Redrawn in the 2026 revision from the formula above and the numbers in this caption — 319 t, 64.4 m of wingspan, 0.03, 180 m2 and air at 0.41 kg/m3 — with the sausage area taken as the square of the wingspan, which figure C.7’s caption gives. The curves are MacKay’s. They put the minimum at 226 m/s and 113 kN, against the 220 m/s this caption states; the 130 kN the chapter derives later in this appendix comes from table C.6’s fully-laden 363 t rather than from this figure’s 319 t.

Real jet engines have an efficiency of about ε = 1/3, 2 so the energy-per-distance of a plane travelling at speed v is

energydistance=1ε(12cdρApv2+12(mg)2ρv2As).
\begin{matrix}
{\frac{\text{energy}}{\text{distance}} = \frac{1}{\varepsilon}\left( {\frac{1}{2}c_{\text{d}}\rho A_{\text{p}}v^{2} + \frac{1}{2}\frac{\left( {mg} \right)^{2}}{\rho v^{2}A_{\text{s}}}} \right)\text{.}} \\
\end{matrix}


This energy-per-distance is fairly complicated; but it simplifies greatly if we assume that the plane is designed to fly at the speed that minimizes the energy-per-distance. The energy-per-distance, you see, has got a sweetspot as a function of v (figure C.5). The sum of the two quantities 12cdρApv2\frac{1}{2}c_{\text{d}}\rho A_{\text{p}}v^{2} and 12(mg)2/(ρv2As)\frac{1}{2}{\left( mg \right)^{2}/\left( \rho v^{2}A_{\text{s}} \right)} is smallest when the two quantities are equal. This phenomenon is delightfully common in physics and engineering: two things that don’t obviously have to be equal are actually equal, or equal within a factor of 2.

So, this equality principle tells us that the optimum speed for the plane is such that

cdρApv2=(mg)2ρv2As,
\begin{matrix}
{c_{\text{d}}\rho A_{\text{p}}v^{2} = \frac{\left( mg \right)^{2}}{\rho v^{2}A_{\text{s}}}\text{,}} \\
\end{matrix}


i.e.

ρvopt2=mgcdApAs,
\begin{matrix}
{\rho v_{\text{opt}}^{2} = \frac{mg}{\sqrt{c_{\text{d}}A_{\text{p}}A_{\text{s}}}}\text{,}} \\
\end{matrix}


This defines the optimum speed if our cartoon of flight is accurate; the cartoon breaks down if the engine efficiency ε depends significantly on speed, or if the speed of the plane exceeds the speed of sound (330 m/s); above the speed of sound, we would need a different model of drag and lift.

Let’s check our model by seeing what it predicts is the optimum speed for a 747 and for an albatross. We must take care to use the correct air-density: if we want to estimate the optimum cruising speed for a 747 at 30 000 feet, we must remember that air density drops with increasing altitude z as exp(−mgz/kT), where m is the mass of nitrogen or oxygen molecules, and kT is the thermal energy (Boltzmann’s constant times absolute temperature). The density is about 3 times smaller at that altitude.

The predicted optimal speeds (table C.6) are more accurate than we have a right to expect! The 747’s optimal speed is predicted to be 540mph, and the albatross’s, 32mph – both very close to the true cruising speeds of the two birds (560mph and 30–55mph respectively).

Let’s explore a few more predictions of our cartoon. We can check whether the force (C.13) is compatible with the known thrust of the 747. Remembering that at the optimal speed, the two forces are equal, we just need to pick one of them and double it:

force=energydistance|ideal=12cdρApv2+12(mg)2ρv2Asforce=cdρApvopt2force=cdρApmgρ(cdApAs)1/2force=(cdApAs)1/2mg.
\begin{matrix}
{\text{force} = \left. \frac{\text{energy}}{\text{distance}} \right|_{\text{ideal}} = \frac{1}{2}c_{\text{d}}\rho A_{\text{p}}v^{2} + \frac{1}{2}\frac{\left( {mg} \right)^{2}}{\rho v^{2}A_{\text{s}}}} \\
{\phantom{\text{force}} = c_{\text{d}}\rho A_{\text{p}}v_{\text{opt}}^{2}} \\
{\phantom{\text{force}} = c_{\text{d}}\rho A_{\text{p}}\frac{mg}{\rho\left( {c_{\text{d}}A_{\text{p}}A_{\text{s}}} \right)^{1/2}}} \\
{\phantom{\text{force}} = \left( \frac{c_{\text{d}}A_{\text{p}}}{A_{\text{s}}} \right)^{1/2}mg\text{.}} \\
\end{matrix}











	Bird
	
	747
	Albatross





	Designer
	
	Boeing
	natural selection



	Mass (fully-laden)
	m
	363 000 kg
	8 kg



	Wingspan
	w
	64.4 m
	3.3 m



	Area*
	Ap
	180 m2
	0.09 m2



	Density
	ρ
	0.4 kg/m3
	1.2 kg/m3



	Drag coefficient
	cd
	0.03
	0.1



	Optimum speed
	vopt
	220 m/s = 540 mph
	14 m/s = 32 mph





Table C.6. Estimating the optimal speeds for a jumbo jet and an albatross. ∗ Frontal area estimated for 747 by taking cabin width (6.1 m) times estimated height of body (10 m) and adding double to allow for the frontal area of engines, wings, and tail; for albatross, frontal area of 1 square foot estimated from a photograph. Restored to a table in the 2026 revision; the values are MacKay’s, and the conversion from the 2008 edition had flattened them into a column of loose lines.

[image: Frontal view of a Boeing 747 in silhouette, used to estimate the frontal area of the plane.]

Figure C.7. Frontal view of a Boeing 747, used to estimate the frontal area Ap of the plane. The square has area As (the square of the wingspan). The 2008 conversion had baked a yellow field in behind this drawing; it is white again here.




	Airbus A320
	17



	Boeing 767-200
	19



	Boeing 747-100
	18



	Common Tern
	12



	Albatross
	20





Table C.8. Lift-to-drag ratios.

Let’s define the filling factor fA to be the area ratio:

fA=ApAs.
\begin{matrix}
{f_{\text{A}} = \frac{A_{\text{p}}}{A_{\text{s}}}\text{.}} \\
\end{matrix}


(Think of fA as the fraction of the square occupied by the plane in figure C.7.) Then

force=(cdfA)1/2(mg).
\begin{matrix}
{\text{force} = \left( {c_{\text{d}}f_{\text{A}}} \right)^{1/2}\left( {mg} \right)\text{.}} \\
\end{matrix}


Interesting! Independent of the density of the fluid through which the plane flies, the required thrust (for a plane travelling at the optimal speed) is just a dimensionless constant (cdfA)1/2 times the weight of the plane. This constant, by the way, is known as the drag-to-lift ratio of the plane. (The lift-to-drag ratio has a few other names: the glide number, glide ratio, aerodynamic efficiency, or finesse; typical values are shown in table C.8.)

Taking the jumbo jet’s figures, cd ≅ 0.03 and fA ≅ 0.04, we find the required thrust is

(cdfA)1/2mg=0.036mg=130 kN.
\begin{matrix}
{\left( {c_{\text{d}}f_{\text{A}}} \right)^{1/2}mg = 0.036\ mg = 130\text{~kN.}} \\
\end{matrix}


How does this agree with the 747’s spec sheets? In fact each of the 4 engines has a maximum thrust of about 250 kN, but this maximum thrust is used only during take-off. During cruise, the thrust is much smaller: the thrust of a cruising 747 is 200 kN, just 50% more than our cartoon suggested. Our cartoon is a little bit off because our estimate of the drag-to-lift ratio was a little bit low.


(Figure omitted from this edition: third-party rights.)



Figure C.9. Cessna 310N: 60 kWh per 100 passenger-km. A Cessna 310 Turbo carries 6 passengers (including 1 pilot) at a speed of 370 km/h. Photograph by Adrian Pingstone.

This thrust can be used directly to deduce the transport efficiency achieved by any plane. We can work out two sorts of transport efficiency: the energy cost of moving weight around, measured in kWh per ton-kilometre; and the energy cost of moving people, measured in kWh per 100 passenger-kilometres.


Efficiency in weight terms

Thrust is a force, and a force is an energy per unit distance. The total energy used per unit distance is bigger by a factor (1/ε), where ε is the efficiency of the engine, which we’ll take to be 1/3.

Here’s the gross transport cost, defined to be the energy per unit weight (of the entire craft) per unit distance:

transport cost=1εforcemasstransport cost=1ε(cdfA)1/2mgmtransport cost=(cdfA)1/2εg.
\begin{matrix}
{\text{transport\ cost} = \frac{1}{\varepsilon}\frac{\text{force}}{\text{mass}}} \\
{\phantom{\text{transport\ cost}} = \frac{1}{\varepsilon}\frac{\left( {c_{\text{d}}f_{\text{A}}} \right)^{1/2}mg}{m}} \\
{\phantom{\text{transport\ cost}} = \frac{\left( {c_{\text{d}}f_{\text{A}}} \right)^{1/2}}{\varepsilon}g\text{.}} \\
\end{matrix}


So the transport cost is just a dimensionless quantity (related to a plane’s shape and its engine’s efficiency), multiplied by g, the acceleration due to gravity. Notice that this gross transport cost applies to all planes, but depends only on three simple properties of the plane: its drag coefficient, the shape of the plane, and its engine efficiency. It doesn’t depend on the size of the plane, nor on its weight, nor on the density of air. If we plug in ε = 1/3 and assume a lift-to-drag ratio of 20 we find the gross transport cost of any plane, according to our cartoon, is

0.15 g

or

0.4 kWh/ton-km.



Can planes be improved?

If engine efficiency can be boosted only a tiny bit by technological progress, and if the shape of the plane has already been essentially perfected, then there is little that can be done about the dimensionless quantity. The transport efficiency is close to its physical limit. The aerodynamics community say that the shape of planes could be improved a little by a switch to blended-wing bodies, and that the drag coefficient could be reduced a little by laminar flow control, a technology that reduces the growth of turbulence over a wing by sucking a little air through small perforations in the surface (Braslow, 1999). Adding laminar flow control to existing planes would deliver a 15% improvement in drag coefficient, and the change of shape to blended-wing bodies is predicted to improve the drag coefficient by about 18% (Green, 2006). And equation (C.26) says that the transport cost is proportional to the square root of the drag coefficient, so improvements of cd by 15% or 18% would improve transport cost by 7.5% and 9% respectively.


(Figure omitted from this edition: third-party rights.)



Figure C.10. “Fasten your cufflinks.” A Bombardier Learjet 60XR carrying 8 passengers at 780 km/h has a transport cost of 150 kWh per 100 passenger-km. Photograph by Adrian Pingstone.

This gross transport cost is the energy cost of moving weight around, including the weight of the plane itself. To estimate the energy required to move freight by plane, per unit weight of freight, we need to divide by the fraction that is cargo. For example, if a full 747 freighter is about 1/3 cargo, then its transport cost is

0.45 g,

or roughly 1.2 kWh/ton-km. This is just a little bigger than the transport cost of a truck, which is 1 kWh/ton-km.



Transport efficiency in terms of bodies

Similarly, we can estimate a passenger transport-efficiency for a 747.

transport efficiency (passenger-km per litre of fuel)=number of passengers×energy per litrethrustε=number of passengers×ε×energy per litrethrust=400×1238 MJ/litre200 000 N=25 passenger-km per litre
\begin{matrix}
\text{transport\ efficiency\ (passenger-km\ per\ litre\ of\ fuel)} \\
{= \text{number\ of\ passengers} \times \frac{\text{energy\ per\ litre}}{\frac{\text{thrust}}{\varepsilon}}} \\
{= \text{number\ of\ passengers} \times \frac{\varepsilon \times \text{energy\ per\ litre}}{\text{thrust}}} \\
{= \text{400} \times \frac{1}{2}\frac{38\text{~MJ/litre}}{\text{200\ 000\ N}}} \\
{= 25\text{~passenger-km\ per\ litre}} \\
\end{matrix}


This is a bit more efficient than a typical single-occupant car (12 km per litre). So travelling by plane is more energy-efficient than car if there are only one or two people in the car; and cars are more efficient if there are three or more passengers in the vehicle.



Key points

[image: Figure C.11]

Figure C.11. Boeing 737-700: 30 kWh per 100 passenger-km. Photograph © Tom Collins.

We’ve covered quite a lot of ground! Let’s recap the key ideas. Half of the work done by a plane goes into staying up; the other half goes into keeping going. The fuel efficiency at the optimal speed, expressed as an energy-per-distance-travelled, was found in the force (C.22), and it was simply proportional to the weight of the plane; the constant of proportionality is the drag-to-lift ratio, which is determined by the shape of the plane. So whereas lowering speed-limits for cars would reduce the energy consumed per distance travelled, there is no point in considering speed-limits for planes. Planes that are up in the air have optimal speeds, different for each plane, depending on its weight, and they already go at their optimal speeds. If you ordered a plane to go slower, its energy consumption would increase. The only way to make a plane consume fuel more efficiently is to put it on the ground and stop it. Planes have been fantastically optimized, and there is no prospect of significant improvements in plane efficiency. (See chapter 5and chapter 20 for further discussion of the notion that new superjumbos are “far more efficient” than old jumbos; and chapter 5 for discussion of the notion that turboprops are “far more efficient” than jets.)



Range

Another prediction we can make is, what’s the range of a plane or bird – the biggest distance it can go without refuelling? You might think that bigger planes have a bigger range, but the prediction of our model is startlingly simple. The range of the plane, the maximum distance it can go before refuelling, is proportional to its velocity and to the total energy of the fuel, and inversely proportional to the rate at which it guzzles fuel:

range=vopt×energypower=energy×εforce.
\begin{matrix}
{\text{range} = v_{\text{opt}} \times \frac{\text{energy}}{\text{power}} = \frac{\text{energy} \times \varepsilon}{\text{force}}\text{.}} \\
\end{matrix}


Now, the total energy of fuel is the calorific value of the fuel, C (in joules per kilogram), times its mass; and the mass of fuel is some fraction ffuel of the total mass of the plane. So

range=energy×εforce=Cmεffuel(cdfA)1/2(mg)=εffuel(cdfA)1/2Cg.
\begin{matrix}
{\text{range} = \frac{\text{energy} \times \varepsilon}{\text{force}} = \frac{Cm\varepsilon f_{\text{fuel}}}{\left( {c_{\text{d}}f_{\text{A}}} \right)^{1/2}\left( {mg} \right)} = \frac{\varepsilon f_{\text{fuel}}}{\left( {c_{\text{d}}f_{\text{A}}} \right)^{1/2}}\frac{C}{g}\text{.}} \\
\end{matrix}


It’s hard to imagine a simpler prediction: the range of any bird or plane is the product of a dimensionless factor εffuel/ (cdfA)1/2 which takes into account the engine efficiency, the drag coefficient, and the bird’s geometry, with a fundamental distance,

Cg
\frac{C}{g}


which is a property of the fuel and gravity, and nothing else. No bird size, no bird mass, no bird length, no bird width; no dependence on the fluid density.

So what is this magic length? It’s the same distance whether the fuel is goose fat or jet fuel: both these fuels are essentially hydrocarbons (CH2)n. Jet fuel has a calorific value of C = 40 MJ per kg. The distance associated with jet fuel is

dfuel=Cg=4000 km.
\begin{matrix}
{d_{\text{fuel}} = \frac{C}{g} = \text{4000\ km.}} \\
\end{matrix}


You can think of dfuel as the distance that the fuel could throw itself if it suddenly converted all its chemical energy to kinetic energy and launched itself on a parabolic trajectory with no air resistance. [To be precise, the distance achieved by the optimal parabola is twice C/g.] This distance is also the vertical height to which the fuel could throw itself if there were no air resistance. Another amusing thing to notice is that the calorific value of a fuel C, which I gave in joules per kilogram, is also a squared-velocity (just as the energy-to-mass ratio E/m in Einstein’s E = mc2 is a squared-velocity, c2): 40 × 106 J per kg is (6000 m/s)2. So one way to think about fat is “fat is 6000 metres per second.” If you want to lose weight by going jogging, 6000 m/s (12 000 mph) is the speed you should aim for in order to lose it all in one giant leap.

The range of the bird is the intrinsic range of the fuel, 4000 km, times a factor εffuel/ (cdfA)1/2. If our bird has engine efficiency ε = 1/3 and drag-to-lift ratio (cdfA)1/2≅ 1/20, and if nearly half of the bird is fuel (a fully-laden 747 is 46% fuel), we find that all birds and planes, of whatever size, have the same range: about three times the fuel’s distance – roughly 13 000 km.

This figure is again close to the true answer: the nonstop flight record for a 747 (set on March 23–24, 1989) was a distance of 16 560 km.

And the claim that the range is independent of bird size is supported by the observation that birds of all sizes, from great geese down to dainty swallows and arctic tern migrate intercontinental distances. The longest recorded non-stop flight by a bird was a distance of 11 000 km, by a bartailed godwit. 3

How far did Steve Fossett go in the specially-designed Scaled Composites Model 311 Virgin Atlantic GlobalFlyer? 41 467 km. [33ptcg] An unusual plane: 83% of its take-off weight was fuel; the flight made careful use of the jet-stream to boost its distance. Fragile, the plane had several failures along the way.

One interesting point brought out by this cartoon: if we ask “what’s the optimum air-density to fly in?”, we find that the thrust required (C.20) at the optimum speed is independent of the density. So our cartoon plane would be equally happy to fly at any height; there isn’t an optimum density; the plane could achieve the same miles-per-gallon in any density; but the optimum speed does depend on the density (v2 ~ 1/ρ, equation (C.16)). So all else being equal, our cartoon plane would have the shortest journey time if it flew in the lowest-density air possible. Now real engines’ efficiencies aren’t independent of speed and air density. As a plane gets lighter by burning fuel, our cartoon says its optimal speed at a given density would reduce (v2 ~ mg/(ρ(cdApAs)1/2)). So a plane travelling in air of constant density should slow down a little as it gets lighter. But a plane can both keep going at a constant speed and continue flying at its optimal speed if it increases its altitude so as to reduce the air density. Next time you’re on a long-distance flight, you could check whether the pilot increases the cruising height from, say, 31 000 feet to 39 000 feet by the end of the flight.



How would a hydrogen plane perform?

We’ve already argued that the efficiency of flight, in terms of energy per ton-km, is just a simple dimensionless number times g. Changing the fuel isn’t going to change this fundamental argument. Hydrogen-powered planes are worth discussing if we’re hoping to reduce climate-changing emissions. They might also have better range. But don’t expect them to be radically more energy-efficient.



Possible areas for improvement of plane efficiency

Formation flying in the style of geese could give a 10% improvement in fuel efficiency (because the lift-to-drag ratio of the formation is higher than that of a single aircraft), but this trick relies, of course, on the geese wanting to migrate to the same destination at the same time.

Optimizing the hop lengths: 4 long-range planes (designed for a range of say 15 000 km) are not quite as fuel-efficient as shorter-range planes, because they have to carry extra fuel, which makes less space for cargo and passengers. It would be more energy-efficient to fly shorter hops in shorter-range planes. The sweet spot is when the hops are about 5000 km long, so typical long-distance journeys would have one or two refuelling stops (Green, 2006). Multi-stage long-distance flying might be about 15% more fuel-efficient; but of course it would introduce other costs.



Eco-friendly aeroplanes

Occasionally you may hear about people making eco-friendly aeroplanes. Earlier in this chapter, however, our cartoon made the assertion that the transport cost of any plane is about

0.4 kWh/ton-km.

According to the cartoon, the only ways in which a plane could significantly improve on this figure are to reduce air resistance (perhaps by some new-fangled vacuum-cleaners-in-the-wings trick) or to change the geometry of the plane (making it look more like a glider, with immensely wide wings compared to the fuselage, or getting rid of the fuselage altogether).

So, let’s look at the latest news story about “eco-friendly aviation” and see whether one of these planes can beat the 0.4 kWh per ton-km benchmark. If a plane uses less than 0.4 kWh per ton-km, we might conclude that the cartoon is defective.


(Figure omitted from this edition: third-party rights.)



Figure C.12. The Electra F-WMDJ: 11 kWh per 100 p-km. Photo by Jean–Bernard Gache. www.apame.eu

The Electra, a wood-and-fabric single-seater, flew for 48 minutes for 50 km around the southern Alps [6r32hf]. The Electra has a 9-m wingspan and an 18-kW electric motor powered by 48 kg of lithium-polymer batteries. The aircraft’s take-off weight is 265 kg (134 kg of aircraft, 47 kg of batteries, and 84 kg of human cargo). On 23rd December, 2007 it flew a distance of 50 km. If we assume that the battery’s energy density was 130 Wh/kg, and that the flight used 90% of a full charge (5.5 kWh), the transport cost was roughly

0.4 kWh/ton-km,

which exactly matches our cartoon. This electrical plane is not a lower-energy plane than a normal fossil-sucker.

Of course, this doesn’t mean that electric planes are not interesting. If one could replace traditional planes by alternatives with equal energy consumption but no carbon emissions, that would certainly be a useful technology. And, as a person-transporter, the Electra delivers a respectable 11 kWh per 100 p-km, similar to the electric car in our transport diagram in chapter 20. But in this book the bottom line is always: “where is the energy to come from?”



Many boats are birds too

Some time after writing this cartoon of flight, I realized that it applies to more than just the birds of the air – it applies to hydrofoils, and to other high-speed watercraft too – all those that ride higher in the water when moving.

[image: ]


(Figure omitted from this edition: third-party rights.)



Figure C.13. Hydrofoil. Photograph by Georgios Pazios.

Figure C.13 shows the principle of the hydrofoil. The weight of the craft is supported by a tilted underwater wing, which may be quite tiny compared with the craft. The wing generates lift by throwing fluid down, just like the plane of figure C.2. If we assume that the drag is dominated by the drag on the wing, and that the wing dimensions and vessel speed have been optimized to minimize the energy expended per unit distance, then the best possible transport cost, in the sense of energy per ton-kilometre, will be just the same as in equation (C.26):

(cdfA)1/2εg,
\begin{matrix}
{\frac{\left( {c_{\text{d}}f_{\text{A}}} \right)^{1/2}}{\varepsilon}g\text{,}} \\
\end{matrix}


where cd is the drag coefficient of the underwater wing, fA is the dimensionless area ratio defined before, ε is the engine efficiency, and g is the acceleration due to gravity.

Perhaps cd and fA are not quite the same as those of an optimized aeroplane. But the remarkable thing about this theory is that it has no dependence on the density of the fluid through which the wing is flying. So our ballpark prediction is that the transport cost (energy-per-distance-per-weight, including the vehicle weight) of a hydrofoil is the same as the transport cost of an aeroplane! Namely, roughly 0.4 kWh per ton-km.

For vessels that skim the water surface, such as high-speed catamarans and water-skiers, an accurate cartoon should also include the energy going into making waves, but I’m tempted to guess that this hydrofoil theory is still roughly right.

I’ve not yet found data on the transport-cost of a hydrofoil, but some data for a passenger-carrying catamaran travelling at 41 km/h seem to agree pretty well: it consumes roughly 1 kWh per ton-km. 5

It’s quite a surprise to me to learn that an island hopper who goes from island to island by plane not only gets there faster than someone who hops by boat – he quite probably uses less energy too.




Other ways of staying up


Airships

[image: Figure C.14]

Figure C.14. The 239m-long USS Akron (ZRS-4) flying over Manhattan. It weighed 100 t and could carry 83 t. Its engines had a total power of 3.4 MW, and it could transport 89 personnel and a stack of weapons at 93 km/h. It was also used as an aircraft carrier.

[image: Figure C.15]

Figure C.15. An ellipsoidal airship.

This chapter has emphasized that planes can’t be made more energy efficient by slowing them down, because any benefit from reduced air resistance is more than cancelled by having to chuck air down harder. Can this problem be solved by switching strategy: not throwing air down, but being as light as air instead? An airship, blimp, zeppelin, or dirigible uses an enormous helium-filled balloon, which is lighter than air, to counteract the weight of its little cabin. The disadvantage of this strategy is that the enormous balloon greatly increases the air resistance of the vehicle.

The way to keep the energy cost of an airship (per weight, per distance) low is to move slowly, to be fish-shaped, and to be very large and long. Let’s work out a cartoon of the energy required by an idealized airship.

I’ll assume the balloon is ellipsoidal, with cross-sectional area A and length L. The volume is V=23AL.V = \frac{2}{3}AL\text{.} If the airship floats stably in air of density ρ, the total mass of the airship, including its cargo and its helium, must be mtotal = ρV. If it moves at speed v, the force of air resistance is

F=12cdAρv2,
\begin{matrix}
{F = \frac{1}{2}c_{\text{d}}A\rho v^{2}\text{,}} \\
\end{matrix}


where cd is the drag coefficient, which, based on aeroplanes, we might expect to be about 0.03. The energy expended, per unit distance, is equal to F divided by the efficiency ε of the engines. So the gross transport cost – the energy used per unit distance per unit mass – is

Fεmtotal=12cdAρv2ερ23ALFFFFf=34εcdv2L
\begin{matrix}
{\frac{F}{\varepsilon m_{\text{total}}} = \frac{\frac{1}{2}c_{\text{d}}A\rho v^{2}}{\varepsilon\rho\frac{2}{3}AL}} \\
{\phantom{\text{FFFFf}} = \frac{3}{4\varepsilon}c_{\text{d}}\frac{v^{2}}{L}} \\
\end{matrix}


That’s a rather nice result! The gross transport cost of this idealized airship depends only on its speed v and length L, not on the density ρ of the air, nor on the airship’s frontal area A.

This cartoon also applies without modification to submarines. The gross transport cost (in kWh per ton-km) of an airship is just the same as the gross transport cost of a submarine of identical length and speed. The submarine will contain 1000 times more mass, since water is 1000 times denser than air; and it will cost 1000 times more to move it along. The only difference between the two will be the advertising revenue.

So, let’s plug in some numbers. Let’s assume we desire to travel at a speed of 80 km/h (so that crossing the Atlantic takes three days). In SI units, that’s 22 m/s. Let’s assume an efficiency ε of 1/4. To get the best possible transport cost, what is the longest blimp we can imagine? The Hindenburg was 245 m long. If we say L = 400 m, we find the transport cost is:

Fεmtotal=3×0.03×(22 m/s)2400 m=0.1 m/s2=0.03 kWh/t-km.
\frac{F}{\varepsilon m_{\text{total}}} = 3 \times 0.03 \times \frac{\left( {22\text{~m/s}} \right)^{2}}{400\text{~m}} = 0.1\text{~m/}\text{s}^{2} = {0.03\text{~kWh/}\text{t-km.}}


If useful cargo made up half of the vessel’s mass, the net transport cost of this monster airship would be 0.06 kWh/t-km – similar to rail.



Ekranoplans

[image: Figure C.16]

Figure C.16. The Lun ekranoplan – slightly longer and heavier than a Boeing 747. Photographs: A. Belyaev.

The ekranoplan, 6 or water-skimming wingship, is a ground-effect aircraft: an aircraft that flies very close to the surface of the water, obtaining its lift not from hurling air down like a plane, nor from hurling water down like a hydrofoil or speed boat, but by sitting on a cushion of compressed air sandwiched between its wings and the nearby surface. You can demonstrate the ground effect by flicking a piece of card across a flat table. Maintaining this air-cushion requires very little energy, so the ground-effect aircraft, in energy terms, is a lot like a surface vehicle with no rolling resistance. Its main energy expenditure is associated with air resistance. Remember that for a plane at its optimal speed, half of its energy expenditure is associated with air resistance, and half with throwing air down.

The Soviet Union developed the ekranoplan as a military transport vehicle and missile launcher in the Khrushchev era. The Lun ekranoplan could travel at 500 km/h, and the total thrust of its eight engines was 1000 kN, though this total was not required once the vessel had risen clear of the water. Assuming the cruising thrust was one quarter of the maximum; that the engines were 30% efficient; and that of its 400-ton weight, 100 tons were cargo, this vehicle had a net freight-transport cost of 2 kWh per ton-km. I imagine that, if perfected for non-military freight transport, the ekranoplan might have a freight-transport cost about half that of an ordinary aeroplane.




Mythconceptions


The plane was going anyway, so my flying was energy-neutral.

This is false for two reasons. First, your extra weight on the plane requires extra energy to be consumed in keeping you up. Second, airlines respond to demand by flying more planes.




Why the aeroplane is the chapter that did not move

A section added in the 2026 revision. This chapter derives a floor: any aircraft, of any size, must spend something like 0.4 kWh per tonne-kilometre simply to stay up and keep going, because it has to throw air downwards to hold itself up and push air aside to move through it. MacKay concludes that no redesign radically improves this, and offers to eat his complimentary socks if efficiency doubles.

His socks are safe. Chapter 5 records the outcome: the Boeing 787 and Airbus A350 replaced the 747 on long routes, and the A320neo and 737 MAX families their predecessors short-haul, each burning 20 to 25% less fuel per seat. That is a real improvement, delivered over roughly twenty years by better engines, composite structures and aerodynamic refinement — and it is an improvement within the floor this chapter derives, not an escape from it. A full modern long-haul aircraft is about 32 kWh per 100 passenger-km against the 747’s 42.

This is the chapter with the best predictive record in the book, and it is worth being clear about why. Almost every other number here has moved by factors: solar down roughly tenfold, batteries down 93%, and nuclear construction cost up several times over. Those are all manufactured things, whose cost falls when you make more of them and whose performance improves when a new material arrives. The lift-and-drag equation is not a manufactured thing, and no production volume lowers the floor it sets.

Which is exactly why aviation is the hardest item in this book. Chapter 20 sets out the consequence: because energy per passenger-kilometre cannot fall much, the only route off fossil fuel is to change what is burned — and synthetic kerosene costs about three times as much and demands 1.7 kilowatt-hours of electricity for every kilowatt-hour of fuel. The chapter that was most right about the physics produced the problem that is least tractable in practice, and those two facts are the same fact.



Notes and further reading

Further reading: Tennekes (1997), Shyy et al. (1999).







Boeing 747. Drag coefficient for 747 from www.aerospaceweb.org. Other 747 data from [2af5gw]. Albatross facts from [32judd].



Real jet engines have an efficiency of about ε* = 1/3*. Typical engine efficiencies are in the range 23%–36% [adg. stanford.edu/aa241/propulsion/sfc.html]. For typical aircraft, overall engine efficiency ranges between 20% and 40%, with the best bypass engines delivering 30–37% when cruising [www.grida.no/climate/ipcc/aviation/097.htm]. You can’t simply pick the most efficient engine however, since it may be heavier (I mean, it may have bigger mass per unit thrust), thus reducing overall plane efficiency.



The longest recorded non-stop flight by a bird… New Scientist 2492. “Bar-tailed godwit is king of the skies.” 26 March, 2005. 11 September, 2007: Godwit flies 11 500 km non-stop from Alaska to New Zealand. [2qbquv]



Optimizing hop lengths: the sweet spot is when the hops are about 5000 km long. Source: Green (2006).



Data for a passenger-carrying catamaran. From [5h6xph]: Displacement (full load) 26.3 tons. On a 1050 nautical mile voyage she consumed just 4780 litres of fuel. I reckon that’s a weight-transport-cost of 0.93 kWh per ton-km. I’m counting the total weight of the vessel here, by the way. The same vessel’s passenger-transport-efficiency is roughly 35 kWh per 100 p-km.



The Lun ekranoplan. Sources: www.fas.org [4p3yco], (Taylor, 2002a).
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D Solar II

[image: Figure D.1]

Figure D.1. Two trees.

In chapter 6 we listed four solar biomass options:


	“Coal substitution.”

	“Petroleum substitution.”

	Food for humans or other animals.

	Incineration of agricultural by-products.



We’ll estimate the maximum plausible contribution of each of these processes in turn. In practice, many of these methods require so much energy to be put in along the way that they are scarcely net contributors (figure 6.14). But in what follows, I’ll ignore such embodied-energy costs.


Energy crops as a coal substitute

If we grow in Britain energy crops such as willow, miscanthus, or poplar (which have an average power of 0.5 W per square metre of land), then shove them in a 40%-efficient power station, the resulting power per unit area is 0.2 W/m2. 1 If one eighth of Britain (500 m2 per person) were covered in these plantations, the resulting power would be 2.5 kWh/d per person.



Petroleum substitution


(Figure omitted from this edition: third-party rights.)



Figure D.2. Oilseed rape. If used to create biodiesel, the power per unit area of rape is 0.13 W/m2. Photo by Tim Dunne.

There are several ways to turn plants into liquid fuels. I’ll express the potential of each method in terms of its power per unit area (as in figure 6.11).


Britain’s main biodiesel crop, rape

Typically, rape is sown in September and harvested the following August. Currently 450 000 hectares of oilseed rape are grown in the UK each year. (That’s 2% of the UK.) Fields of rape produce 1200 litres of biodiesel per hectare per year; biodiesel has an energy of 9.8 kWh per litre; 2 so that’s a power per unit area of 0.13 W/m2.

If we used 25% of Britain for oilseed rape, we’d obtain biodiesel with an energy content of 3.1 kWh/d per person.



Sugar beet to ethanol

Sugar beet, in the UK, delivers an impressive yield of 53 t per hectare per year. And 1 t of sugar beet makes 108 litres of bioethanol. Bioethanol has an energy density of 6 kWh per litre, so this process has a power per unit area of 0.4 W/m2, not accounting for energy inputs required. 3



Bioethanol from sugar cane




	Material
	Energy density (kWh/kg)





	softwood
	



	– air dried
	4.4



	– oven dried
	5.5



	hardwood
	



	– air dried
	3.75



	– oven dried
	5.0



	white office paper
	4.0



	glossy paper
	4.1



	newspaper
	4.9



	cardboard
	4.5



	coal
	8



	straw
	4.2



	poultry litter
	2.4



	general indust’l waste
	4.4



	hospital waste
	3.9



	municipal solid waste
	2.6



	refuse-derived waste
	5.1



	tyres
	8.9





Table D.3. Calorific value of wood and similar things. Sources: Yaros (1997); Ucuncu (1993), Digest of UK Energy Statistics 2005.

Where sugar cane can be produced (e.g., Brazil) production is 80 tons per hectare per year, which yields about 6500 l of ethanol. Bioethanol has an energy density of 6 kWh per litre, so this process has a power per unit area of 0.5 W/m2.



Bioethanol from corn in the USA

1 acre produces 122 bushels of corn per year, which makes 122 x 2.6 US gallons of ethanol, which at 84000 BTU per gallon would mean a power per unit area of 0.2 W/m2; however, the energy inputs required to process the corn into ethanol amount to 83,000 BTU per gallon; so 99% of the energy produced is used up by the processing, and the net power per unit area is about 0.002 W/m2. The only way to get significant net power from the corn-to-ethanol process is to ensure that all co-products are exploited; including the energy in the co-products, the net power per unit area is about 0.05 W/m2. 4



Cellulosic ethanol from switchgrass

Cellulosic ethanol – the wonderful “next generation” biofuel? Schmer et al. (2008) found that the net energy yield of switchgrass grown over five years on marginal cropland on 10 farms in the midcontinental US was 60 GJ per hectare per year, which is 0.2 W/m2. “This is a baseline study that represents the genetic material and agronomic technology available for switchgrass production in 2000 and 2001, when the fields were planted. Improved genetics and agronomics may further enhance energy sustainability and biofuel yield of switchgrass.” 5





Jatropha also has low power per unit area

[image: ]

Jatropha is an oil-bearing crop that grows best in dry tropical regions (300– 1000 mm rain per year). It likes temperatures 20–28 °C. The projected yield in hot countries on good land is 1600 litres of biodiesel per hectare per year. That’s a power per unit area of 0.18 W/m2. On wasteland, the yield is 583 litres per hectare per year. That’s 0.065 W/m2. 6

If people decided to use 10% of Africa to generate 0.065 W/m2, and shared this power between six billion people, what would we all get? 0.8 kWh/d/p. For comparison, world oil consumption is 80 million barrels per day, which, shared between six billion people, is 23 kWh/d/p. So even if all of Africa were covered with jatropha plantations, the power produced would be only one third of world oil consumption.



What about algae?

Algae are just plants, so everything I’ve said so far applies to algae. Slimy underwater plants are no more efficient at photosynthesis than their terrestrial cousins. But there is one trick that I haven’t discussed, which is standard practice in the algae-to-biodiesel community: they grow their algae in water heavily enriched with carbon dioxide, which might be collected from power stations or other industrial facilities. It takes much less effort for plants to photosynthesize if the carbon dioxide has already been concentrated for them. In a sunny spot in America, in ponds fed with concentrated CO2 (concentrated to 10%), Ron Putt of Auburn University says that algae can grow at 30 g per square metre per day, producing 0.01 litres of biodiesel per square metre per day. 7 This corresponds to a power per unit pond area of 4 W/m2 – similar to the Bavaria photovoltaic farm. If you wanted to drive a typical car (doing 12 km per litre) a distance of 50 km per day, then you’d need 420 square metres of algae-ponds just to power your car; for comparison, the area of the UK per person is 4000 square metres, of which 69 m2 is water (figure 6.8). Please don’t forget that it’s essential to feed these ponds with concentrated carbon dioxide. So this technology would be limited both by land area – how much of the UK we could turn into algal ponds – and by the availability of concentrated CO2, the capture of which would have an energy cost (a topic discussed in Chapters 23 and 31). Let’s check the limit imposed by the concentrated CO2. To grow 30 g of algae per m2 per day would require at least 60 g of CO2 per m2 per day (because the CO2 molecule has more mass per carbon atom than the molecules in algae). If all the CO2 from all UK power stations were captured (roughly 21⁄2 tons per year per person), it could service 230 square metres per person of the algal ponds described above – roughly 6% of the country. This area would deliver biodiesel with a power of 24 kWh per day per person, assuming that the numbers for sunny America apply here. A plausible vision? Perhaps on one tenth of that scale? I’ll leave it to you to decide.



What about algae in the sea?

Remember what I just said: the algae-to-biodiesel posse always feed their algae concentrated CO2. If you’re going out to sea, presumably pumping CO2 into it won’t be an option. And without the concentrated CO2, the productivity of algae drops 100-fold. For algae in the sea to make a difference, a country-sized harvesting area in the sea would be required.



What about algae that produce hydrogen?

Trying to get slime to produce hydrogen in sunlight is a smart idea because it cuts out a load of chemical steps normally performed by carbohydrate-producing plants. Every chemical step reduces efficiency a little. Hydrogen can be produced directly by the photosynthetic system, right at step one. A research study from the National Renewable Energy Laboratory in Colorado predicted that a reactor filled with genetically-modified green algae, covering an area of 11 hectares in the Arizona desert, could produce 300 kg of hydrogen per day. 8 Hydrogen contains 39 kWh per kg, so this algae-to-hydrogen facility would deliver a power per unit area of 4.4 W/m2. Taking into account the estimated electricity required to run the facility, the net power delivered would be reduced to 3.6 W/m2. That strikes me as still quite a promising number – compare it with the Bavarian solar photovoltaic farm, for example (5 W/m2).




Food for humans or other animals

Grain crops such as wheat, oats, barley, and corn have an energy density of about 4 kWh per kg. In the UK, wheat yields of 7.7 tons per hectare per year are typical. If the wheat is eaten by an animal, the power per unit area of this process is 0.34 W/m2. If 2800 m2 per person of Britain (that’s all agricultural land) were devoted to the growth of crops like these, the chemical energy generated would be about 24 kWh/d per person.



Incineration of agricultural by-products

We found a moment ago that the power per unit area of a biomass power station burning the best energy crops is 0.2 W/m2. If instead we grow crops for food, and put the left-overs that we don’t eat into a power station – or if we feed the food to chickens and put the left-overs that come out of the chickens’ back ends into a power station – what power could be delivered per unit area of farmland? Let’s make a rough guess, then take a look at some real data. For a wild guess, let’s imagine that by-products are harvested from half of the area of Britain (2000 m2 per person) and trucked to power stations, and that general agricultural by-products deliver 10% as much power per unit area as the best energy crops: 0.02 W/m2. Multiplying this by 2000 m2 we get 1 kWh per day per person.

Have I been unfair to agricultural garbage in making this wild guess? We can re-estimate the plausible production from agricultural left-overs by scaling up the prototype straw-burning power station at Elean in East Anglia. 9 Elean’s power output is 36 MW, and it uses 200 000 tons per year from land located within a 50-mile radius. If we assume this density can be replicated across the whole country, the Elean model offers 0.002 W/m2. At 4000 m2 per person, that’s 8 W per person, or 0.2 kWh/day per person.

Let’s calculate this another way. UK straw production is 10 million tons per year, or 0.46 kg per day per person. At 4.2 kWh per kg, this straw has a chemical energy of 2 kWh per day per person. If all the straw were burned in 30%-efficient power stations – a proposal that wouldn’t go down well with farm animals, who have other uses for straw – the electricity generated would be 0.6 kWh/d per person.


Landfill methane gas

At present, much of the methane gas leaking out of rubbish tips comes from biological materials, especially waste food. So, as long as we keep throwing away things like food and newspapers, landfill gas is a sustainable energy source – plus, burning that methane might be a good idea from a climate-change perspective, since methane is a stronger greenhouse-gas than CO2. A landfill site receiving 7.5 million tons of household waste per year can generate 50 000 m3 per hour of methane.

In 1994, landfill methane emissions were estimated to be 0.05 m3 per person per day, which has a chemical energy of 0.5 kWh/d per person, and would generate 0.2 kWh(e)/d per person, if it were all converted to electricity with 40% efficiency. Landfill gas emissions are declining because of changes in legislation, and are now roughly 50% lower. 10



Burning household waste

[image: Figure D.4]

Figure D.4. SELCHP – your trash is their business.

SELCHP (“South East London Combined Heat and Power”) [www.selchp. com] is a 35 MW power station that is paid to burn 420 kt per year of blackbag waste from the London area. They burn the waste as a whole, without sorting. After burning, ferrous metals are removed for recycling, hazardous wastes are filtered out and sent to a special landfill site, and the remaining ash is sent for reprocessing into recycled material for road building or construction use. The calorific value of the waste is 2.5 kWh/kg, and the thermal efficiency of the power station is about 21%, so each 1 kg of waste gets turned into 0.5 kWh of electricity. The carbon emissions are about 1000 g CO2 per kWh. Of the 35 MW generated, about 4 MW is used by the plant itself to run its machinery and filtering processes.

Scaling this idea up, if every borough had one of these, and if everyone sent 1 kg per day of waste, then we’d get 0.5 kWh(e) per day per person from waste incineration.

This is similar to the figure estimated above for methane capture at landfill sites. And remember, we can’t have both. More waste incineration means less methane gas leaking out of landfill sites. See figure 27.2 and figure 27.3, for further data on waste incineration.




Photosynthesis did not improve; the panel did

A section added in the 2026 revision. Every power density in this chapter is a statement about photosynthesis — willow at 0.5 W/m², oilseed rape at 0.13, sugar beet a little better. None has moved, and none will. Plants convert sunlight into stored chemical energy at well under one per cent averaged over a growing year, and that figure is set by biochemistry which has been stable for a very long time.

So the comparison this chapter invites has widened from one side only. A photovoltaic panel in Britain delivered about 20 W/m² on chapter 6’s figures for a 20%-efficient module. Mainstream modules are now 22 to 24% efficient, with the best commercial products higher again, so the same square metre yields something nearer 22 W/m².

The panel improved by about a tenth. The willow improved by nothing. The ratio was about forty to one when this book was written and is about forty-five to one now — and the useful observation is that it was never close enough for the improvement to matter either way. Chapter 6 records the change that did matter, which was not efficiency but price: the module became roughly ten times cheaper while becoming a tenth better.

That distinction is worth holding on to, because it recurs throughout this edition. Energy technologies do not usually win by becoming more efficient. They win by becoming cheaper to make, and those are different levers. Photosynthesis has neither available: a willow is already as cheap as a plant, and its efficiency is fixed.



Notes and further reading
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The power per unit area of using willow, miscanthus, or poplar, for electricity is 0.2 W/m2. Source: Select Committee on Science and Technology Minutes of Evidence – Memorandum from the Biotechnology & Biological Sciences Research Council [www.publications.parliament.uk/pa/ld200304/ldselect/ldsctech/126/4032413.htm]. “Typically a sustainable crop of 10 dry t/ha/y of woody biomass can be produced in Northern Europe… . Thus an area of 1 km2 will produce 1000 dry t/y – enough for a power output 150 kWe at low conversion efficiencies or 300 kWe at high conversion efficiencies.” This means 0.15–0.3 W(e)/m2. See also Layzell et al. (2006), [3ap7lc].



Oilseed rape. Sources: Bayer Crop Science (2003), Evans (2007), www.defra.gov.uk.



Sugar beet. Source: statistics.defra.gov.uk/esg/default.asp



Bioethanol from corn. Source: Shapouri et al. (1995).



Bioethanol from cellulose. See also Mabee et al. (2006).



Jatropha. Sources: Francis et al. (2005), Asselbergs et al. (2006).



In America, in ponds fed with concentrated CO2, algae can grow at 30 grams per square metre per day, producing 0.01 litres of biodiesel per square metre per day. Source: Putt (2007). This calculation has ignored the energy cost of running the algae ponds and processing the algae into biodiesel. Putt describes the energy balance of a proposed design for a 100-acre algae farm, powered by methane from an animal litter digester. The farm described would in fact produce less power than the methane power input. The 100acre farm would use 2600 kW of methane, which corresponds to an input power density of 6.4 W/m2. To recap, the power density of the output, in the form of biodiesel, would be just 4.2 W/m2. All proposals to make biofuels should be approached with a critical eye!



A research study from the National Renewable Energy Laboratory predicted that genetically-modified green algae, covering an area of 11 hectares, could produce 300 kg of hydrogen per day. Source: Amos (2004).



Elean power station. Source: Government White Paper (2003). Elean Power Station (36 MW) – the UK’s first straw-fired power plant. Straw production: www.biomassenergycentre.org.uk.



Landfill gas. Sources: Matthew Chester, City University, London, personal communication; Meadows (1996), Aitchison (1996); Alan Rosevear, UK Representative on Methane to Markets Landfill Gas Sub-Committee, May 2005 [4hamks].
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E Heating II
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A perfectly sealed and insulated building would hold heat for ever and thus would need no heating. The two dominant reasons why buildings lose heat are:


	Conduction – heat flowing directly through walls, windows and doors;

	Ventilation – hot air trickling out through cracks, gaps, or deliberate ventilation ducts.



In the standard model for heat loss, both these heat flows are proportional to the temperature difference between the air inside and outside. For a typical British house, conduction is the bigger of the two losses, as we’ll see.


Conduction loss

The rate of conduction of heat through a wall, ceiling, floor, or window is the product of three things: the area of the wall, a measure of conductivity of the wall known in the trade as the “U-value” or thermal transmittance, and the temperature difference –

power loss = area × U × temperature difference.




	kitchen
	2



	bathroom
	2



	lounge
	1



	bedroom
	0.5





Table E.1. Air changes per hour: typical values of N for draught-proofed rooms. The worst draughty rooms might have N = 3 air changes per hour. The recommended minimum rate of air exchange is between 0.5 and 1.0 air changes per hour, providing adequate fresh air for human health, for safe combustion of fuels and to prevent damage to the building fabric from excess moisture in the air (EST 2003).

The U-value is usually measured in W/m2/K. (One kelvin (1 K) is the same as one degree Celsius (1 °C).) Bigger U-values mean bigger losses of power. The thicker a wall is, the smaller its U-value. Double-glazing is about as good as a solid brick wall. (See table E.2.)

The U-values of objects that are “in series,” such as a wall and its inner lining, can be combined in the same way that electrical conductances combine:

useries combination=1/(1u1+1u2).
u_{\text{series\ combination}} = \left. 1/\left( {\frac{1}{u_{1}} + \frac{1}{u_{2}}} \right) \right.\text{.}


There’s a worked example using this rule later.



Ventilation loss

To work out the heat required to warm up incoming cold air, we need the heat capacity of air: 1.2 kJ/m3/K.




	Element
	old buildings
	modern standards
	best methods





	Walls
	
	0.45-0.6
	0.12



	solid masonry wall
	2.4
	
	



	outer wall: 9 inch solid brick
	2.2
	
	



	11 inch brick-block cavity wall, unfilled
	1.0
	
	



	11 inch brick-block cavity wall, insulated
	0.6
	
	



	Floors
	
	0.45
	0.14



	suspended timber floor
	0.7
	
	



	solid concrete floor
	0.8
	
	



	Roofs
	
	0.25
	0.12



	flat roof with 25 mm insulation
	0.9
	
	



	pitched roof with 100 mm insulation
	0.3
	
	



	Windows
	
	1.5
	



	single-glazed
	5.0
	
	



	double-glazed
	2.9
	
	



	double-glazed, 20 mm gap
	1.7
	
	



	triple-glazed
	0.7-0.9
	
	





Table E.2. U-values of walls, floors, roofs, and windows.

In the building trade, it’s conventional to describe the power-losses caused by ventilation of a space as the product of the number of changes N of the air per hour, the volume V of the space in cubic metres, the heat capacity C, and the temperature difference ΔT between the inside and outside of the building

=CN1 hV(m3)ΔT(K)=(1.2 kJ/m3/K)N3000 sV(m3)ΔT(K)=13NVΔT
\begin{matrix}
 \\
{= C\frac{N}{\text{1\ h}}V\text{(}\text{m}^{3}\text{)}\Delta T\text{(}\text{K}\text{)}} \\
{= \left( {1.2\text{~kJ/}\text{m}^{3}\text{/K}} \right)\frac{N}{\text{3000\ s}}V\text{(}\text{m}^{3}\text{)}\Delta T\text{(}\text{K}\text{)}} \\
{= \frac{1}{3}NV\Delta T} \\
\end{matrix}




Energy loss and temperature demand (degree-days)

Since energy is power × time, you can write the energy lost by conduction through an area in a short duration as

energy loss = area × U × (ΔT × duration),

and the energy lost by ventilation as

1⁄3NV × (ΔT × duration).

Both these energy losses have the form

Something × (ΔT × duration),

[image: Figure E.3]

Figure E.3. U-values required by British and Swedish building regulations.

where the “Something” is measured in watts per °C. As day turns to night, and seasons pass, the temperature difference ΔT changes; we can think of a long period as being chopped into lots of small durations, during each of which the temperature difference is roughly constant. From duration to duration, the temperature difference changes, but the Somethings don’t change. When predicting a space’s total energy loss due to conduction and ventilation over a long period we thus need to multiply two things:


	the sum of all the Somethings (adding area × U for all walls, roofs, floors, doors, and windows, and 1⁄3NV for the volume); and

	the sum of all the Temperature difference × duration factors (for all the durations).



[image: Figure E.4]

Figure E.4. The temperature demand in Cambridge, 2006, visualized as an area on a graph of daily average temperatures. (a) Thermostat set to 20 °C, including cooling in summer; (b) winter thermostat set to 17 °C.

The first factor is a property of the building measured in watts per °C. I’ll call this the leakiness of the building. (This leakiness is sometimes called the building’s heat-loss coefficient.) The second factor is a property of the weather; it’s often expressed as a number of “degree-days,” since temperature difference is measured in degrees, and days are a convenient unit for thinking about durations. For example, if your house interior is at 18 °C, and the outside temperature is 8 °C for a week, then we say that that week contributed 10 × 7 = 70 degree-days to the (ΔT ×duration) sum. I’ll call the sum of all the (ΔT × duration) factors the temperature demand of a period.

energy lost = leakiness × temperature demand.

We can reduce our energy loss by reducing the leakiness of the building, or by reducing our temperature demand, or both. The next two sections look more closely at these two factors, using a house in Cambridge as a case-study.

[image: Figure E.5]

Figure E.5. Temperature demand in Cambridge, in degree-days per year, as a function of thermostat setting (°C). Reducing the winter thermostat from 20 °C to 17 °C reduces the temperature demand of heating by 30%, from 3188 to 2265 degree-days. Raising the summer thermostat from 20 °C to 23 °C reduces the temperature demand of cooling by 82%, from 91 to 16 degree-days.

[image: Figure E.6]

Figure E.6. The temperature demand in Cambridge, 2006, replotted in units of degree-days per day, also known as degrees. In these units, the temperature demand is just the average of the temperature difference between inside and outside.

There is a third factor we must also discuss. The lost energy is replenished by the building’s heating system, and by other sources of energy such as the occupants, their gadgets, their cookers, and the sun. Focussing on the heating system, the energy delivered by the heating is not the same as the energy consumed by the heating. They are related by the coefficient of performance of the heating system.

energy consumed = energy delivered/coefficient of performance.

For a condensing boiler burning natural gas, for example, the coefficient of performance is 90%, because 10% of the energy is lost up the chimney.

To summarise, we can reduce the energy consumption of a building in three ways:


	by reducing temperature demand;

	by reducing leakiness; or

	by increasing the coefficient of performance.



We now quantify the potential of these options. (A fourth option – increasing the building’s incidental heat gains, especially from the sun – may also be useful, but I won’t address it here.)



Temperature demand

We can visualize the temperature demand nicely on a graph of external temperature versus time (figure E.4). For a building held at a temperature of 20 °C, the total temperature demand is the area between the horizontal line at 20 °C and the external temperature. In figure E.4a, we see that, for one year in Cambridge, holding the temperature at 20 °C year-round had a temperature demand of 3188 degree-days of heating and 91 degree-days of cooling. These pictures allow us easily to assess the effect of turning down the thermostat and living without air-conditioning. Turning the winter thermostat down to 17 °C, the temperature demand for heating drops from 3188 degree-days to 2265 degree-days (figure E.4b), which corresponds to a 30% reduction in heating demand. Turning the thermostat down to 15 °C reduces the temperature demand from 3188 to 1748 degree days, a 45% reduction.

These calculations give us a ballpark indication of the benefit of turning down thermostats, but will give an exact prediction only if we take into account two details: first, buildings naturally absorb energy from the sun, boosting the inside above the outside temperature, even without any heating; and second, the occupants and their gadget companions emit heat, so further cutting down the artificial heating requirements. The temperature demand of a location, as conventionally expressed in degree-days, is a bit of an unwieldy thing. I find it hard to remember numbers like “3500 degree-days.” And academics may find the degree-day a distressing unit, since they already have another meaning for degree days (one involving dressing up in gowns and mortar boards). We can make this quantity more meaningful and perhaps easier to work with by dividing it by 365, the number of days in the year, obtaining the temperature demand in “degree-days per day,” or, if you prefer, in plain “degrees.” Figure E.6 shows this replotted temperature demand. Expressed this way, the temperature demand is simply the average temperature difference between inside and outside. The highlighted temperature demands are: 8.7 °C, for a thermostat setting of 20 °C; 6.2 °C, for a setting of 17 °C; and 4.8 °C, for a setting of 15 °C.

[image: Figure E.7]

Figure E.7. My house.



Leakiness – example: my house

My house is a three-bedroom semi-detached house built about 1940 (figure E.7). By 2006, its kitchen had been slightly extended, and most of the windows were double-glazed. The front door and back door were both still single-glazed.

My estimate of the leakiness in 2006 is built up as shown in table E.8. The total leakiness of the house was 322 W/°C (or 7.7 kWh/d/.C), with conductive leakiness accounting for 72% and ventilation leakiness for 28% of the total. The conductive leakiness is roughly equally divided into three parts: windows; walls; and floor and ceiling.




	
Conductive leakiness

	
area
 (m2)

	
U-value
 (W/m2/°C)

	
leakiness
 (W/°C)






	
Horizontal surfaces

	

	

	




	
 Pitched roof

	
48

	
0.6

	
28.8




	
 Flat roof

	
1.6

	
3

	
4.8




	
 Floor

	
50

	
0.8

	
40




	
Vertical surfaces

	

	

	




	
 Extension walls

	
24.1

	
0.6

	
14.5




	
 Main walls

	
50

	
1

	
50




	
 Thin wall (5in)

	
2

	
3

	
6




	
 Single-glazed doors
  and windows

	
7.35

	
5

	
36.7




	
 Double-glazed windows

	
17.8

	
2.9

	
51.6




	
Total conductive leakiness

	

	

	
232.4




	

	

	

	









	
Ventilation leakiness

	
volume
 (m3)

	
N
 (air-changes per hour)

	
leakiness
 (W/°C)






	
Bedrooms

	
80

	
0.5

	
13.3




	
Kitchen

	
36

	
2

	
24




	
Hall

	
27

	
3

	
27




	
Other rooms

	
77

	
1

	
25.7




	
Total ventilation leakiness

	

	

	
90






Table E.8. Breakdown of my house’s conductive leakiness, and its ventilation leakiness, pre-2006. I’ve treated the central wall of the semi-detached house as a perfect insulating wall, but this may be wrong if the gap between the adjacent houses is actually well-ventilated. I’ve highlighted the parameters that I altered after 2006, in modifications to be described shortly.

To compare the leakinesses of two buildings that have different floor areas, we can divide the leakiness by the floor area; this gives the heat-loss parameter of the building, which is measured in W/°C/m2. The heat-loss parameter of this house (total floor area 88 m2) is

3.7 W/°C/m2.

Let’s use these figures to estimate the house’s daily energy consumption on a cold winter’s day, and year-round.

On a cold day, assuming an external temperature of -1 °C and an internal temperature of 19 °C, the temperature difference is ΔT = 20 °C. If this difference is maintained for 6 hours per day then the energy lost per day is

322 W/°C × 120 degree-hours ≅ 39 kWh.

If the temperature is maintained at 19 °C for 24 hours per day, the energy lost per day is

155 kWh/d.

To get a year-round heat-loss figure, we can take the temperature demand of Cambridge from figure E.5. With the thermostat at 19 °C, the temperature demand in 2006 was 2866 degree-days. The average rate of heat loss, if the house is always held at 19 °C, is therefore:

7.7 kWh/d/°C × 2866 degree-days/y/(365 days/y) = 61 kWh/d.

Turning the thermostat down to 17 °C, the average rate of heat loss drops to 48 kWh/d. Turning it up to a tropical 21 °C, the average rate of heat loss is 75 kWh/d.


Effects of extra insulation

During 2007, I made the following modifications to the house:


	Added cavity-wall insulation (which was missing in the main walls of the house) – figure 21.5.

	Increased the insulation in the roof.

	Added a new front door outside the old – figure 21.6.

	Replaced the back door with a double-glazed one.

	Double-glazed the one window that was still single-glazed.



What’s the predicted change in heat loss?

The total leakiness before the changes was 322 W/°C.

Adding cavity-wall insulation (new U-value 0.6) to the main walls reduces the house’s leakiness by 20 W/°C. The improved loft insulation (new U-value 0.3) should reduce the leakiness by 14 W/°C. The glazing modifications (new U-value 1.6–1.8) should reduce the conductive leakiness by 23 W/°C, and the ventilation leakiness by something like 24 W/°C. That’s a total reduction in leakiness of 25%, from roughly 320 to 240 W/°C (7.7 to 6 kWh/d/°C). Table E.9 shows the predicted savings from each of the modifications.

The heat-loss parameter of this house (total floor area 88 m2) is thus hopefully reduced by about 25%, from 3.7 to 2.7 W/°C/m2. (This is a long way from the 1.1 W/°C/m2 required of a “sustainable” house in the new building codes.)




	
– Cavity-wall insulation (applicable to
 two-thirds of the wall area)

	
4.8 kWh/d




	
– Improved roof insulation

	
3.5 kWh/d




	
– Reduction in conduction from double-glazing
 two doors and one window

	
1.9 kWh/d




	
– Ventilation reductions in hall and kitchen from
 improvements to doors and windows

	
2.9 kWh/d






Table E.9. Break-down of the predicted reductions in heat loss from my house, on a cold winter day.

It’s frustratingly hard to make a really big dent in the leakiness of an already-built house! As we saw a moment ago, a much easier way of achieving a big dent in heat loss is to turn the thermostat down. Turning down from 20 to 17 °C gave a reduction in heat loss of 30%.

Combining these two actions – the physical modifications and the turning-down of the thermostat – this model predicts that heat loss should be reduced by nearly 50%. Since some heat is generated in a house by sunshine, gadgets, and humans, the reduction in gas consumption should be more than 50%.

I made all these changes to my house and monitored my meters every week. I can confirm that my heating bill indeed went down by more than 50%. As figure 21.4 showed, my gas consumption has gone down from 40 kWh/d to 13 kWh/d – a reduction of 67%.



Leakiness reduction by internal wall-coverings

Can you reduce your walls’ leakiness by covering the inside of the wall with insulation? The answer is yes, but there may be two complications. First, the thickness of internal covering is bigger than you might expect. To transform an existing nine-inch solid brick wall (U-value 2.2 W/m2/K) into a decent 0.30 W/m2/K wall, roughly 6 cm of insulated lining board is required. [65h3cb] Second, condensation may form on the hidden surface of such internal insulation layers, leading to damp problems.

If you’re not looking for such a big reduction in wall leakiness, you can get by with a thinner internal covering. For example, you can buy 1.8-cmthick insulated wallboards with a U-value of 1.7 W/m2/K. With these over the existing wall, the U-value would be reduced from 2.2 W/m2/K to:

1/(12.2+11.7)≈1 W/m2/K.
\left. 1/{\left( {\frac{1}{2.2} + \frac{1}{1.7}} \right) \approx 1\text{~W/}\text{m}^{\text{2}}\text{/K.}} \right.


Definitely a worthwhile reduction.




Air-exchange

Once a building is really well insulated, the principal loss of heat will be through ventilation (air changes) rather than through conduction. The heat loss through ventilation can be reduced by transferring the heat from the outgoing air to the incoming air. Remarkably, a great deal of this heat can indeed be transferred without any additional energy being required. The trick is to use a nose, as discovered by natural selection. A nose warms incoming air by cooling down outgoing air. There’s a temperature gradient along the nose; the walls of a nose are coldest near the nostrils. The longer your nose, the better it works as a counter-current heat exchanger. In nature’s noses, the direction of the air-flow usually alternates. Another way to organize a nose is to have two air-passages, one for in-flow and one for out-flow, separate from the point of view of air, but tightly coupled with each other so that heat can easily flow between the two passages. This is how the noses work in buildings. It’s conventional to call these noses heat-exchangers.



An energy-efficient house

[image: Figure E.10]

Figure E.10. The Heatkeeper Serrekunda.

In 1984, an energy consultant, Alan Foster, built an energy-efficient house near Cambridge; he kindly gave me his thorough measurements. The house is a timber-framed bungalow based on a Scandinavian “Heatkeeper Serrekunda” design (figure E.10), with a floor area of 140 m2, composed of three bedrooms, a study, two bathrooms, a living room, a kitchen, and a lobby. The wooden outside walls were supplied in kit form by a Scottish company, and the main parts of the house took only a few days to build.

The walls are 30 cm thick and have a U-value of 0.28 W/m2/°C. From the inside out, they consist of 13 mm of plasterboard, 27 mm airspace, a vapour barrier, 8 mm of plywood, 90 mm of rockwool, 12 mm of bitumen-impregnated fibreboard, 50 mm cavity, and 103 mm of brick. The ceiling construction is similar with 100–200 mm of rockwool insulation. The ceiling has a U-value of 0.27 W/m2/°C, and the floor, 0.22 W/m2/°C. The windows are double-glazed (U-value 2 W/m2/°C), with the inner panes’ outer surfaces specially coated to reduce radiation. The windows are arranged to give substantial solar gain, contributing about 30% of the house’s space-heating.

[image: Figure E.11]

Figure E.11. The Heatkeeper’s heat-exchanger.

The house is well sealed, every door and window lined with neoprene gaskets. The house is heated by warm air pumped through floor grilles; in winter, pumps remove used air from several rooms, exhausting it to the outside, and they take in air from the loft space. The incoming air and outgoing air pass through a heat exchanger (figure E.11), which saves 60% of the heat in the extracted air. The heat exchanger is a passive device, using no energy: it’s like a big metal nose, warming the incoming air with the outgoing air. On a cold winter’s day, the outside air temperature was -8 °C, the temperature in the loft’s air intake was 0 °C, and the air coming out of the heat exchanger was at +8 °C.

For the first decade, the heat was supplied entirely by electric heaters, heating a 150-gallon heat store during the overnight economy period. More recently a gas supply was brought to the house, and the space heating is now obtained from a condensing boiler.

The heat loss through conduction and ventilation is 4.2 kWh/d/°C. The heat loss parameter (the leakiness per square metre of floor area) is 1.25 W/m2/°C (cf. my house’s 2.7 W/°C/m2).

With the house occupied by two people, the average space-heating consumption, with the thermostat set at 19 or 20 °C during the day, was 8100 kWh per year, or 22 kWh/d; the total energy consumption for all purposes was about 15 000 kWh per year, or 40 kWh/d. Expressed as an average power per unit area, that’s 6.6 W/m2.

Erratum: This is incorrect. 6.6 W/m2 is the heating power only. The total power per unit area is 12.2 W/m2. This error is repeated in figure E.12.

Figure E.12 compares the power consumption per unit area of this Heatkeeper house with my house (before and after my efficiency push) and with the European average. My house’s post-efficiency-push consumption is close to that of the Heatkeeper, thanks to the adoption of lower thermostat settings.



Benchmarks for houses and offices

The German Passivhaus standard aims for power consumption for heating and cooling of 15 kWh/m2/y, which is 1.7 W/m2; and total power consumption of 120 kWh/m2/y, which is 13.7 W/m2.

The average energy consumption of the UK service sector, per unit floor area, is 30 W/m2.


An energy-efficient office

The National Energy Foundation built themselves a low-cost low-energy building. It has solar panels for hot water, solar photovoltaic (PV) panels generating up to 6.5 kW of electricity, and is heated by a 14-kW groundsource heat pump and occasionally by a wood stove. The floor area is 400m2 and the number of occupants is about 30. It is a single-storey building. The walls contain 300mm of rockwool insulation. The heat pump’s coefficient of performance in winter was 2.5. The energy used is 65 kWh per year per square metre of floor area (7.4 W/m2). The PV system delivers almost 20% of this energy.



Contemporary offices

New office buildings are often hyped up as being amazingly environmentfriendly. Let’s look at some numbers.

The William Gates building at Cambridge University holds computer science researchers, administrators, and a small café. Its area is 11 110 m2, and its energy consumption is 2392 MWh/y. That’s a power per unit area of 215 kWh/m2/y, or 25 W/m2. This building won a RIBA award in 2001 for its predicted energy consumption. “The architects have incorporated many environmentally friendly features into the building.” [5dhups]

But are these buildings impressive? Next door, the Rutherford building, built in the 1970s without any fancy eco-claims – indeed without even double glazing – has a floor area of 4998 m2 and consumes 1557 MWh per year; that’s 0.85 kWh/d/m2, or 36 W/m2. So the award-winning building is just 30% better, in terms of power per unit area, than its simple 1970s cousin. Figure E.12 compares these buildings and another new building, the Law Faculty, with the Old Schools, which are ancient offices built pre-1890. For all the fanfare, the difference between the new and the old is really quite disappointing!

[image: Figure E.12]

Figure E.12. Building benchmarks. Power used per unit area in various homes and offices. Erratum: Another problem with figure E.12 is that the PassivHaus standards use a different convention for defining power: power is measured in terms of “primary energy consumption”, which requires knowledge of the sources of electricity and fuel and of conversion efficiencies. This means that the PassivHaus standards are actually more stringent than the figure shows; though exactly how much more stringent depends on the fuel mix.

Notice that the building power consumptions, per unit floor area, are in just the same units (W/m2) as the renewable powers per unit area that we discussed in chapters 6 and 25. Comparing these consumption and production numbers helps us realize how difficult it is to power modern buildings entirely from on-site renewables. The power per unit area of biofuels (figure 6.11) is 0.5 W/m2; of wind farms, 2 W/m2; of solar photovoltaics, 20 W/m2 (figure 6.18); only solar hot-water panels come in at the right sort of power per unit area, 53 W/m2 (figure 6.3).




Improving the coefficient of performance

You might think that the coefficient of performance of a condensing boiler, 90%, sounds pretty hard to beat. But it can be significantly improved upon, by heat pumps. Whereas the condensing boiler takes chemical energy and turns 90% of it into useful heat, the heat pump takes some electrical energy and uses it to move heat from one place to another (for example, from outside a building to inside). Usually the amount of useful heat delivered is much bigger than the amount of electricity used. A coefficient of performance of 3 or 4 is normal.


Theory of heat pumps

Here are the formulae for the ideal efficiency of a heat pump, that is, the electrical energy required per unit of heat pumped. If we are pumping heat from an outside place at temperature T1 into a place at higher temperature T2, both temperatures being expressed relative to absolute zero (that is, T2, in kelvin, is given in terms of the Celsius temperature Tin, by 273.15 + Tin), the ideal efficiency is:

efficiency=T2T2−T1.
\text{efficiency} = \frac{T_{2}}{T_{2} - T_{1}}\text{.}


If we are pumping heat out from a place at temperature T2 to a warmer exterior at temperature T1, the ideal efficiency is:

efficiency=T2T1−T2.
\text{efficiency} = \frac{T_{2}}{T_{1} - T_{2}}\text{.}


[image: Figure E.13]

Figure E.13. Ideal heat pump efficiencies. Top left: ideal electrical energy required, according to the limits of thermodynamics, to pump heat out of a place at temperature Tin when the heat is being pumped to a place at temperature Tout = 35 °C. Right: ideal electrical energy required to pump heat into a place at temperature Tin when the heat is being pumped from a place at temperature Tout = 0 °C. Bottom row: the efficiency is conventionally expressed as a “coefficient of performance,” which is the heat pumped per unit electrical energy. In practice, I understand that well-installed ground-source heat pumps and the best air-source heat pumps usually have a coefficient of performance of 3 or 4; however, government regulations in Japan have driven the coefficient of performance as high as 6.6.

These theoretical limits could only be achieved by systems that pump heat infinitely slowly. Notice that the ideal efficiency is bigger, the closer the inside temperature T2 is to the outside temperature T1.
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Figure E.13. Ideal heat pump efficiencies. Top left: ideal electrical energy required, according to the limits of thermodynamics, to pump heat out of a place at temperature Tin when the heat is being pumped to a place at temperature Tout = 35 °C. Right: ideal electrical energy required to pump heat into a place at temperature Tin when the heat is being pumped from a place at temperature Tout = 0 °C. Bottom row: the efficiency is conventionally expressed as a “coefficient of performance,” which is the heat pumped per unit electrical energy. In practice, I understand that well-installed ground-source heat pumps and the best air-source heat pumps usually have a coefficient of performance of 3 or 4; however, government regulations in Japan have driven the coefficient of performance as high as 6.6.

While in theory ground-source heat pumps might have better performance than air-source, because the ground temperature is usually closer than the air temperature to the indoor temperature, in practice an air-source heat pump might be the best and simplest choice. In cities, there may be uncertainty about the future effectiveness of ground-source heat pumps, because the more people use them in winter, the colder the ground gets; this thermal fly-tipping problem may also show up in the summer in cities where too many buildings use ground-source (or should I say “ground-sink”?) heat pumps for air-conditioning.

Heat capacity:

C = 820 J/kg/K

Conductivity:

κ = 2.1 W/m/K

Density:

ρ = 2750 kg/m3

Heat capacity per unit volume:

CV = 2.3 MJ/m3/K

Table E.14. Vital statistics for granite. (I use granite as an example of a typical rock.)




Heating and the ground

Here’s an interesting calculation to do. Imagine having solar heating panels on your roof, and, whenever the water in the panels gets above 50 °C, pumping the water through a large rock under your house. When a dreary grey cold month comes along, you could then use the heat in the rock to warm your house. Roughly how big a 50 °C rock would you need to hold enough energy to heat a house for a whole month? Let’s assume we’re after 24 kWh per day for 30 days and that the house is at 16 °C. The heat capacity of granite is 0.195 × 4200 J/kg/K = 820 J/kg/K. The mass of granite required is:

=energyheat capacity×temperature difference=24×30×3.6 MJ(820 J/kg/°C)(50∘C−16∘C)=100000 kg.
\begin{matrix}
{= \frac{\text{energy}}{\text{heat\ capacity} \times \text{temperature\ difference}}} \\
{= \frac{24 \times 30 \times 3.6\text{~MJ}}{\left( {820\text{~J/kg/°C}} \right)\left( {50\ {^\circ}\text{C} - 16\ {^\circ}\text{C}} \right)}} \\
{= 100\ 000\text{~kg.}} \\
\end{matrix}


100 tonnes, which corresponds to a cuboid of rock of size 6 m × 6 m × 1 m.


Ground storage without walls




	
	(W/m/K)





	water
	0.6



	quartz
	8



	granite
	2.1



	earth’s crust
	1.7



	dry soil
	0.14





Table E.15. Thermal conductivities. For more data see table E.18.

OK, we’ve established the size of a useful ground store. But is it difficult to keep the heat in? Would you need to surround your rock cuboid with lots of insulation? It turns out that the ground itself is a pretty good insulator. A spike of heat put down a hole in the ground will spread as

14πκtexp(−x24(κ/(Cρ))t)
\frac{1}{\sqrt{4\pi\kappa t}}\text{exp}\left( {- \frac{x^{2}}{4\left( {\kappa/\left( {C\rho} \right)} \right)t}} \right)


where κ is the conductivity of the ground, C is its heat capacity, and ρ is its density. This describes a bell-shaped curve with width

2κCρt ;
\sqrt{2\frac{\kappa}{C\rho}t}\text{~;}


for example, after six months (t = 1.6 × 107 s), using the figures for granite (C = 0.82 kJ/kg/K, ρ = 2500 kg/m3, κ = 2.1 W/m/K), the width is 6 m.

Using the figures for water (C = 4.2 kJ/kg/K, ρ = 1000 kg/m3, κ = 0.6 W/m/K), the width is 2 m.

So if the storage region is bigger than 20 m × 20 m × 20 m then most of the heat stored will still be there in six months time (because 20 m is significantly bigger than 6 m and 2 m).



Limits of ground-source heat pumps

The low thermal conductivity of the ground is a double-edged sword. Thanks to low conductivity, the ground holds heat well for a long time. But on the other hand, low conductivity means that it’s not easy to shove heat in and out of the ground rapidly. We now explore how the conductivity of the ground limits the use of ground-source heat pumps.

Consider a neighbourhood with quite a high population density. Can everyone use ground-source heat pumps, without using active summer replenishment (as discussed in chapter 21)? The concern is that if we all sucked heat from the ground at the same time, we might freeze the ground solid. I’m going to address this question by two calculations. First, I’ll work out the natural flux of energy in and out of the ground in summer and winter. If the flux we want to suck out of the ground in winter is much bigger than these natural fluxes then we know that our sucking is going to significantly alter ground temperatures, and may thus not be feasible. For this calculation, I’ll assume the ground just below the surface is held, by the combined influence of sun, air, cloud, and night sky, at a temperature that varies slowly up and down during the year (figure E.16).

[image: Figure E.16]

Figure E.16. The temperature in Cambridge, 2006, and a cartoon, which says the temperature is the sum of an annual sinusoidal variation between 3 °C and 20 °C, and a daily sinusoidal variation with range up to 10.3 °C. The average temperature is 11.5 °C.

[image: Figure E.17]

Figure E.17. Temperature (in °C) versus depth and time. The depths are given in units of the characteristic depth z0, which for granite and annual variations is 3 m. At “depth 2” (6 m), the temperature is always about 11 or 12 °C. At “depth 1” (3 m), it wobbles between 8 and 15 °C.



Response to external temperature variations

Working out how the temperature inside the ground responds, and what the flux in or out is, requires some advanced mathematics, which I’ve cordoned off in box E.19.

The payoff from this calculation is a rather beautiful diagram (figure E.17) that shows how the temperature varies in time at each depth. This diagram shows the answer for any material in terms of the characteristic length-scale z0 (equation (E.7)), which depends on the conductivity κ and heat capacity CV of the material, and on the frequency ω of the external temperature variations. (We can choose to look at either daily and yearly variations using the same theory.) At a depth of 2z0, the variations in temperature are one seventh of those at the surface, and lag them by about one third of a cycle (figure E.17). At a depth of 3z0, the variations in temperature are one twentieth of those at the surface, and lag them by half a cycle.

For the case of daily variations and solid granite, the characteristic length-scale is z0 = 0.16 m. (So 32 cm of rock is the thickness you need to ride out external daily temperature oscillations.) For yearly variations and solid granite, the characteristic length-scale is z0 = 3 m.

Let’s focus on annual variations and discuss a few other materials. Characteristic length-scales for various materials are in the third column of table E.18. For damp sandy soils or concrete, the characteristic length-scale z0 is similar to that of granite – about 2.6 m. In dry or peaty soils, the length-scale z0 is shorter – about 1.3 m. That’s perhaps good news because it means you don’t have to dig so deep to find ground with a stable temperature. But it’s also coupled with some bad news: the natural fluxes are smaller in dry soils.

The natural flux varies during the year and has a peak value (equation (E.9)) that is smaller, the smaller the conductivity.

For the case of solid granite, the peak flux is 8 W/m2. For dry soils, the peak flux ranges from 0.7 W/m2 to 2.3 W/m2. For damp soils, the peak flux ranges from 3 W/m2 to 8 W/m2.

What does this mean? I suggest we take a flux in the middle of these numbers, 5 W/m2, as a useful benchmark, giving guidance about what sort of power we could expect to extract, per unit area, with a ground-source heat pump. If we suck a flux significantly smaller than 5 W/m2, the perturbation we introduce to the natural flows will be small. If on the other hand we try to suck a flux bigger than 5 W/m2, we should expect that we’ll be shifting the temperature of the ground significantly away from its natural value, and such fluxes may be impossible to demand.

The population density of a typical English suburb corresponds to 160 m2 per person (rows of semi-detached houses with about 400 m2 per house, including pavements and streets). At this density of residential area, we can deduce that a ballpark limit for heat pump power delivery is

5 W/m2 × 160 m2 = 800 W = 19 kWh/d per person.

This is uncomfortably close to the sort of power we would like to deliver in winter-time: it’s plausible that our peak winter-time demand for hot air and hot water, in an old house like mine, might be 40 kWh/d per person.

This calculation suggests that in a typical suburban area, not everyone can use ground-source heat pumps, unless they are careful to actively dump heat back into the ground during the summer.

thermal conductivity

heat capacity

length-scale

flux

κ (W/m/K)

CV (MJ/m3/K)

z0 (m)

A√(CVκω) (W/m2)

Air

0.02

0.0012

Water

0.57

4.18

1.2

5.7

Solid granite

2.1

2.3

3.0

8.1

Concrete

1.28

1.94

2.6

5.8

Sandy soil

dry

0.30

1.28

1.5

2.3

50% saturated

1.80

2.12

2.9

7.2

100% saturated

2.20

2.96

2.7

9.5

Clay soil

dry

0.25

1.42

1.3

2.2

50% saturated

1.18

2.25

2.3

6.0

100% saturated

1.58

3.10

2.3

8.2

Peat soil




	Material
	κ
	CV
	z0 (m)
	peak flux





	dry
	0.06
	0.58
	1.0
	0.7



	50% saturated
	0.29
	2.31
	1.1
	3.0



	100% saturated
	0.50
	4.02
	1.1
	5.3





Table E.18. Thermal conductivity and heat capacity of various materials and soil types, and the deduced length-scale z0 = √(2κ/(CVω)) and peak flux A√(CVκω) associated with annual temperature variations with amplitude A = 8.3 °C. The sandy and clay soils have porosity 0.4; the peat soil has porosity 0.8. 1

Let’s do a second calculation, working out how much power we could steadily suck from a ground loop at a depth of h = 2 m. Let’s assume that we’ll allow ourselves to suck the temperature at the ground loop down to ΔT = 5 °C below the average ground temperature at the surface, and let’s assume that the surface temperature is constant. We can then deduce the heat flux from the surface. Assuming a conductivity of 1.2 W/m/K (typical of damp clay soil),

Flux=κ×ΔTh=3 W/m2.
\text{Flux} = \kappa \times \frac{\Delta T}{h} = 3\text{~W/}\text{m}^{2}\text{.}


If, as above, we assume a population density corresponding to 160 m2 per person, then the maximum power per person deliverable by ground-source heat pumps, if everyone in a neighbourhood has them, is 480 W, which is 12 kWh/d per person.

So again we come to the conclusion that in a typical suburban area composed of poorly insulated houses like mine, not everyone can use groundsource heat pumps, unless they are careful to actively dump heat back into the ground during the summer. And in cities with higher population density, ground-source heat pumps are unlikely to be viable.

I therefore suggest air-source heat pumps are the best heating choice for most people.




Thermal mass

Does increasing the thermal mass of a building help reduce its heating and cooling bills? It depends. The outdoor temperature can vary during the day by about 10 °C. A building with large thermal mass – thick stone walls, for example – will naturally ride out those variations in temperature, and, without heating or cooling, will have a temperature close to the average outdoor temperature. Such buildings, in the UK, need neither heating nor cooling for many months of the year. In contrast, a poorly-insulated building with low thermal mass might be judged too hot during the day and too cool at night, leading to greater expenditure on cooling and heating.

However, large thermal mass is not always a boon. If a room is occupied in winter for just a couple of hours a day (think of a lecture room for example), the energy cost of warming the room up to a comfortable temperature will be greater, the greater the room’s thermal mass. This extra invested heat will linger for longer in a thermally massive room, but if nobody is there to enjoy it, it’s wasted heat. So in the case of infrequently-used rooms it makes sense to aim for a structure with low thermal mass, and to warm that small mass rapidly when required.



What the theory says about British radiators

A section added in the 2026 revision. This chapter derives the ideal coefficient of performance of a heat pump — the temperature it pumps to, divided by the difference between that and the temperature it pumps from, both in kelvin. It is one of the more useful formulae in the book, and it answers a question the policy debate has been having without it.

Real machines reach roughly 40 to 50% of the ideal. Britain’s Electrification of Heat trial measured a seasonal performance factor of 2.81 across 428 installed heat pumps — the only large field measurement of its kind. Put that beside what this chapter’s formula gives, and the gap is informative rather than embarrassing:




	Flow temperature
	Ideal COP from 0 °C
	At 40% of ideal





	35 °C — underfloor, or oversized radiators
	8.8
	3.5



	45 °C
	7.1
	2.8



	55 °C — typical existing radiators
	6.0
	2.4



	65 °C — radiators sized for a boiler
	5.2
	2.1





The measured 2.81 sits a little above the 55 °C row — about 47% of ideal at that flow temperature — which is where a British house with unmodified radiators and a competently installed machine should sit. The machines are not underperforming. They are being asked to deliver 55 °C water into a house that needs it.

Which settles, from the theory, an argument chapter 7 has to make from survey data. Chapter 7 records that a heat pump wants roughly EPC band C to reach a seasonal performance factor of 3.0, and that about two English homes in five fall below it. This chapter says why: a colder house needs hotter water to heat it, hotter water lowers the coefficient of performance, and the relationship is in the denominator, so it bites hard. Dropping the flow temperature from 55 °C to 35 °C raises the ideal from 6.0 to 8.8 — a 45% improvement in efficiency bought entirely by insulation and bigger radiators, with no change to the machine at all.

That is the quantitative form of the advice everybody gives and few justify. Insulate first is not a preference or a sequencing convention. It is this formula. The fabric determines the flow temperature, the flow temperature determines the coefficient of performance, and the coefficient of performance determines whether the electricity bill is smaller than the gas bill was.

One thing the formula does not capture, and chapter 7 records it: a hybrid system lets the boiler take the coldest days, so the heat pump never has to run at the flow temperature where its performance collapses. The formula explains why that works. It does not tell you whether keeping a gas connection for ever is a good idea.



Notes and further reading



If we assume the ground is made of solid homogenous material with conductivity κ and heat capacity CV, then the temperature at depth z below the ground and time t responds to the imposed temperature at the surface in accordance with the diffusion equation

∂T(z,t)∂t=κCV∂2T(z,t)∂z2.
\begin{matrix}
{\frac{\partial T\left( z,t \right)}{\partial t} = \frac{\kappa}{C_{\text{V}}}\frac{\partial^{2}T\left( z,t \right)}{\partial z^{2}}\text{.}} \\
\end{matrix}


For a sinusoidal imposed temperature with frequency ω and amplitude A at depth z = 0,

T(0,t)=Tsurface(t)=Taverage+Acos(ωt),
\begin{matrix}
{T\left( 0,t \right) = T_{\text{surface}}\left( t \right) = T_{\text{average}} + A\text{cos}\left( \omega t \right)\text{,}} \\
\end{matrix}


the resulting temperature at depth z and time t is a decaying and oscillating function

T(z,t)=Taverage(t)+Ae−z/z0cos(ωt−z/z0),
\begin{matrix}
{T\left( z,t \right) = T_{\text{average}}\left( t \right) + A\text{e}^{- {z/z_{0}}}\text{cos}\left( {\omega t - {z/z_{0}}} \right)\text{,}} \\
\end{matrix}


where z0 is the characteristic length-scale of both the decay and the oscillation,

(E.7) z0=2κCVω,
\begin{matrix}
\text{(E.7)\quad} & {z_{0} = \sqrt{\frac{2\kappa}{C_{\text{V}}\omega}\text{,}}} \\
\end{matrix}


The flux of heat (the power per unit area) at depth z is

κ∂T∂z=κAz02e−z/z0sin(ωt−z/z0−π/4).
\begin{matrix}
{\kappa\frac{\partial T}{\partial z} = \kappa\frac{A}{z_{0}}\sqrt{2}\text{e}^{- {z/z_{0}}}\text{sin}\left( {\omega t - z/z_{0} - \pi/4} \right)} \\
\end{matrix}\text{.}


For example, at the surface, the peak flux is

κAz02=ACVκω.
\begin{matrix}
{\kappa\frac{A}{z_{0}}\sqrt{2} = A\sqrt{C_{\text{V}}\kappa\omega}} \\
\end{matrix}\text{.}


Box E.19. Working out the natural flux caused by sinusoidal temperature variations.







Table E.18. Sources: Bonan (2002), www.hukseflux.com/thermalScience/thermalConductivity.html
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F Waves II

[image: Figure F.1]

Figure F.1. Facts about deep-water waves. In all four figures the horizontal axis is the wave speed in m/s. From top to bottom the graphs show: wind speed (in m/s) required to make a wave with this wave speed; period (in seconds) of a wave; wavelength (in m) of a wave; and power density (in kW/m) of a wave with amplitude 1 m.


The physics of deep-water waves

Waves contain energy in two forms: potential energy, and kinetic energy. The potential energy is the energy required to move all the water from the troughs to the crests. The kinetic energy is associated with the water moving around.

People sometimes assume that when the crest of a wave moves across an ocean at 30miles per hour, the water in that crest must also be moving at 30miles per hour in the same direction. But this isn’t so. It’s just like a Mexican wave. When the wave rushes round the stadium, the humans who are making the wave aren’t themselves moving round the stadium: they just bob up and down a little. The motion of a piece of water in the ocean is similar: if you focused on a bit of seaweed floating in the water as waves go by, you’d see that the seaweed moves up and down, and also a little to and fro in the direction of travel of the wave – the exact effect could be recreated in a Mexican wave if people moved like window-cleaners, polishing a big piece of glass in a circular motion. The wave has potential energy because of the elevation of the crests above the troughs. And it has kinetic energy because of the small circular bobbing motion of the water.

Our rough calculation of the power in ocean waves will require three ingredients: an estimate of the period T of the waves (the time between crests), an estimate of the height h of the waves, and a physics formula that tells us how to work out the speed v of the wave from its period.

The wavelength λ and period of the waves (the distance and time respectively between two adjacent crests) depend on the speed of the wind that creates the waves, as shown in figure F.1. The height of the waves doesn’t depend on the windspeed; rather, it depends on how long the wind has been caressing the water surface.

You can estimate the period of ocean waves by recalling the time between waves arriving on an ocean beach. Is 10 seconds reasonable? For the height of ocean waves, let’s assume an amplitude of 1 m, which means 2 m from trough to crest. In waves this high, a man in a dinghy can’t see beyond the nearest crest when he’s in a trough; I think this height is bigger than average, but we can revisit this estimate if we decide it’s important. The speed of deep-water waves is related to the time T between crests by the physics formula (see Faber (1995), p170):

v=gT2π,
v = \frac{gT}{2\pi}\text{,}


where g is the acceleration of gravity (9.8 m/s2). For example, if T = 10 seconds, then v = 16 m/s. The wavelength of such a wave – the distance between crests – is λ = vT = gT2/2π = 160 m.

[image: Figure F.2]

Figure F.2. A wave has energy in two forms: potential energy associated with raising water out of the light-shaded troughs into the heavy-shaded crests; and kinetic energy of all the water within a few wavelengths of the surface – the speed of the water is indicated by the small arrows. The speed of the wave, travelling from left to right, is indicated by the much bigger arrow at the top.

For a wave of wavelength λ and period T, if the height of each crest and depth of each trough is h = 1 m, the potential energy passing per unit time, per unit length, is

Ppotential≃m*gh¯/T,
\begin{matrix}
{P_{\text{potential}} \simeq m^{*}g\overline{h}/T\text{,}} \\
\end{matrix}


where m* is the mass per unit length, which is roughly 1⁄2ρh(λ/2) (approximating the area of the shaded crest in figure F.2 by the area of a triangle), and h is the change in height of the centre-of-mass of the chunk of elevated water, which is roughly h. So

Ppotential≃12ρhλ2gh/T.
\begin{matrix}
{P_{\text{potential}} \simeq \frac{1}{2}\rho h\frac{\lambda}{2}gh/T\text{.}} \\
\end{matrix}


To find the potential energy properly, we should have done an integral here; it would have given the same answer.) Now λ/T is simply the speed at which the wave travels, v, so:

Ppotential≃14ρgh2v.
\begin{matrix}
{P_{\text{potential}} \simeq \frac{1}{4}\rho gh^{2}v\text{.}} \\
\end{matrix}


Waves have kinetic energy as well as potential energy, and, remarkably, these are exactly equal, although I don’t show that calculation here; so the total power of the waves is double the power calculated from potential energy.

Ptotal≃12ρgh2v.
\begin{matrix}
{P_{\text{total}} \simeq \frac{1}{2}\rho gh^{2}v\text{.}} \\
\end{matrix}


There’s only one thing wrong with this answer: it’s too big, because we’ve neglected a strange property of dispersive waves: the energy in the wave doesn’t actually travel at the same speed as the crests; it travels at a speed called the group velocity, which for deep-water waves is half of the speed v. You can see that the energy travels slower than the crests by chucking a pebble in a pond and watching the expanding waves carefully. What this means is that equation (F.4) is wrong: we need to halve it. The correct power per unit length of wave-front is

Ptotal=14ρgh2v.
\begin{matrix}
{P_{\text{total}} = \frac{1}{4}\rho gh^{2}v\text{.}} \\
\end{matrix}


Plugging in v = 16 m/s and h = 1 m, we find

Ptotal=14ρgh2v=40 kW/m.
\begin{matrix}
{P_{\text{total}} = \frac{1}{4}\rho gh^{2}v = 40\text{~kW/m.}} \\
\end{matrix}


This rough estimate agrees with real measurements in the Atlantic (Mollison, 1986). (See notes, chapter 12.)

The losses from viscosity are minimal: a wave of 9 seconds period would have to go three times round the world to lose 10% of its amplitude.



Real wave power systems


Deep-water devices

How effective are real systems at extracting power from waves? Stephen Salter’s “duck” has been well characterized: a row of 16-m diameter ducks, feeding off Atlantic waves with an average power of 45 kW/m, would deliver 19 kW/m, including transmission to central Scotland (Mollison, 1986).

The Pelamis device, created by Ocean Power Delivery, has taken over the Salter duck’s mantle as the leading floating deep-water wave device. Each snake-like device is 130 m long and is made of a chain of four segments, each 3.5 m in diameter. It has a maximum power output of 750 kW. The Pelamises are designed to be moored in a depth of about 50 m. In a wavefarm, 39 devices in three rows would face the principal wave direction, occupying an area of ocean, about 400 m long and 2.5 km wide (an area of 1 km2). The effective cross-section of a single Pelamis is 7 m (i.e., for good waves, it extracts 100% of the energy that would cross 7 m). The company says that such a wave-farm would deliver about 10 kW/m.



Shallow-water devices

Typically 70% of energy in ocean waves is lost through bottom-friction as the depth decreases from 100 m to 15 m. So the average wave-power per unit length of coastline in shallow waters is reduced to about 12 kW/m. The Oyster, developed by Queen’s University Belfast and Aquamarine Power Ltd [www.aquamarinepower.com], is a bottom-mounted flap, about 12 m high, that is intended to be deployed in waters about 12 m deep, in areas where the average incident wave power is greater than 15 kW/m. Its peak power is 600 kW. A single device would produce about 270 kW in wave heights greater than 3.5 m. It’s predicted that an Oyster would have a bigger power per unit mass of hardware than a Pelamis.

Oysters could also be used to directly drive reverse-osmosis desalination facilities. “The peak freshwater output of an Oyster desalinator is between 2000 and 6000 m3/day.” That production has a value, going by the Jersey facility (which uses 8 kWh per m3), equivalent to 600–2000 kW of electricity.




What became of the machines

A section added in the 2026 revision. Everything above is oceanography and remains correct: the Atlantic really does deliver about 40 kW per metre of wave front, and the losses to the sea bed as depth falls really do take most of it. MacKay’s resource arithmetic has never been seriously challenged.

What has happened is that the machines named in this chapter no longer exist. Chapter 12 records it: Pelamis Wave Power went into administration in 2014 and Aquamarine Power in 2015, and no wave device has since reached commercial operation at any scale. The Salter duck, which this chapter treats as its well-characterised reference case, was never built at sea.

The reason is not in this chapter’s equations, and that is the point worth making here. A wave machine has to survive the largest wave it will ever meet while being economic against the average one, and the ratio between those two is the design problem. The physics that makes the resource attractive — an enormous energy flux concentrated at a surface — is the same physics that destroys the hardware. Nothing in a power-per-metre calculation reveals that, and this chapter, honestly, does not try to.
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G Tide II

[image: Figure G.1]

Figure G.1. A tide-pool in cross section. The pool was filled at high tide, and now it’s low tide. We let the water out through the electricity generator to turn the water’s potential energy into electricity.


Power density of tidal pools

To estimate the power of an artificial tide-pool, imagine that it’s filled rapidly at high tide, and emptied rapidly at low tide. Power is generated in both directions, on the ebb and on the flood. (This is called two-way generation or double-effect generation.) The change in potential energy of the water, each six hours, is mgh, where h is the change in height of the centre of mass of the water, which is half the range. (The range is the difference in height between low and high tide; figure G.1.) The mass per unit area covered by tide-pool is ρ × (2h), where ρ is the density of water (1000 kg/m3). So the power per unit area generated by a tide-pool is

2ρhgh6 hours,
\frac{2\rho hgh}{\text{6\ hours}}\text{,}


assuming perfectly efficient generators. Plugging in h = 2 m (i.e., range 4 m), we find the power per unit area of tide-pool is 3.6 W/m2. Allowing for an efficiency of 90% for conversion of this power to electricity, 1 we get

power per unit area of tide-pool ≅ 3 W/m2.

So to generate 1 GW of power (on average), we need a tide-pool with an area of about 300 km2. A circular pool with diameter 20 km would do the trick. (For comparison, the area of the Severn estuary behind the proposed barrage is about 550 km2, and the area of the Wash is more than 400 km2.)

If a tide-pool produces electricity in one direction only, the power per unit area is halved. The average power density of the tidal barrage at La Rance, where the mean tidal range is 10.9 m, has been 2.7 W/m2 for decades (chapter 14).



The raw tidal resource

The tides around Britain are genuine tidal waves. (Tsunamis, which are called “tidal waves,” have nothing to do with tides: they are caused by underwater landslides and earthquakes.) The location of the high tide (the crest of the tidal wave) moves much faster than the tidal flow – 100 miles per hour, say, while the water itself moves at just 1 mile per hour.

[image: Figure G.2]

Figure G.2. A shallow-water wave. Just like a deep-water wave, the wave has energy in two forms: potential energy associated with raising water out of the light-shaded troughs into the heavy-shaded crests; and kinetic energy of all the water moving around as indicated by the small arrows. The speed of the wave, travelling from left to right, is indicated by the much bigger arrow at the top. For tidal waves, a typical depth might be 100 m, the crest velocity 30 m/s, the vertical amplitude at the surface 1 or 2 m, and the water velocity amplitude 0.3 or 0.6 m/s.

The energy we can extract from tides, using tidal pools or tide farms, can never be more than the energy of these tidal waves from the Atlantic. We can estimate the total power of these great Atlantic tidal waves in the same way that we estimate the power of ordinary wind-generated waves. The next section describes a standard model for the power arriving in travelling waves in water of depth d that is shallow compared to the wavelength of the waves (figure G.2). The power per unit length of wavecrest of shallow-water tidal waves is

ρg3/2dh2/2.
\begin{matrix}
{\rho g^{3/2}\sqrt{d}h^{2}/2.} \\
\end{matrix}


Table G.3 shows the power per unit length of wave crest for some plausible figures. If d = 100 m, and h = 1 or 2 m, the power per unit length of wave crest is 150 kW/m or 600 kW/m respectively. These figures are impressive compared with the raw power per unit length of ordinary Atlantic deep water waves, 40 kW/m (Chapter F). Atlantic waves and the Atlantic tide have similar vertical amplitudes (about 1 m), but the raw power in tides is roughly 10 times bigger than that of ordinary wind-driven waves.




	
h
 (m)

	
ρg3/2√dh2/2
 (kW/m)






	
0.9

	
125




	
1.0

	
155




	
1.2

	
220




	
1.5

	
345




	
1.75

	
470




	
2.0

	
600




	
2.25

	
780






Table G.3. Power fluxes (power per unit length of wave crest) for depth d = 100 m.

Taylor (1920) worked out a more detailed model of tidal power that includes important details such as the Coriolis effect (the effect produced by the earth’s daily rotation), the existence of tidal waves travelling in the opposite direction, and the direct effect of the moon on the energy flow in the Irish Sea. Since then, experimental measurements and computer models have verified and extended Taylor’s analysis. Flather (1976) built a detailed numerical model of the lunar tide, chopping the continental shelf around the British Isles into roughly 1000 square cells. Flather estimated that the total average power entering this region is 215 GW. According to his model, 180 GW enters the gap between France and Ireland. From Northern Ireland round to Shetland, the incoming power is 49 GW. Between Shetland and Norway there is a net loss of 5 GW. As shown in figure G.4, Cartwright et al. (1980) found experimentally that the average power transmission was 60 GW between Malin Head (Ireland) and Florø (Norway) and 190 GW between Valentia (Ireland) and the Brittany coast near Ouessant. The power entering the Irish Sea was found to be 45 GW, and entering the North Sea via the Dover Straits, 16.7 GW.

[image: Figure G.4]

Figure G.4. Average tidal powers measured by Cartwright et al. (1980).


The power of tidal waves

This section, which can safely be skipped, provides more details behind the formula for tidal power used in the previous section. I’m going to go into this model of tidal power in some detail because most of the official estimates of the UK tidal resource have been based on a model that I believe is incorrect.

Figure G.2 shows a model for a tidal wave travelling across relatively shallow water. This model is intended as a cartoon, for example, of tidal crests moving up the English channel or down the North Sea. It’s important to distinguish the speed U at which the water itself moves (which might be about 1 mile per hour) from the speed v at which the high tide moves, which is typically 100 or 200 miles per hour.

The water has depth d. Crests and troughs of water are injected from the left hand side by the 12-hourly ocean tides. The crests and troughs move with velocity

(G.2) v=gd.
\begin{matrix}
\text{(G.2)\quad} & {v = \sqrt{gd}} \\
\end{matrix}\text{.}


We assume that the wavelength is much bigger than the depth, and we neglect details such as Coriolis forces and density variations in the water. Call the vertical amplitude of the tide h. For the standard assumption of nearly-vorticity-free flow, the horizontal velocity of the water is near-constant with depth. The horizontal velocity U is proportional to the surface displacement and can be found by conservation of mass:

U=vh/d.
\begin{matrix}
{U = {vh/d}} \\
\end{matrix}\text{.}


If the depth decreases, the wave velocity v reduces (equation (G.2)). For the present discussion we’ll assume the depth is constant. Energy flows from left to right at some rate. How should this total tidal power be estimated? And what’s the maximum power that could be extracted?

One suggestion is to choose a cross-section and estimate the average flux of kinetic energy across that plane, then assert that this quantity represents the power that could be extracted. This kinetic-energy-flux method was used by consultants Black and Veatch to estimate the UK resource. In our cartoon model, we can compute the total power by other means. We’ll see that the kinetic-energy-flux answer is too small by a significant factor.

The peak kinetic-energy flux at any section is

KBV=12ρAU3,
\begin{matrix}
{K_{\text{BV}} = \frac{1}{2}\rho AU^{3}} \\
\end{matrix}\text{,}


where A is the cross-sectional area. (This is the formula for kinetic energy flux, which we encountered in Chapter B.)

The true total incident power is not equal to this kinetic-energy flux. The true total incident power in a shallow-water wave is a standard textbook calculation; one way to get it is to find the total energy present in one wavelength and divide by the period. The total energy per wavelength is the sum of the potential energy and the kinetic energy. The kinetic energy happens to be identical to the potential energy. (This is a standard feature of almost all things that wobble, be they masses on springs or children on swings.) So to compute the total energy all we need to do is compute one of the two – the potential energy per wavelength, or the kinetic energy per wavelength – then double it. The potential energy of a wave (per wavelength and per unit width of wavefront) is found by integration to be

14ρgh2λ,
\begin{matrix}
{\frac{1}{\text{4}}\rho gh^{2}\lambda} \\
\end{matrix}\text{,}


So, doubling and dividing by the period, the true power of this model shallow-water tidal wave is

power=12(ρgh2λ)×ω/T=12ρgh2v×ω,
\begin{matrix}
{\text{power} = \frac{1}{2}\left( \rho gh^{2}\lambda \right) \times \omega/T = \frac{1}{2}\rho gh^{2}v \times \omega} \\
\end{matrix}\text{,}


where ω is the width of the wavefront. Substituting v=gd,v = \sqrt{gd}\text{,}

power=ρgh2gd×ω/2=ρg3/2dh2×ω/2.
\begin{matrix}
{\text{power} = \rho gh^{2}\sqrt{gd} \times \omega/2 = \rho g^{3/2}\sqrt{d}h^{2} \times \omega/2} \\
\end{matrix}\text{.}


Let’s compare this power with the kinetic-energy flux KBV. Strikingly, the two expressions scale differently with the amplitude h. Using the amplitude conversion relation (G.3), the crest velocity (G.2), and A = ωd, we can re-express the kinetic-energy flux as

=12ρAU3=12ρωd(vh/d)3=ρ(g32//d)h3×ω/2.
\begin{matrix}
{= \frac{1}{2}\rho AU^{3} = \frac{1}{2}\rho\omega d\left( vh/d \right)^{3}} \\
{= \rho\left( {g^{32/}/\sqrt{d}} \right)h^{3} \times \omega/2.} \\
\end{matrix}


So the kinetic-energy-flux method suggests that the total power of a shallowwater wave scales as amplitude cubed (equation (G.8)); but the correct formula shows that the power scales as amplitude squared (equation (G.7)).

The ratio is

KBVpower=ρω(g3/2/d)h3ρg3/2h2dω=hd.
\begin{matrix}
{\frac{K_{\text{BV}}}{\text{power}} = \frac{\rho\omega\left( {g^{3/2}/\sqrt{d}} \right)h^{3}}{{\rho g^{3/2}}{h^{2}\sqrt{d}\omega}} =} \\
\end{matrix}\frac{h}{d}\text{.}


Because h is usually much smaller than d (h is about 1 m or 2 m, while d is 100 m or 10 m), estimates of tidal power resources that are based on the kinetic-energy-flux method may be much too small, at least in cases where this shallow-water cartoon of tidal waves is appropriate.

Moreover, estimates based on the kinetic-energy-flux method incorrectly assert that the total available power at springs (the biggest tides) is eight times greater than at neaps (the smallest tides), assuming an amplitude ratio, springs to neaps, of two to one; but the correct answer is that the total available power of a travelling wave scales as its amplitude squared, so the springs-to-neaps ratio of total-incoming-power is four to one.



Effect of shelving of sea bed, and Coriolis force

If the depth d decreases gradually and the width remains constant such that there is minimal reflection or absorption of the incoming power, then the power of the wave will remain constant. This means dh2\sqrt{d}h^{2} is a constant, so we deduce that the height of the tide scales with depth as h∼1/d1/4.h \sim {1/d^{1/4}}\text{.}
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Figure G.5. (a) Tidal current over a 21-day period at a location where the maximum current at spring tide is 2.9 knots (1.5 m/s) and the maximum current at neap tide is 1.8 knots (0.9 m/s). (b) The power per unit sea-floor area over a nine-day period extending from spring tides to neap tides. The power peaks four times per day, and has a maximum of about 27 W/m2. The average power of the tide farm is 6.4 W/m2.

This is a crude model. One neglected detail is the Coriolis effect. The Coriolis force causes tidal crests and troughs to tend to drive on the right – for example, going up the English Channel, the high tides are higher and the low tides are lower on the French side of the channel. By neglecting this effect I may have introduced some error into the estimates.




Power density of tidal stream farms

Imagine sticking underwater windmills on the sea-bed. The flow of water will turn the windmills. Because the density of water is roughly 1000 times that of air, the power of water flow is 1000 times greater than the power of wind at the same speed.

What power could tidal stream farms extract? It depends crucially on whether or not we can add up the power contributions of tidefarms on adjacent pieces of sea-floor. For wind, this additivity assumption is believed to work fine: as long as the wind turbines are spaced a standard distance apart from each other, the total power delivered by 10 adjacent wind farms is the sum of the powers that each would deliver if it were alone.

Does the same go for tide farms? Or do underwater windmills interfere with each other’s power extraction in a different way? I don’t think the answer to this question is known in general. We can name two alternative assumptions, however, and identify cartoon situations in which each assumption seems valid. The “tide is like wind” assumption says that you can put tide-turbines all over the sea-bed, spaced about 5 diameters apart from each other, and they won’t interfere with each other, no matter how much of the sea-bed you cover with such tide farms.

The “you can have only one row” assumption, in contrast, asserts that the maximum power extractable in a region is the power that would be delivered by a single row of turbines facing the flow. A situation where this assumption is correct is the special case of a hydroelectric dam: if the water from the dam passes through a single well-designed turbine, there’s no point putting any more turbines behind that one. You can’t get 100 times more power by putting 99 more turbines downstream from the first. The oomph gets extracted by the first one, and there isn’t any more oomph left for the others. The “you can have only one row” assumption is the right assumption for estimating the extractable power in a place where water flows through a narrow channel from approximately stationary water at one height into another body of water at a lower height. (This case is analysed by Garrett and Cummins (2005, 2007).)

I’m now going to nail my colours to a mast. I think that in many places round the British Isles, the “tide is like wind” assumption is a good approximation. Perhaps some spots have some of the character of a narrow channel. In those spots, my estimates may be over-estimates.

Let’s assume that the rules for laying out a sensible tide farm will be similar to those for wind farms, and that the efficiency of the tidemills will be like that of the best windmills, about 1/2. We can then steal the formula for the power of a wind farm (per unit land area) from chapter B. The power per unit sea-floor area is

power per tidemillarea per tidemill=π200×12ρU3
\begin{matrix}
{\frac{\text{power\ per\ tidemill}}{\text{area\ per\ tidemill}} = \frac{\pi}{200} \times \frac{1}{2}\rho U^{3}} \\
\end{matrix}


Using this formula, table G.6 shows this tide farm power for a few tidal currents.

U




	speed (m/s)
	speed (knots)
	power density (W/m2)





	0.5
	1
	1



	1
	2
	8



	2
	4
	60



	3
	6
	200



	4
	8
	500



	5
	10
	1000





Table G.6. Tide farm power density (in watts per square metre of sea-floor) as a function of flow speed U. (1 knot = 1 nautical mile per hour = 0.514 m/s.) The power density is computed using (π/200)1⁄2ρU3 (equation (G.10)).

Now, what are typical tidal currents? Tidal charts usually give the currents associated with the tides with the largest range (called spring tides) and the tides with the smallest range (called neap tides). Spring tides occur shortly after each full moon and each new moon. Neap tides occur shortly after the first and third quarters of the moon. The power of a tide farm would vary throughout the day in a completely predictable manner. Figure G.5 illustrates the variation of power density of a tide farm with a maximum current of 1.5 m/s. The average power density of this tide farm would be 6.4 W/m2. There are many places around the British Isles where the power per unit area of tide farm would be 6 W/m2 or more. This power density is similar to our estimates of the power densities of wind farms (2–3 W/m2) and of photovoltaic solar farms (5–10 W/m2).

We’ll now use this “tide farms are like wind farms” theory to estimate the extractable power from tidal streams in promising regions around the British Isles. As a sanity check, we’ll also work out the total tidal power crossing each of these regions, using the “power of tidal waves” theory, to check our tide farm’s estimated power isn’t bigger than the total power available. The main locations around the British Isles where tidal currents are large are shown in figure G.7.

[image: Figure G.7]

Figure G.7. Regions around the British Isles where peak tidal flows exceed 1 m/s. The six darkly-coloured regions are included in table G.8:


	the English channel (south of the Isle of Wight);

	the Bristol channel;

	to the north of Anglesey;

	to the north of the Isle of Man;

	between Northern Ireland, the Mull of Kintyre, and Islay; and

	the Pentland Firth (between Orkney and mainland Scotland), and within the Orkneys.



There are also enormous currents around the Channel Islands, but they are not governed by the UK. Runner-up regions include the North Sea, from the Thames (London) to the Wash (Kings Lynn). The contours show water depths greater than 100 m. Tidal data are from Reed’s Nautical Almanac and DTI Atlas of UK Marine Renewable Energy Resources (2004).

I estimated the typical peak currents at six locations with large currents by looking at tidal charts in Reed’s Nautical Almanac. (These estimates could easily be off by 30%.) Have I over-estimated or under-estimated the area of each region? I haven’t surveyed the sea floor so I don’t know if some regions might be unsuitable in some way – too deep, or too shallow, or too tricky to build on.

Admitting all these uncertainties, I arrive at an estimated total power of 9 kWh/d per person from tidal stream-farms. This corresponds to 9% of the raw incoming power mentioned in chapter 14, 100 kWh per day per person. (The extraction of 1.1 kWh/d/p in the Bristol channel, region 2, might conflict with power generation by the Severn barrage; it would depend on whether the tide farm significantly adds to the existing natural friction created by the channel, or replaces it.)

Region

U

power density

area

average power

raw power

(knots)

d

ω
















	Region
	U N (knots)
	U S (knots)
	power density (W/m2)
	area (km2)
	average power (kWh/d/p)
	d (m)
	ω (km)
	raw power N (kWh/d/p)
	raw power S (kWh/d/p)





	1
	1.7
	3.1
	7
	400
	1.1
	30
	30
	2.3
	7.8



	2
	1.8
	3.2
	8
	350
	1.1
	30
	17
	1.5
	4.7



	3
	1.3
	2.3
	2.9
	1000
	1.2
	50
	30
	3.0
	9.3



	4
	1.7
	3.4
	9
	400
	1.4
	30
	20
	1.5
	6.3



	5
	1.7
	3.1
	7
	300
	0.8
	40
	10
	1.2
	4.0



	6
	5.0
	9.0
	170
	50
	3.5
	70
	10
	24
	78



	Total
	9
	
	
	
	
	
	
	
	





Table G.8. (a) Tidal power estimates assuming that stream farms are like wind farms. The power density is the average power per unit area of sea floor. The six regions are indicated in figure G.7. N = Neaps. S = Springs. (b) For comparison, this table shows the raw incoming power estimated using equation (G.1).

v (m/s)

v (knots)

Friction power density (W/m2)

tide farm power density

R1 = 0.01

R1 = 0.003











	speed (m/s)
	speed (knots)
	R1 = 0.01
	R1 = 0.003
	tide farm (table G.6)





	0.5
	1
	1.25
	0.4
	1



	1
	2
	10
	3
	8



	2
	4
	80
	24
	60



	3
	6
	270
	80
	200



	4
	8
	640
	190
	500



	5
	10
	1250
	375
	1000





Table G.9. Friction power density R1ρU3 (in watts per square metre of sea-floor) as a function of flow speed, assuming R1 = 0.01 or 0.003. Flather (1976) uses R1 = 0.0025–0.003; Taylor (1920) uses 0.002. (1 knot = 1 nautical mile per hour = 0.514 m/s.) The final column shows the tide farm power estimated in table G.6. For further reading see Kowalik (2004), Sleath (1984).



Estimating the tidal resource via bottom friction

Another way to estimate the power available from tide is to compute how much power is already dissipated by friction on the sea floor. A coating of turbines placed just above the sea floor could act as a substitute bottom, exerting roughly the same drag on the passing water as the sea floor used to exert, and extracting roughly the same amount of power as friction used to dissipate, without significantly altering the tidal flows.

So, what’s the power dissipated by “bottom friction”? Unfortunately, there isn’t a straightforward model of bottom friction. It depends on the roughness of the sea bed and the material that the bed is made from – and even given this information, the correct formula to use is not settled. One widely used model says that the magnitude of the stress (force per unit area) is R1ρU2,R_{1}\rho U^{2}\text{,} where U is the average flow velocity and R1R_{1} is a dimensionless quantity called the shear friction coefficient. We can estimate the power dissipated per unit area by multiplying the stress by the velocity. Table G.9 shows the power dissipated in friction, R1ρU3,R_{1}\rho U^{3}\text{,} assuming R1=0.01R_{1} = 0.01 or R1=0.003.R_{1} = 0.003\text{.} For values of the shear friction coefficient in this range, the friction power is very similar to the estimated power that a tide farm would deliver. This is good news, because it suggests that planting a forest of underwater windmills on the sea-bottom, spaced five diameters apart, won’t radically alter the flow. The natural friction already has an effect that is in the same ballpark.



Tidal pools with pumping

“The pumping trick” artificially increases the amplitude of the tides in a tidal pool so as to amplify the power obtained. The energy cost of pumping in extra water at high tide is repaid with interest when the same water is let out at low tide; similarly, extra water can be pumped out at low tide, then let back in at high tide. The pumping trick is sometimes used at La Rance, boosting its net power generation by about 10% (Wilson and Balls, 1990). Let’s work out the theoretical limit for this technology. I’ll assume that generation has an efficiency of εg=0.9\varepsilon_{\text{g}} = 0.9 and that pumping has an efficiency of εp=0.85.\varepsilon_{\text{p}} = 0.85\text{.} Let the tidal range be 2h. I’ll assume for simplicity that the prices of buying and selling electricity are the same at all times, so that the optimal height boost b to which the pool is pumped above high water is given by (marginal cost of extra pumping = marginal return of extra water):

b/εp=εg(b+2h).
b/\varepsilon_{\text{p}} = \varepsilon_{\text{g}}\left( {b + 2h} \right)\text{.}


Defining the round-trip efficiency ε=εgεp,\varepsilon = \varepsilon_{\text{g}}\varepsilon_{\text{p}}\text{,} we have

b=2hε1−ε.
b = 2h\frac{\varepsilon}{1 - \varepsilon}\text{.}


For example, with a tidal range of 2h = 4 m, and a round-trip efficiency of ε = 76%, the optimal boost is b = 13 m. This is the maximum height to which pumping can be justified if the price of electricity is constant.

Let’s assume the complementary trick is used at low tide. (This requires the basin to have a vertical range of 30 m!) The delivered power per unit area is then

(12ρgεg(b+2h)2−12ρg1εpb2)/T,
\left. \left( {\frac{1}{2}\rho g\varepsilon_{\text{g}}\left( b + 2h \right)^{2} - \frac{1}{2}\rho g\frac{1}{\varepsilon_{\text{p}}}b^{2}} \right)/T \right.\text{,}


where T is the time from high tide to low tide. We can express this as the maximum possible power density without pumping, εg2ρgh2/T,{\varepsilon_{\text{g}}2\rho gh^{2}}/T\text{,} scaled up by a boost factor

(11−ε),
\left( \frac{1}{1 - \varepsilon} \right)\text{,}


which is roughly a factor of 4. Table G.10 shows the theoretical power density that pumping could deliver. Unfortunately, this pumping trick will rarely be exploited to the full because of the economics of basin construction: full exploitation of pumping requires the total height of the pool to be roughly 4 times the tidal range, and increases the delivered power four-fold. But the amount of material in a sea-wall of height H scales as H2, so the cost of constructing a wall four times as high will be more than four times as big. Extra cash would probably be better spent on enlarging a tidal pool horizontally rather than vertically.




	
tidal amplitude
 (half-range) h
 (m)

	
optimal boost
 height b
 (m)

	
power
 with pumping
 (W/m2)

	
power
 without pumping
 (W/m2)






	
1.0

	
6.5

	
3.5

	
0.8




	
2.0

	
13

	
14

	
3.3




	
3.0

	
20

	
31

	
7.4




	
4.0

	
26

	
56

	
13






Table G.10. Theoretical power density from tidal power using the pumping trick, assuming no constraint on the height of the basin’s walls.




	
tidal amplitude
 (half-range) h
 (m)

	
boost height
 b
 (m)

	
power
 with pumping
 (W/m2)

	
power
 without pumping
 (W/m2)






	
1.0

	
1.0

	
1.6

	
0.8




	
2.0

	
2.0

	
6.3

	
3.3




	
3.0

	
3.0

	
14

	
7.4




	
4.0

	
4.0

	
25

	
13






Table G.11. Power density offered by the pumping trick, assuming the boost height is constrained to be the same as the tidal amplitude. This assumption applies, for example, at neap tides, if the pumping pushes the tidal range up to the springs range.

The pumping trick can nevertheless be used for free on any day when the range of natural tides is smaller than the maximum range: the water level at high tide can be pumped up to the maximum. Table G.11 gives the power delivered if the boost height is set to h, that is, the range in the pool is just double the external range. A doubling of vertical range is easy at neap tides, since neap tides are typically about half as high as spring tides. Pumping the pool at neaps so that the full springs range is used thus allows neap tides to deliver roughly twice as much power as they would offer without pumping. So a system with pumping would show two-weekly variations in power of just a factor of 2 instead of 4.


Getting “always-on” tidal power by using two basins

Here’s a neat idea: have two basins, one of which is the “full” basin and one the “empty” basin; every high tide, the full basin is topped up; every low tide, the empty basin is emptied. 2 These toppings-up and emptyings could be done either passively through sluices, or actively by pumps (using the trick mentioned above). Whenever power is required, water is allowed to flow from the full basin to the empty basin, or (better in power terms) between one of the basins and the sea. The capital cost of a two-basin scheme may be bigger because of the need for extra walls; the big win is that power is available all the time, so the facility can follow demand.

[image: Figure G.12]

Figure G.12. Different ways to use the tidal pumping trick. Two lagoons are located at sea-level. (a) One simple way of using two lagoons is to label one the high pool and the other the low pool; when the surrounding sea level is near to high tide, let water into the high pool, or actively pump it in (using electricity from other sources); and similarly, when the sea level is near to low tide, empty the low pool, either passively or by active pumping; then whenever power is sufficiently valuable, generate power on demand by letting water from the high pool to the low pool. (b) Another arrangement that might deliver more power per unit area has no flow of water between the two lagoons. While one lagoon is being pumped full or pumped empty, the other lagoon can deliver steady, demand-following power to the grid. Pumping may be powered by bursty sources such as wind, by spare power from the grid (say, nuclear power stations), or by the other half of the facility, using one lagoon’s power to pump the other lagoon up or down.

We can use power generated from the empty basin to pump extra water into the full basin at high tide, and similarly use power from the full basin to pump down the empty basin at low tide. This self-pumping would boost the total power delivered by the facility without ever needing to buy energy from the grid. It’s a delightful feature of a two-pool solution that the optimal time to pump water into the high pool is high tide, which is also the optimal time to generate power from the low pool. Similarly, low tide is the perfect time to pump down the low pool, and it’s the perfect time to generate power from the high pool. In a simple simulation, I’ve found that a two-lagoon system in a location with a natural tidal range of 4 m can, with an appropriate pumping schedule, deliver a steady power of 4.5 W/m2 (MacKay, 2007a). One lagoon’s water level is always kept above mean sea-level; the other lagoon’s level is always kept below mean sea-level. This power density of 4.5 W/m2 is 50% bigger than the maximum possible average power density of an ordinary tide-pool in the same location (3 W/m2). The steady power of the lagoon system would be more valuable than the intermittent and less-flexible power from the ordinary tide-pool.

A two-basin system could also function as a pumped-storage facility.




The resource is still there and almost none of it is used

A section added in the 2026 revision. The tidal physics in this chapter is astronomy, and astronomy does not revise. A tide pool with a 4-metre range still yields about 3 W/m²; La Rance still produces what it produced; the bottom-friction estimate of the resource around Britain still stands.

What has not happened is any of it. Chapter 14 records the position: British tidal generation remains too small to register beside wind or solar, the Severn barrage has been proposed and shelved repeatedly without ever being built, and tidal stream — the technology this chapter is most cautious about — is the only part with genuine recent momentum, at a scale of tens of megawatts rather than the 18 GW plan D asks for.

Tide is the clearest case in the book of a resource that is real, predictable, and unbuilt. Everything usually offered against renewables — that the resource is speculative, that the output is unpredictable, that the physics is uncertain — is false here. The tide is known decades ahead to the minute. What it lacks is a machine that survives the sea cheaply enough, and a market that pays for predictability rather than for energy.

Which is chapter 28a’s point arriving from an unexpected direction. A tidal generator’s output is worth more than a wind generator’s per kilowatt-hour, because it is knowable — and no British market instrument pays for that. The barrage was never blocked by physics or even, in the end, by the birds. It was blocked by a cost of capital applied to a thirty-year construction with a hundred-year life, which is exactly the problem chapter 24 finds in nuclear and chapter M finds in the arithmetic of levelised cost.



Notes

Further reading: Shaw and Watson (2003b); Blunden and Bahaj (2007); Charlier (2003a,b). For further reading on bottom friction and variation of flow with depth, see Sleath (1984). For more on the estimation of the UK tidal resource, see MacKay (2007b). For more on tidal lagoons, see MacKay (2007a).







Efficiency of 90%… Turbines are about 90% efficient for heads of 3.7 m or more. Baker et al. (2006).



Getting “always-on” tidal power by using two basins. There is a two-basin tidal power plant at Haishan, Maoyan Island, China. A single generator located between the two basins, as shown in figure G.12(a), delivers power continuously, and generates 39 kW on average. [2bqapk].
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H Stuff II


Imported energy

[image: Figure H.1]

Figure H.1. Continuous casting of steel strands at Korea Iron and Steel Company.

Dieter Helm and his colleagues estimated the footprint of each pound’s worth of imports from country X using the average carbon intensity of country X’s economy (that is, the ratio of their carbon emissions to their gross domestic product). They concluded that the embodied carbon in imports to Britain (which should arguably be added to Britain’s official carbon footprint of 11 tons CO2e per year per person) is roughly 16 tons CO2e per year per person. A subsequent, more detailed study commissioned by DEFRA estimated that the embodied carbon in imports is smaller, but still very significant: about 6.2 tons CO2e per year per person. 1 In energy terms, 6 tons CO2e per year is something like 60 kWh/d.

Here, let’s see if we can reproduce these conclusions in a different way, using the weights of the imports.

Figure H.2 shows Britain’s imports in the year 2006 in three ways: on the left, the total value of the imports is broken down by the country of origin. In the middle, the same total financial value is broken down by the type of stuff imported, using the categories of HM Revenue and Customs. On the right, all maritime imports to Britain are shown by weight and broken down by the categories used by the Department for Transport, which doesn’t care whether something is leather or tobacco – it keeps track of how heavy stuff is, whether it is dry or liquid, and whether the stuff arrived in a container or a lorry.

[image: Figure H.2]

Figure H.2. Imports of stuff to the UK, 2006.

The energy cost of the imported fuels (top right) is included in the standard accounts of British energy consumption; the energy costs of all the other imports are not. For most materials, the embodied energy per unit weight is greater than or equal to 10 kWh per kg – the same as the energy per unit weight of fossil fuels. This is true of all metals and alloys, all polymers and composites, most paper products, and many ceramics, for example. The exceptions are raw materials like ores; porous ceramics such as concrete, brick, and porcelain, whose energy cost is 10 times lower; wood and some rubbers; and glasses, whose energy cost is a whisker lower than 10 kWh per kg. [r22oz]

We can thus roughly estimate the energy footprint of our imports simply from the weight of their manufactured materials, if we exclude things like ores and wood. Given the crudity of the data with which we are working, we will surely slip up and inadvertently include some things made of wood and glass, but hopefully such slips will be balanced by our underestimation of the energy content of most of the metals and plastics and more complex goods, many of which have an embodied energy of not 10 but 30 kWh per kg, or even more.

[image: Figure H.3]

Figure H.3. Niobium open cast mine, Brazil.

For this calculation I’ll take from the right-hand column in figure H.2 the iron and steel products, the dry bulk products, the containerized freight and the “other freight,” which total 98million tons per year. I’m leaving the vehicles to one side for a moment. I subtract from this an estimated 25 million tons of food which is presumably lurking in the “other freight” category (34 million tons of food were imported in 2006), leaving 73 million tons.

Converting 73 million tons to energy using the exchange rate suggested above, and sharing between 60 million people, we estimate that those imports have an embodied energy of 33 kWh/d per person.

For the cars, we can hand-wave a little less, because we know a little more: the number of imported vehicles in 2006 was 2.4 million. If we take the embodied energy per car to be 76 000 kWh (a number we picked up in chapter 15) then these imported cars have an embodied energy of 8 kWh/d per person.

[image: ]

I left the “liquid bulk products” out of these estimates because I am not sure what sort of products they are. If they are actually liquid chemicals then their contribution might be significant.

We’ve arrived at a total estimate of 41 kWh/d per person for the embodied energy of imports – definitely in the same ballpark as the estimate of Dieter Helm and his colleagues.

I suspect that 41 kWh/d per person may be an underestimate because the energy intensity we assumed (10 kWh per kg) is too low for most forms of manufactured goods such as machinery or electrical equipment. However, without knowing the weights of all the import categories, this is the best estimate I can make for now.



Lifecycle analysis for buildings

Tables H.4 and H.5 show estimates of the Process Energy Requirement of building materials and building constructions. This includes the energy used in transporting the raw materials to the factory but not energy used to transport the final product to the building site.




	Material
	Embodied energy (MJ/kg)
	(kWh/kg)





	kiln-dried sawn softwood
	3.4
	0.94



	kiln-dried sawn hardwood
	2.0
	0.56



	air dried sawn hardwood
	0.5
	0.14



	hardboard
	24.2
	6.7



	particleboard
	8.0
	2.2



	MDF
	11.3
	3.1



	plywood
	10.4
	2.9



	glue-laminated timber
	11
	3.0



	laminated veneer lumber
	11
	3.0



	straw
	0.24
	0.07



	stabilised earth
	0.7
	0.19



	imported dimension granite
	13.9
	3.9



	local dimension granite
	5.9
	1.6



	gypsum plaster
	2.9
	0.8



	plasterboard
	4.4
	1.2



	fibre cement
	4.8
	1.3



	cement
	5.6
	1.6



	in situ concrete
	1.9
	0.53



	precast steam-cured concrete
	2.0
	0.56



	precast tilt-up concrete
	1.9
	0.53



	clay bricks
	2.5
	0.69



	concrete blocks
	1.5
	0.42



	autoclaved aerated concrete
	3.6
	1.0



	plastics – general
	90
	25



	PVC
	80
	22



	synthetic rubber
	110
	30



	acrylic paint
	61.5
	17



	glass
	12.7
	3.5



	fibreglass (glasswool)
	28
	7.8



	aluminium
	170
	47



	copper
	100
	28



	galvanised steel
	38
	10.6



	stainless steel
	51.5
	14.3





Table H.4. Embodied energy of building materials (assuming virgin rather than recycled product is used). (Dimension stone is natural stone or rock that has been selected and trimmed to specific sizes or shapes.) Sources: [3kmcks], Lawson (1996).

Embodied energy (kWh/m2)

Walls

 timber frame, timber weatherboard, plasterboard lining

52

 timber frame, clay brick veneer, plasterboard lining

156

 timber frame, aluminium weatherboard, plasterboard lining

112

 steel frame, clay brick veneer, plasterboard lining

168

 double clay brick, plasterboard lined

252

 cement stabilised rammed earth

104

Floors

 elevated timber floor

81

 110 mm concrete slab on ground

179

 200 mm precast concrete T beam/infill

179

Roofs

 timber frame, concrete tile, plasterboard ceiling

70

 timber frame, terracotta tile, plasterboard ceiling

75

 timber frame, steel sheet, plasterboard ceiling

92

Table H.5. Embodied energy in various walls, floors, and roofs. Sources: [3kmcks], Lawson (1996).

Table H.6 uses these numbers to estimate the process energy formaking a three-bedroom house. The gross energy requirement widens the boundary, including the embodied energy of urban infrastructure, for example, the embodied energy of the machinery that makes the raw materials. A rough rule of thumb to get the gross energy requirement of a building is to double the process energy requirement [3kmcks].

Area (m2)

×

energy density (kWh/m2)

energy (kWh)

Floors

100

×

81

=

8100

Roof

75

×

75

=

5600

External walls

75

×

252

=

19 000

Internal walls

75

×

125

=

9400

Total

42 000

Table H.6. Process energy for making a three-bedroom house.

If we share 42 000 kWh over 100 years, and double it to estimate the gross energy cost, the total embodied energy of a house comes to about 2.3 kWh/d. This is the energy cost of the shell of the house only – the bricks, tiles, roof beams.

[image: Figure H.7]

Figure H.7. Millau Viaduct in France, the highest bridge in the world. Steel and concrete, 2.5 km long and 353 m high.



The imports got counted

A section added in the 2026 revision. This chapter does something unusual for its date: it estimates the energy embodied in Britain’s imports — arriving at about 41 kWh per day per person — and observes that none of it appears in the national accounts. MacKay is careful to call the estimate hand-waving.

The hand-waving is no longer necessary, and the result held up. Consumption-based accounting is now official statistics: Britain publishes a carbon footprint that reallocates emissions to where goods are consumed rather than where they are made, and the gap between the two measures is exactly the quantity this chapter was groping for. Chapter 15 uses it to separate the three mechanisms behind Britain’s falling energy use — genuine efficiency, cleaner electricity, and production moving abroad — and finds that the third is real and substantial though not dominant.

Which vindicates the chapter’s method and complicates its conclusion. MacKay’s instinct, that a tight boundary around Britain flatters Britain, was right. But the correction is smaller than the raw import figure suggests, because a consumption-based account also credits Britain with the emissions embodied in what it exports, and because the carbon intensity of the countries Britain imports from has itself been falling. Chapter 18 makes the same point from the efficiency side using ODEX: a 16% efficiency improvement does not produce a 39% fall in energy use, and the residual is not all offshoring either.

And there is a new item this chapter could not have. The embodied energy of a battery is now a live question, because chapter 20’s electric car carries several hundred kilograms of it. Chapter 15’s revision records the current position: almost all of the difference between an electric car’s embodied energy and a conventional one’s is the battery, and about half of a battery’s manufacturing emissions are the electricity used to make it — so the deficit shrinks as the grid that builds the cells gets cleaner. That is the same calculation this chapter performs for a conventional vehicle, done for a new component, and it comes out favourably. It is nonetheless the calculation that most deserves to be redone as the numbers move, because it is the one most often asserted without arithmetic in either direction.

The chapter’s real contribution survives all of this intact. A national energy account that stops at the border is measuring the country, not the consumption, and MacKay noticed that a decade before the statistics did.



Notes and further reading

Further resources: www.greenbooklive.com has life cycle assessments of building products. Some helpful cautions about life-cycle analysis: www.gdrc.org/uem/lca/life-cycle.html. More links: www.epa.gov/ord/NRMRL/lcaccess/resources.htm.











A subsequent more-detailed study commissioned by DEFRA estimated that the embodied carbon in imports is about 6.2 tons CO2e per person. Wiedmann et al. (2008).
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I Quick reference


SI Units


The watt. This SI unit is named after James Watt. As for all SI units whose names are derived from the proper name of a person, the first letter of its symbol is uppercase (W). But when an SI unit is spelled out, it should always be written in lowercase (watt), with the exception of the “degree Celsius.”

from wikipedia




SI stands for Système International. SI units are the ones that all engineers should use, to avoid losing spacecraft.






	Thing measured
	unit name
	symbol





	energy
	one joule
	1 J



	power
	one watt
	1 W



	force
	one newton
	1 N



	length
	one metre
	1 m



	time
	one second
	1 s



	temperature
	one kelvin
	1 K

















	prefix
	kilo
	mega
	giga
	tera
	peta
	exa





	symbol
	k
	M
	G
	T
	P
	E



	factor
	103
	106
	109
	1012
	1015
	1018

















	prefix
	centi
	milli
	micro
	nano
	pico
	femto





	symbol
	c
	m
	μ
	n
	p
	f



	factor
	10-2
	10-3
	10-6
	10-9
	10-12
	10-15





Table I.1. SI units and prefixes.



My preferred units for energy, power, and transport efficiencies

My preferred units, expressed in SI:










	Thing measured
	unit name
	symbol
	value in SI





	energy
	one kilowatt-hour
	1 kWh
	3 600 000 J



	power
	one kilowatt-hour per day
	1 kWh/d
	(1000/24) W ≅ 40 W



	force
	one kilowatt-hour per 100 km
	1 kWh/100 km
	36 N



	time
	one hour
	1 h
	3600 s



	
	one day
	1 d
	24 × 3600 s ≅ 105 s



	
	one year
	1 y
	365.25 × 24 × 3600 s ≅ π × 107 s



	force per mass
	kilowatt-hour per ton-kilometre
	1 kWh/t-km
	3.6 m/s2 (≅ 0.37 g)





And the units I use that are not SI:










	Thing measured
	unit name
	symbol
	value





	humans
	person
	p
	



	mass
	ton
	t
	1 t = 1000 kg



	
	gigaton
	Gt
	1 Gt = 109 × 1000 kg = 1 Pg



	transport
	person-kilometre
	p-km
	



	transport
	ton-kilometre
	t-km
	



	volume
	litre
	l
	1 l = 0.001 m3



	area
	square kilometre
	sq km, km2
	1 sq km = 106 m2



	
	hectare
	ha
	1 ha = 104 m2



	
	Wales
	
	1 Wales = 21 000 km2



	
	London (Greater London)
	
	1 London = 1580 km2



	energy
	Dinorwig
	
	1 Dinorwig = 9 GWh





Table I.2. The units this book prefers. The upper panel gives those that are SI quantities under another name; the lower panel those that are not SI at all, kept because they are the units a reader already has a feel for.



Billions, millions, and other people’s prefixes

Throughout this book “a billion” (1 bn) means a standard American billion, that is, 109, or a thousand million. A trillion is 1012. The standard prefix meaning “billion” (109) is “giga.”

In continental Europe, the abbreviations Mio and Mrd denote a million and billion respectively. Mrd is short for milliard, which means 109.

The abbreviation m is often used to mean million, but this abbreviation is incompatible with the SI – think of mg (milligram) for example. So I don’t use m to mean million. Where some people use m, I replace it by M. For example, I use Mtoe for million tons of oil equivalent, and MtCO2 for million tons of CO2.



Annoying units

There’s a whole bunch of commonly used units that are annoying for various reasons. I’ve figured out what some of them mean. I list them here, to help you translate the media stories you read.


Homes

The “home” is commonly used when describing the power of renewable facilities. For example, “The £300 million Whitelee wind farm’s 140 turbines will generate 322 MW – enough to power 200 000 homes.” The “home” is defined by the BritishWind Energy Association to be a power of 4700 kWh per year [www.bwea.com/ukwed/operational.asp]. That’s 0.54 kW, or 13 kWh per day. (A few other organizations use 4000 kWh/y per household.)

The “home” annoys me because I worry that people confuse it with the total power consumption of the occupants of a home – but the latter is actually about 24 times bigger. The “home” covers the average domestic electricity consumption of a household, only. Not the household’s home heating. Nor their workplace. Nor their transport. Nor all the energy-consuming things that society does for them.

Incidentally, when they talk of the CO2 emissions of a “home,” the official exchange rate appears to be 4 tons CO2 per home per year.



Power stations

Energy saving ideas are sometimes described in terms of power stations. For example according to a BBC report on putting new everlasting LED lightbulbs in traffic lights, “The power savings would be huge – keeping the UK’s traffic lights running requires the equivalent of two mediumsized power stations.” news.bbc.co.uk/1/low/sci/tech/specials/ sheffield_99/449368.stm

[image: Figure I.2]

Figure I.2. Powers of Britain’s coal power stations. I’ve highlighted in blue 8 GW of generating capacity that will close by 2015. 2500 MW, shared across Britain, is the same as 1 kWh per day per person.

What is a medium-sized power station? 10 MW? 50 MW? 100 MW? 500 MW? I don’t have a clue. A google search indicates that some people think it’s 30 MW, some 250 MW, some 500 MW (the most common choice), and some 800 MW. What a useless unit!

Surely it would be clearer for the article about traffic lights to express what it’s saying as a percentage? “Keeping the UK’s traffic lights running requires 11 MW of electricity, which is 0.03% of the UK’s electricity.” This would reveal how “huge” the power savings are.

Figure I.2 shows the powers of the UK’s 19 coal power stations.



Cars taken off the road

Some advertisements describe reductions in CO2 pollution in terms of the “equivalent number of cars taken off the road.” For example, Richard Branson says that if Virgin Trains’ Voyager fleet switched to 20% biodiesel – incidentally, don’t you feel it’s outrageous to call a train a “green biodieselpowered train” when it runs on 80% fossil fuels and just 20% biodiesel? – sorry, I got distracted. Richard Branson says that if Virgin Trains’ Voyager fleet switched to 20% biodiesel – I emphasize the “if” because people like Beardie are always getting media publicity for announcing that they are thinking of doing good things, but some of these fanfared initiatives are later quietly cancelled, such as the idea of towing aircraft around airports to make them greener – sorry, I got distracted again. Richard Branson says that if Virgin Trains’ Voyager fleet switched to 20% biodiesel, then there would be a reduction of 34 500 tons of CO2 per year, which is equivalent to “23 000 cars taken off the road.” This statement reveals the exchange rate:

“one car taken off the road” ↔︎ - 1.5 tons per year of CO2.



Calories

The calorie is annoying because the diet community call a kilocalorie a Calorie. 1 such food Calorie = 1000 calories.

2500 kcal = 3 kWh = 10 000 kJ = 10 MJ.



Barrels

An annoying unit loved by the oil community, along with the ton of oil. Why can’t they stick to one unit? A barrel of oil is 6.1 GJ or 1700 kWh.

Barrels are doubly annoying because there are multiple definitions of barrels, all having different volumes.

Here’s everything you need to know about barrels of oil. One barrel is 42 U.S. gallons, or 159 litres. One barrel of oil is 0.1364 tons of oil. One barrel of crude oil has an energy of 5.75 GJ. One barrel of oil weighs 136 kg. One ton of crude oil is 7.33 barrels and 42.1 GJ. The carbon-pollution rate of crude oil is 400 kg of CO2 per barrel. www.chemlink.com.au/conversions.htm. This means that when the price of oil is $100 per barrel, oil energy costs 6¢ per kWh. If there were a carbon tax of $250 per ton of CO2 on fossil fuels, that tax would increase the price of a barrel of oil by $100.



Gallons

The gallon would be a fine human-friendly unit, except the Yanks messed it up by defining the gallon differently from everyone else, as they did the pint and the quart. The US volumes are all roughly five-sixths of the correct volumes.

1 US gal = 3.785 l = 0.83 imperial gal. 1 imperial gal = 4.545 l.



Tons

Tons are annoying because there are short tons, long tons and metric tons. They are close enough that I don’t bother distinguishing between them. 1 short ton (2000 lb) = 907 kg; 1 long ton (2240 lb) = 1016 kg; 1 metric ton (or tonne) = 1000 kg.



BTU and quads

British thermal units are annoying because they are neither part of the Système International, nor are they of a useful size. Like the useless joule, they are too small, so you have to roll out silly prefixes like “quadrillion” (1015) to make practical use of them.

1 kJ is 0.947 BTU. 1 kWh is 3409 BTU.

A “quad” is 1 quadrillion BTU = 293 TWh.




Funny units


Cups of tea

Is this a way to make solar panels sound good? “Once all the 7 000 photovoltaic panels are in place, it is expected that the solar panels will create 180 000 units of renewable electricity each year – enough energy to make nine million cups of tea.” This announcement thus equates 1 kWh to 50 cups of tea.

As a unit of volume, 1 US cup (half a US pint) is officially 0.24 l; but a cup of tea or coffee is usually about 0.18 l. To raise 50 cups of water, at 0.18 l per cup, from 15 °C to 100 °C requires 1 kWh.

So “nine million cups of tea per year” is another way of saying “20 kW.”



Double-decker buses, Albert Halls and Wembley stadiums

“If everyone in the UK that could, installed cavity wall insulation, we could cut carbon dioxide emissions by a huge 7 million tons. That’s enough carbon dioxide to fill nearly 40 million double-decker buses or fill the new Wembley stadium 900 times!”

From which we learn the helpful fact that one Wembley is 44 000 double decker buses. Actually, Wembley’s bowl has a volume of 1 140 000 m3.




	mass of CO2
	↔︎
	volume



	2 kg CO2
	↔︎
	1 m3



	1 kg CO2
	↔︎
	500 litres



	44 g CO2
	↔︎
	2 litres



	2 g CO2
	↔︎
	1 litre





Table I.3. Volume-to-mass conversion.

[image: Figure I.4]

Figure I.4. A twenty-foot container (1 TEU).




	hectare
	=
	104 m2



	acre
	=
	4050 m2



	square mile
	=
	2.6 km2



	square foot
	=
	0.093 m2



	square yard
	=
	0.84 m2





Table I.5. Areas.

“If every household installed just one energy saving light bulb, there would be enough carbon dioxide saved to fill the Royal Albert Hall 1,980 times!” (An Albert Hall is 100 000 m3.)

Expressing amounts of CO2 by volume rather than mass is a great way to make them sound big. Should “1 kg of CO2 per day” sound too small, just say “200 000 litres of CO2 per year”!




More volumes

A container is 2.4 m wide by 2.6 m high by (6.1 or 12.2) metres long (for the TEU and FEU respectively).

One TEU is the size of a small 20-foot container – an interior volume of about 33 m3. Most containers you see today are 40-foot containers with a size of 2 TEU. A 40-foot container weighs 4 tons and can carry 26 tons of stuff; its volume is 67.5 m3.

A swimming pool has a volume of about 3000 m3.

One double decker bus has a volume of 100 m3.

One hot air balloon is 2500 m3.

The great pyramid at Giza has a volume of 2 500 000 cubic metres.



Areas

The area of the earth’s surface is 500 × 106 km2; the land area is 150 × 106 km2.

My typical British 3-bedroom house has a floor area of 88 m2. In the USA, the average size of a single-family house is 2330 square feet (216 m2).




	Land use
	area per person (m2)
	percentage





	– domestic buildings
	30
	1.1



	– domestic gardens
	114
	4.3



	– other buildings
	18
	0.66



	– roads
	60
	2.2



	– railways
	3.6
	0.13



	– paths
	2.9
	0.11



	– greenspace
	2335
	87.5



	– water
	69
	2.6



	– other land uses
	37
	1.4



	Total
	2670
	100





Table I.6. Land areas, in England, devoted to different uses. Source: Generalized Land Use Database Statistics for England 2005. [3b7zdf]



Powers




	1000 BTU per hour
	=
	0.3 kW
	=
	7 kWh/d



	1 horse power (1 hp or 1 cv or 1 ps)
	=
	0.75 kW
	=
	18 kWh/d



	
	
	1 kW
	=
	24 kWh/d








	1 therm
	=
	29.31 kWh



	1000 Btu
	=
	0.2931 kWh



	1 MJ
	=
	0.2778 kWh



	1 GJ
	=
	277.8 kWh



	1 toe (ton of oil equivalent)
	=
	11 630 kWh



	1 kcal
	=
	1.163 × 10-3 kWh








	1 kWh
	=
	0.03412
	3412
	3.6
	86 × 10-6
	859.7



	
	
	therms
	Btu
	MJ
	toe
	kcal





Box I.7. How other energy and power units relate to the kilowatt-hour and the kilowatt-hour per day.

If we add the suffix “e” to a power, this means that we’re explicitly talking about electrical power. So, for example, a power station’s output might be 1 GW(e), while it uses chemical power at a rate of 2.5 GW. Similarly the suffix “th” may be added to indicate that a quantity of energy is thermal energy. The same suffixes can be added to amounts of energy. “My house uses 2 kWh(e) of electricity per day.”

If we add a suffix “p” to a power, this indicates that it’s a “peak” power, or capacity. For example, 10 m2 of panels might have a power of 1 kWp.

1 kWh/d = 1/24 kW.

1 toe/y = 1.33 kW.

Petrol comes out of a petrol pump at about half a litre per second. So that’s 5 kWh per second, or 18 MW.

The power of a Formula One racing car is 560 kW.

UK electricity consumption is 17 kWh per day per person, or 42.5 GW per UK.

“One ton” of air-conditioning = 3.5 kW.


World power consumption

World power consumption is 15 TW. World electricity consumption is 2 TW.



Money

Added in the 2026 revision. This book is about Britain, so figures taken from foreign sources are given with a sterling equivalent alongside — the original first where it is the source’s own unit, the conversion in brackets. Mixed units are kept deliberately: a reader checking a figure against its source should find the number the source printed.

Conversions throughout this edition use approximate mid-2026 rates, rounded to two significant figures:




	
	to £1





	US dollar
	1.27



	Euro
	1.16



	Swedish krona
	12.2





These are working figures, not valuations. Currencies move by more than 10% in a year, and several of the numbers converted here are themselves ranges or single reported deals, so a conversion carrying more precision than the original would be false. Where a figure is a price — a cost per kilowatt, per tonne, per kilowatt-hour — the conversion is what matters to a British reader and is given. Where it is a citation, a company valuation or a historical American budget line, the original stands alone.



Useful conversion factors

To change TWh per year to GW, divide by 9.

1 kWh/d per person is the same as 2.5 GW per UK, or 22 TWh/y per UK

To change mpg (miles per UK gallon) to km per litre, divide by 3.

At room temperature, 1 kT = 1⁄40eV

At room temperature, 1 kT per molecule = 2.5 kJ/mol.




	Mode
	kWh/t-km





	inland water
	0.083



	rail
	0.083



	truck
	0.75



	air
	2.8



	oil pipeline
	0.056



	gas pipeline
	0.47



	int’l water container
	0.056



	int’l water bulk
	0.056



	int’l water tanker
	0.028





Table I.8. Energy intensity of transport modes in the USA. Source: Weber and Matthews (2008).



Meter reading

How to convert your gas-meter reading into kilowatt-hours:


	If the meter reads 100s of cubic feet, take the number of units used, and multiply by 32.32 to get the number of kWh.

	If the meter reads cubic metres, take the number of units used, and multiply by 11.42 to get the number of kWh.






Calorific values of fuels

Crude oil: 37 MJ/l; 10.3 kWh/l. Natural gas: 38 MJ/m3. (Methane has a density of 1.819 kg/m3.) 1 ton of coal: 29.3 GJ; 8000 kWh. Fusion energy of ordinary water: 1800 kWh per litre.

See also table 26.14, and table D.3.



Heat capacities

The heat capacity of air is 1 kJ/kg/°C, or 29 J/mol/°C. The density of air is 1.2 kg/m3. So the heat capacity of air per unit volume is 1.2 kJ/m3/°C.

Latent heat of vaporization of water: 2257.92 kJ/kg. Water vapour’s heat capacity: 1.87 kJ/kg/°C. Water’s heat capacity is 4.2 kJ/l/°C.

Steam’s density is 0.590 kg/m3.



Pressure

Atmospheric pressure: 1 bar ≅ 105 Pa (pascal). Pressure under 1000 m of water: 100 bar. Pressure under 3000 m of water: 300 bar.



Money

I assumed the following exchange rates when discussing money: €1 = $1.26; £1 = $1.85 ; $1 = $1.12 Canadian. These exchange rates were correct in mid-2006.



Greenhouse gas conversion factors




	France
	83



	Sweden
	87



	Canada
	220



	Austria
	250



	Belgium
	335



	European Union
	353



	Finland
	399



	Spain
	408



	Japan
	483



	Portugal
	525



	United Kingdom
	580



	Luxembourg
	590



	Germany
	601



	USA
	613



	Netherlands
	652



	Italy
	667



	Ireland
	784



	Greece
	864



	Denmark
	881





Figure I.9. Carbon intensity of electricity production (g CO2 per kWh of electricity).




	
Fuel type

	
emissions
 (g CO2 per kWh
 of chemical energy)






	
natural gas

	
190




	
refinery gas

	
200




	
ethane

	
200




	
LPG

	
210




	
jet kerosene

	
240




	
petrol

	
240




	
gas/diesel oil

	
250




	
heavy fuel oil

	
260




	
naptha

	
260




	
coking coal

	
300




	
coal

	
300




	
petroleum coke

	
340






Figure I.10. Emissions associated with fuel combustion. Source: DEFRA’s Environmental Reporting Guidelines for Company Reporting on Greenhouse Gas Emissions.

[image: Scatter of 180 countries, greenhouse-gas emissions per person against GDP per person on a logarithmic axis. Emissions rise with income but spread by a factor of eleven at any given income.]

Figure I.11. Greenhouse-gas emissions per person against GDP per person, at purchasing-power parity, for 2023. Squares show countries of “high human development,” circles those below it — MacKay’s convention, using the UNDP’s threshold of 0.8 on the Human Development Index. See also figures 30.1, 18.4 and 18.11. This figure and the next replace MacKay’s, which were drawn from the UNDP Human Development Report 2007.1

[image: The same 180 countries with energy per person on the horizontal axis, and two dashed lines showing what emissions would be if all energy came from coal or from gas.]

Figure I.12. Greenhouse-gas emissions per person against energy per person, for 2023. The dashed lines show what a person’s emissions would be if every kWh they used were coal, or were gas, at the intensities of figure I.10 above. The vertical scatter at any given energy use is the same point figure I.11 makes about income: what the energy is made of matters as much as how much of it there is.



Notes and further reading







Figures I.11 and I.12 are generated by the ghgScatter step in this edition’s data-refresh script, from three Our World in Data series joined on country and year: greenhouse-gas emissions per person including land use, the Human Development Index, and the GDP and total-energy-supply series that figure 18.11 uses, so the two chapters quote the same income figures rather than two that nearly agree. The year is 2023, the latest for which all four variables exist — the Human Development Index stops there, while energy and GDP run further. 180 countries carry all four, once Our World in Data’s own aggregates — the world, the EU-27 and the income groups, which carry entity codes just as countries do — are excluded, along with one country whose energy figure is recorded as a literal zero. Emissions are in tonnes of CO2 equivalent per person per year and include land use, which is why a few countries with little energy use still appear high. The threshold of 0.8 on the Human Development Index is the UNDP’s own boundary for “high human development” in the 2007 report MacKay drew on, kept here so the squares and circles mean what they meant in his figure. The two dashed lines in figure I.12 are the coal and gas intensities of figure I.10 above, 300 and 190 g CO2 per kWh of chemical energy, converted at 365 days to tonnes per year.
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J Populations and areas




Population densities

Figure J.1 shows the areas of various regions versus their populations. Diagonal lines on this diagram are lines of constant population density. Bangladesh, on the rightmost-but-one diagonal, has a population density of 1000 per square kilometre; India, England, the Netherlands, and Japan have population densities one third that: about 350 per km2. Many European countries have about 100 per km2. At the other extreme, Canada, Australia, and Libya have population densities of about 3 people per km2. The central diagonal line marks the population density of the world: 43 people per square kilometre. America is an average country from this point of view: the 48 contiguous states of the USA have the same population density as the world. Regions that are notably rich in area, and whose population density is below the average, include Russia, Canada, Latin America, Sudan, Algeria, and Saudi Arabia.

Of these large, area-rich countries, some that are close to Britain, and with whom Britain might therefore wish to be friendly, are Kazakhstan, Libya, Saudi Arabia, Algeria, and Sudan.

Updated to 2023 (this edition). Both tables below now carry MacKay’s 2005 populations beside current ones, and the densities are recomputed. Four of the sentences above have quietly stopped being true. The world’s population density is no longer 43 per km2 but 55, because the population went from 6.44 to 8.09 billion on a fixed amount of land. Bangladesh is no longer at 1000 per km2 but 1190. The group MacKay put together at “about 350” has come apart: England is now 444, India 438 and the Netherlands 436, while Japan has fallen to 330, because Japan’s population is shrinking and the others’ are not. And America is no longer the average country: the contiguous states sit at 42 per km2 against a world at 55, so the United States has become distinctly roomier than the world it used to match. Africa carries most of the change on its own, from 26 people per km2 to 49, a population that nearly doubled in eighteen years.

The land areas have not moved, which is the point of putting them in a table with populations. Every one of these shifts is a numerator.

[image: Figure J.1]

Figure J.1. Populations and areas of countries and regions of the world. Both scales are logarithmic. Each sloping line identifies a population density; countries with highest population density are towards the lower right, and lower population densities are towards the upper left. These data are provided in tabular form below.

[image: Populations and areas of the countries and regions of the world in 2023, on logarithmic scales. Diagonals mark constant population density; the world's own diagonal, drawn dashed, now runs at 55 people per square kilometre. Continents and the world are marked separately from countries.]

Figure J.1a. Redrawn for this edition. The same plot from the 2023 data in table J.5, on the same logarithmic scales and with the same organising device. The dashed line is the world’s own density, which has moved from 43 people per km2 to 55 since MacKay drew figure J.1. Our World in Data keeps this quantity current at ourworldindata.org/grapher/population-density.

[image: Figure J.2]

Figure J.2. Populations and areas of countries and regions of the world. Both scales are logarithmic. Sloping lines are lines of constant population density. This figure shows detail from figure J.1 (p338). These data are provided in tabular form below.

[image: Detail of the previous figure, covering land areas from 20 000 to 30 million square kilometres and populations from one million to three billion, with about thirty countries labelled.]

Figure J.2a. Redrawn for this edition. The detail view, on 2023 data, covering the crowded middle of figure J.1a where most countries sit.












	Region
	Population (2005)
	Population (2023)
	Land area (km²)
	People per km² (2023)
	Area each (m², 2023)





	World
	6 440 000 000
	8 090 000 000
	148 000 000
	55
	18 300



	Asia
	3 670 000 000
	4 780 000 000
	44 500 000
	107
	9 320



	Africa
	778 000 000
	1 480 000 000
	30 000 000
	49
	20 300



	Europe
	732 000 000
	747 000 000
	9 930 000
	75
	13 300



	North America
	483 000 000
	609 000 000
	24 200 000
	25
	39 800



	Latin America
	342 000 000
	433 000 000
	17 800 000
	24
	41 100



	Oceania
	31 000 000
	45 600 000
	7 680 000
	5.9
	169 000



	Antarctica
	4 000
	—
	13 200 000
	—
	—





Table J.3. Population densities of the continents. These data are displayed graphically in figures J.1 and J.2. MacKay’s populations are from 2005; the 2023 column and the densities computed from it were added in this edition, from the UN World Population Prospects via Our World in Data. Land areas are MacKay’s. “Latin America” here is South America, which is how MacKay’s areas divide the continent; Antarctica has no permanent population to speak of.

[image: Figure J.4]

Figure J.4. Populations and areas of the States of America and regions around Europe.

[image: The American states and the countries of Europe plotted on logarithmic axes of population against land area, with diagonals of constant population density. European countries sit above American states of the same size.]

Figure J.4a. Redrawn for this edition. Table J.5 carries no state-level rows, so the American data here is fetched separately: population estimates for 2024 and land areas from the Census Bureau’s gazetteer, against the European countries from table J.5. The comparison MacKay drew survives intact — Europe is the denser continent, its countries sitting consistently above American states of the same area, and no state comes close to England or the Netherlands. California has roughly the population of Poland on two-thirds of the land, and Alaska, at 0.5 people per km2, is emptier than anything in Europe — about seven times sparser than Iceland.



The table of regions












	Region
	Population (2005)
	Population (2023)
	Land area (km²)
	People per km² (2023)
	Area each (m², 2023)





	Afghanistan
	29 900 000
	41 500 000
	647 000
	64
	15 600



	Africa
	778 000 000
	1 480 000 000
	30 000 000
	49
	20 300



	Alaska
	655 000
	733 000
	1 480 000
	0.5
	2 020 000



	Albania
	3 560 000
	2 810 000
	28 700
	98
	10 200



	Algeria
	32 500 000
	46 200 000
	2 380 000
	19
	51 600



	Angola
	11 100 000
	36 700 000
	1 240 000
	30
	33 700



	Antarctica
	4 000
	—
	13 200 000
	—
	—



	Argentina
	39 500 000
	45 500 000
	2 760 000
	16
	60 600



	Asia
	3 670 000 000
	4 780 000 000
	44 500 000
	107
	9 320



	Australia
	20 000 000
	26 500 000
	7 680 000
	3.4
	290 000



	Austria
	8 180 000
	9 130 000
	83 800
	109
	9 180



	Bangladesh
	144 000 000
	171 000 000
	144 000
	1 190
	840



	Belarus
	10 300 000
	9 120 000
	207 000
	44
	22 700



	Belgium
	10 000 000
	11 700 000
	31 000
	378
	2 650



	Bolivia
	8 850 000
	12 200 000
	1 090 000
	11
	89 000



	Bosnia & Herzegovina
	4 020 000
	3 190 000
	51 100
	62
	16 000



	Botswana
	1 640 000
	2 480 000
	600 000
	4.1
	242 000



	Brazil
	186 000 000
	211 000 000
	8 510 000
	25
	40 300



	Bulgaria
	7 450 000
	6 800 000
	110 000
	62
	16 200



	CAR
	3 790 000
	5 150 000
	622 000
	8.3
	121 000



	Canada
	32 800 000
	39 300 000
	9 980 000
	3.9
	254 000



	Chad
	9 820 000
	19 300 000
	1 280 000
	15
	66 300



	Chile
	16 100 000
	19 700 000
	756 000
	26
	38 500



	China
	1 300 000 000
	1 420 000 000
	9 590 000
	148
	6 740



	Colombia
	42 900 000
	52 300 000
	1 130 000
	46
	21 600



	Croatia
	4 490 000
	3 900 000
	56 500
	69
	14 500



	Czech Republic
	10 200 000
	10 800 000
	78 800
	137
	7 290



	DRC
	60 000 000
	106 000 000
	2 340 000
	45
	22 100



	Denmark
	5 430 000
	5 950 000
	43 000
	138
	7 230



	Egypt
	77 500 000
	115 000 000
	1 000 000
	115
	8 730



	England
	49 600 000
	57 700 000
	130 000
	444
	2 250



	Estonia
	1 330 000
	1 370 000
	45 200
	30
	33 100



	Ethiopia
	73 000 000
	129 000 000
	1 120 000
	115
	8 700



	Europe
	732 000 000
	747 000 000
	9 930 000
	75
	13 300



	European Union
	496 000 000
	451 000 000
	4 330 000
	104
	9 610



	Finland
	5 220 000
	5 600 000
	338 000
	17
	60 300



	France
	60 600 000
	66 400 000
	547 000
	121
	8 230



	Gaza Strip
	1 370 000
	—
	360
	—
	—



	Germany
	82 400 000
	84 500 000
	357 000
	237
	4 220



	Greece
	10 600 000
	10 200 000
	131 000
	78
	12 800



	Greenland
	56 300
	56 000
	2 160 000
	0.026
	38 600 000



	Hong Kong
	6 890 000
	7 440 000
	1 090
	6 830
	146



	Hungary
	10 000 000
	9 690 000
	93 000
	104
	9 600



	Iceland
	296 000
	388 000
	103 000
	3.8
	266 000



	India
	1 080 000 000
	1 440 000 000
	3 280 000
	438
	2 280



	Indonesia
	241 000 000
	281 000 000
	1 910 000
	147
	6 790



	Iran
	68 000 000
	90 600 000
	1 640 000
	55
	18 100



	Ireland
	4 010 000
	5 200 000
	70 200
	74
	13 500



	Italy
	58 100 000
	59 500 000
	301 000
	198
	5 060



	Japan
	127 000 000
	124 000 000
	377 000
	330
	3 030



	Kazakhstan
	15 100 000
	20 300 000
	2 710 000
	7.5
	133 000



	Kenya
	33 800 000
	55 300 000
	582 000
	95
	10 500



	Latin America
	342 000 000
	659 000 000
	17 800 000
	37
	27 000



	Latvia
	2 290 000
	1 880 000
	64 500
	29
	34 300



	Libya
	5 760 000
	7 310 000
	1 750 000
	4.2
	240 000



	Lithuania
	3 590 000
	2 850 000
	65 200
	44
	22 800



	Madagascar
	18 000 000
	31 200 000
	587 000
	53
	18 800



	Mali
	12 200 000
	23 800 000
	1 240 000
	19
	52 200



	Malta
	398 000
	533 000
	316
	1 690
	593



	Mauritania
	3 080 000
	5 020 000
	1 030 000
	4.9
	205 000



	Mexico
	106 000 000
	130 000 000
	1 970 000
	66
	15 200



	Moldova
	4 450 000
	3 070 000
	33 800
	91
	11 000



	Mongolia
	2 790 000
	3 430 000
	1 560 000
	2.2
	455 000



	Mozambique
	19 400 000
	33 600 000
	801 000
	42
	23 800



	Myanmar
	42 900 000
	54 100 000
	678 000
	80
	12 500



	Namibia
	2 030 000
	2 960 000
	825 000
	3.6
	278 000



	Netherlands
	16 400 000
	18 100 000
	41 500
	436
	2 290



	New Zealand
	4 030 000
	5 170 000
	268 000
	19
	51 800



	Niger
	11 600 000
	26 200 000
	1 260 000
	21
	48 200



	Nigeria
	128 000 000
	228 000 000
	923 000
	247
	4 050



	North America
	483 000 000
	609 000 000
	24 200 000
	25
	39 800



	Norway
	4 593 000
	5 520 000
	324 000
	17
	58 700



	Oceania
	31 000 000
	45 600 000
	7 680 000
	5.9
	169 000



	Pakistan
	162 000 000
	248 000 000
	803 000
	308
	3 240



	Peru
	27 900 000
	33 800 000
	1 280 000
	26
	37 800



	Philippines
	87 800 000
	115 000 000
	300 000
	383
	2 610



	Poland
	39 000 000
	38 800 000
	313 000
	124
	8 070



	Portugal
	10 500 000
	10 400 000
	92 300
	113
	8 850



	Republic of Macedonia
	2 040 000
	1 830 000
	25 300
	72
	13 800



	Romania
	22 300 000
	19 100 000
	237 000
	81
	12 400



	Russia
	143 000 000
	145 000 000
	17 000 000
	8.6
	117 000



	Saudi Arabia
	26 400 000
	33 300 000
	1 960 000
	17
	58 900



	Scotland
	5 050 000
	5 490 000
	78 700
	70
	14 300



	Serbia & Montenegro
	10 800 000
	7 410 000
	102 000
	73
	13 800



	Singapore
	4 420 000
	5 790 000
	693
	8 350
	120



	Slovakia
	5 430 000
	5 520 000
	48 800
	113
	8 840



	Slovenia
	2 010 000
	2 120 000
	20 200
	105
	9 540



	Somalia
	8 590 000
	18 400 000
	637 000
	29
	34 700



	South Africa
	44 300 000
	63 200 000
	1 210 000
	52
	19 100



	South Korea
	48 400 000
	51 700 000
	98 400
	526
	1 900



	Spain
	40 300 000
	47 900 000
	504 000
	95
	10 500



	Sudan
	40 100 000
	50 000 000
	2 500 000
	20
	50 000



	Suriname
	438 000
	629 000
	163 000
	3.9
	259 000



	Sweden
	9 000 000
	10 600 000
	449 000
	23
	42 600



	Switzerland
	7 480 000
	8 870 000
	41 200
	215
	4 640



	Taiwan
	22 800 000
	23 300 000
	35 900
	650
	1 540



	Tanzania
	36 700 000
	66 600 000
	945 000
	70
	14 200



	Thailand
	65 400 000
	71 700 000
	514 000
	139
	7 170



	Turkey
	69 600 000
	87 300 000
	780 000
	112
	8 940



	Ukraine
	47 400 000
	37 700 000
	603 000
	63
	16 000



	United Kingdom
	59 500 000
	68 700 000
	244 000
	281
	3 550



	USA (ex. Alaska)
	295 000 000
	343 000 000
	8 150 000
	42
	23 800



	Venezuela
	25 300 000
	28 300 000
	912 000
	31
	32 200



	Vietnam
	83 500 000
	100 000 000
	329 000
	305
	3 280



	Wales
	2 910 000
	3 160 000
	20 700
	153
	6 540



	Western Sahara
	273 000
	580 000
	266 000
	2.2
	459 000



	World
	6 440 000 000
	8 090 000 000
	148 000 000
	55
	18 300



	Yemen
	20 700 000
	39 400 000
	527 000
	75
	13 400



	Zambia
	11 200 000
	20 700 000
	752 000
	28
	36 300





Table J.5. Regions and their population densities. Populations above 50 million and areas greater than 5 million km2 are highlighted. These data are displayed graphically in figure J.1 (p338). MacKay’s populations are from 2005; the 2023 column and the densities computed from it were added in this edition. Country and continent figures are UN World Population Prospects via Our World in Data; England, Scotland and Wales are ONS mid-2023 estimates; Alaska is taken as 0.73 million, and “USA (ex. Alaska)” is the United States less that. Two rows carry no current figure: Antarctica, which has no permanent population, and the Gaza Strip, where no reliable current estimate exists. Three of MacKay’s regions no longer exist as he named them: Serbia & Montenegro separated in 2006 and is given here as the two states summed, the Republic of Macedonia is now North Macedonia, and the European Union has lost the United Kingdom and gained Croatia since 2005, so its two columns are not the same union.
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K UK energy history

Editor’s note (2026 revision): MacKay’s original figures in this chapter run to about 2008. The chart below extends the picture to 2024, regenerated by this edition’s data-refresh script from Our World in Data (Energy Institute). It is not in MacKay’s original.

[image: UK primary energy consumption by source, 1965 to 2024 (TWh per year). Coal, the dominant fuel in the 1960s, has fallen close to zero; oil and gas remain large; renewables have grown sharply since 2010. Total primary energy peaked around 2005 and has fallen since.]




	Primary fuel
	kWh/d/p
	kWh(e)/d/p





	Oil
	43
	



	Natural gas
	47
	



	Coal
	20
	



	Nuclear
	9
	3.4



	Hydro
	0.2
	



	Other renewables
	0.8
	





Table K.1. Breakdown of primary energy sources in the UK (2004–2006). The nuclear row shows both primary heat (9) and the electricity it produces (3.4).

[image: Figure K.2]

Figure K.2. Left: UK net electricity supplied, by source, in kWh per day per person. (Another 0.9 kWh/d/p is generated and used by the generators themselves.) Right: the energy gap created by UK power station closures, as projected by energy company EdF. This graph shows the predicted capacity of nuclear, coal, and oil power stations, in kilowatt-hours per day per person. The capacity is the maximum deliverable power of a source.

[image: ]

Figure K.3. Electricity demand in Great Britain (in kWh/d per person) during two winter weeks of 2006. The peaks in January are at 6pm each day. (If you’d like to obtain the national demand in GW, the top of the scale, 24 kWh/d per person, is the same as 60 GW per UK.)

A recent equivalent (this edition): the same daily rhythm, overnight lows near 24 GW and evening peaks around 42 GW, weekdays higher than the weekend. Peak demand now runs well below MacKay’s era, whose scale topped out at 60 GW, because efficiency has cut it even as population and the economy grew.

[image: GB electricity demand over a winter week, 13 to 19 January 2025 (national demand in GW). The overnight low, morning rise and evening peak repeat each day; weekday peaks run higher than the weekend.]




	
	2006
	2007





	“Primary units” (the first 2 kWh/d)
	10.73 p/kWh
	17.43 p/kWh



	“Secondary units” (the rest)
	8.13 p/kWh
	9.70 p/kWh





Table K.4. Domestic electricity charges (2006, 2007) for Powergen customers in Cambridge, including tax.

[image: Figure K.7]

Figure K.7. UK production and imports of coal, and UK consumption of gas. Powers are expressed “per person” by dividing each power by 60 million.

Updated to 2024 (this edition): coal consumption has fallen from about 1,365 TWh in 1965 to near zero, while gas rose through the 1990s “dash for gas” and has declined since its mid-2000s peak. The two crossed over in the mid-1990s.

[image: UK coal and gas consumption, 1965 to 2024 (TWh per year). Coal declines steadily, dips at the 1984 miners' strike, and collapses after 2012; gas rises through the 1990s and falls back from its mid-2000s peak.]

[image: Figure K.5]

Figure K.5. History of UK production of electricity, hydroelectricity, and nuclear electricity. Powers are expressed “per person” by dividing each power by 60 million.

Updated to 2025 (this edition), by source and in MacKay’s kWh/d/p units, but dividing by the actual UK population each year rather than a fixed 60 million. Coal, which supplied about 10 kWh/d/p in the 1980s, is now near zero; wind has risen to about 3.4, close to gas.

[image: UK electricity generation per person, 1985 to 2025 (kWh per day per person). Coal's collapse and wind's rise are the two large movements; gas peaked in the 2000s and nuclear has drifted down.]

[image: Figure K.6]

Figure K.6. History of UK use of fossil fuels for electricity production. Powers are expressed “per person” by dividing each power by 60 million.
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L The world in 2025

A chapter added in the 2026 revision. MacKay wrote in 2008 with 2005 numbers. What follows is the same kind of stock-taking for the most recent complete year, computed from the Energy Institute’s Statistical Review of World Energy — the annual compilation BP published for seventy years, and which the Energy Institute, with Ember, has published since 2023.1

The world used 600.3 EJ of primary energy in 2025, against 592.2 EJ in 2024: a rise of 8.1 EJ, or 1.4%. Divided by 8.09 billion people and by 365 days, that is 55 kWh per day per person averaged over everyone alive.

Before going further, it is worth checking this book’s own arithmetic against the same source, because MacKay built his numbers from the bottom up and the Energy Institute builds them from the top down. He put a British person’s consumption at 125 kWh/d and an American’s at 250. The Energy Institute’s per-capita series gives the United Kingdom 123 kWh/d in 2005, the year his data came from, and puts the American peak at 256 kWh/d in 2000. Two independent methods agreeing to within two per cent is the strongest endorsement of his method in this book, and it was not available to him.

[image: Energy supply per person from 1965 to 2025, in kWh per day per person. The US runs near 200, having peaked around 256 in 2000. Sweden falls from about 200 in the 1980s to 118. The United Kingdom falls from 130 in 1973 to 69. China rises from under 6 to 87, passing Europe in 2023. India reaches 20 and Africa 11. The world average rises from 34 to 55.]

Figure L.1. Energy supply per person, in the units of this book. The dashed line is the world average.

That figure shows eight series because eight is as many as a printed page can carry. The Statistical Review has 103, so the same data is below as something the reader can query directly. It runs DuckDB compiled to WebAssembly, inside the browser: the Parquet file is fetched once and every query after that is executed locally, with nothing sent anywhere. The SQL is editable, so any question this chapter does not answer can be asked of the same numbers.
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M Energy return on investment

A chapter added in the 2026 revision. Chapter 3 asks a question and then declines to answer it properly:


What about the energy-cost of producing the car’s fuel?

Good point. When I estimate the energy consumed by a particular activity, I tend to choose a fairly tight “boundary” around the activity. […] It’s been estimated that making each unit of petrol requires an input of 1.4 units of oil and other primary fuels.



That is the honest admission of a book built on tight boundaries, and it points at a whole literature. This chapter is that literature’s technical partner, in the same way that chapter A partners chapter 3 and chapter C partners chapter 5. It turns out that MacKay’s instinct — that the boundary is where the difficulty lives — is exactly right, and that the field spent two decades discovering it.


The measure

Energy return on investment is the ratio of energy delivered to energy spent getting it:

EROI=energy deliveredenergy required to deliver it
\text{EROI} = \frac{\text{energy delivered}}{\text{energy required to deliver it}}


Below 1 the thing is not an energy source at all. The concept was made quantitative by Charles Hall in the 1970s and reached a wide audience through a paper in Science in 1984.

The attraction is obvious. A society does not run on the energy it extracts; it runs on what is left after extraction has taken its cut. MacKay’s stacks count gross energy at a tight boundary, and EROI is the correction that boundary omits.

The difficulty is that published EROI values for the same fuel differ by more than an order of magnitude, and the differences are mostly not measurement error. They are boundary choices, of two distinct kinds.



The first boundary: where the fuel gets used

Most quoted EROI figures are measured at the point of extraction — at the wellhead or the pithead. But nobody burns crude oil. Between the wellhead and the tank sit transmission, refining and distribution, each of which costs energy, and the fuel that finally does work is a fraction of what came out of the ground.

Hall, Balogh and Murphy put numbers on that for American oil, and their cascade is the clearest picture in this literature of what a boundary actually does.

[image: A Sankey diagram of 100 units of crude oil in the ground. Ten units are spent on extraction leaving 90, ten on running the refinery leaving 80, seventeen leave as the part of the barrel that never becomes fuel leaving 63, three move the fuel to where it is burned leaving 60, and twenty-four build and maintain the roads it drives on, leaving 36 units still doing work. Three nested brackets mark the boundaries: EROI at the wellhead covers extraction alone, EROI at the petrol tank covers the first four steps, and EROI where the work happens covers all five.]

Figure M.1. Added in the 2026 revision. What a hundred units of crude oil are worth by the time a car moves, computed from Hall, Balogh and Murphy’s own percentages. Each brace is one of the boundaries this chapter is about.1

Read the brackets rather than the bars. The paper’s starting point is American oil returning about ten units at the wellhead for every one spent getting it out. Move the line to the petrol tank and forty of the hundred units are gone — ten to extraction, ten to running the refinery, seventeen to the part of the barrel that never becomes motor fuel, three to moving it — and the ratio is scaled down by that same forty per cent, to six. Move it to where the service actually happens, add the twenty-four units that build and maintain the roads, and sixty-four per cent of the barrel has been spent: the ratio falls to about three and a half.

Note that this scaling is not the same operation as reading the ratio off the picture. The thirty-six units left at the end say that delivering one unit of service takes roughly three units of crude — 100 divided by 36 — and that is the sentence the paper is known for: the minimum EROI is about 3:1. The two arrive at almost the same number here, which is lucky rather than necessary, and this edition says which is which because the difference between them is exactly the kind of thing this chapter is about.

Nothing about the oil changed between those three answers. Only the question did.

Murphy, Raugei, Carbajales-Dale and Rubio Estrada argue that this makes almost every published comparison invalid, and they demonstrate why with three hypothetical resources:2




	Resource
	EROI at point of extraction
	EROI at point of use





	PES1
	100
	10



	PES2
	50
	9.1



	PES3
	25
	7.7





A resource that looks four times better than another at the wellhead is 30% better at the tank. Once the downstream stages dominate, the headline number stops carrying information. This is precisely MacKay’s query, stated as a general result: the energy cost of producing the fuel is not a small correction, it is most of the answer.



The second boundary: what scale you measure at

Michael Carbajales-Dale identified a different trap, and it is not widely understood.3 Two quantities are routinely both called EROI. The first is a facility ratio: energy a plant delivers over its life, divided by the energy to build and run it. The second is an industry ratio: energy delivered by a sector this year, divided by energy invested in that sector this year. He proposes calling the second power return on investment, PROI.

His example should be read twice. In 2018 onshore wind had a facility-scale EROI of over 70. The same technology as a growing global industry had a PROI of about 25. Nothing about the turbines differed. The ratio was depressed purely because the industry was expanding, so much of that year’s investment sat in machines not yet generating. The two converge only as growth approaches zero.

The consequence is uncomfortable for anyone quoting these numbers in an argument. Industry-scale net-energy accounting penalises fast-growing sectors and flatters stagnant ones.



Harmonised values

With both corrections applied — everything measured at point of use, on a common method — the ordering is not the one the older literature reports.




	Fuel or source
	EROI at point of use





	Photovoltaics, wind, hydropower
	at or above 10



	Hard coal
	8.8



	Natural gas
	~5.6 or below



	Petroleum oil (median)
	4.2



	Biodiesel, bioethanol, oil-sands petrol
	below 5



	Wood pellets
	1.6





Two entries deserve a note. Locally-sourced woodchips come out at 32, but only because that particular supply chain is short and simple; wood pellets, which need drying and pressing, manage 1.6, and the authors warn against reading the first as representative of biomass generally. And maize bioethanol reaches at best 1.6 — a fuel that barely returns the energy put into it.

The headline result is that oil is below ten and renewable electricity is above it. That reverses the comparison the peak-oil literature was built on, and it does so not by discovering anything new about turbines but by measuring oil where it is actually used rather than where it comes out of the ground.

The authors note the associated rule of thumb, the net energy cliff: at an EROI of 10, 90% of the delivered energy is net. Below that the fraction falls away sharply, which is why the region between about 10 and 1 matters so much more than the difference between 50 and 100.



What storage does to the answer

Renewables are variable, so a fair comparison should include the storage or overbuild that makes them dispatchable. Graham Palmer set out a framework for this, building on energy stored on invested — the electricity a storage device handles over its life against the energy embodied in building it — and computing a system ratio whose denominator carries both generators and storage.4

His finding is a shape rather than a number, and it is the important one: storage and overbuild show marked diminishing returns as the share of variable generation rises. The first units of storage buy a great deal of usable energy; later units buy less, because they cycle less often. So “what is the EROI of wind?” has no single answer even in principle. It depends on how much wind is already there.



Societal EROI, and the threshold argument

The most consequential claim in this literature is that a society needs a minimum EROI to function. Hall and colleagues put the floor for a fuel at about 3:1 in 2009, and the figure has been repeated ever since.

It can now be checked against an estimate of the thing itself. Dupont, Germain and Jeanmart modelled the world economy as two sectors — energy, and everything else — and obtained for 2018 a gross societal EROI of 9.4 and a net of 8.5; an earlier estimate put 2015 at 12.5 Set those against the thresholds on offer:









	Threshold proposed
	Value
	For what





	Hall et al. (2009)
	~3
	bare minimum for a fuel



	MEDEAS model
	~5
	below this the energy sector’s capital needs overwhelm the economy



	Court and Fizaine (2016)
	11
	to maintain economic growth



	Observed in high-HDI countries
	above 20
	associated with high human development





The world’s estimated societal EROI, 8.5 to 12, sits above the first two and below the last two. So “are we near the minimum?” has no answer until one says which minimum, and the candidates span the estimate. Court’s own reconstruction has the minimum sustainable societal EROI itself falling — from just over 20 in 1900 to around 6 since the 1970s — because an economy that has built its infrastructure needs less surplus to maintain it than one building it. A threshold that moves with the thing it measures is not much of a threshold.

What survives is a number worth more than any of them. Only 39% of the final energy the world produces reaches consumption and growth at all. The other 61% is consumed inside the economy that produces it — 11% by the energy sector, and fully 50% by the rest of the economy as intermediate and capital consumption. The authors report this split is insensitive to their model’s assumptions.

That is the real content of the net-energy argument, and it needs no threshold to be right. When this book adds up 125 kWh per day per person, the share reaching anything a person would recognise as a benefit is a good deal smaller than the total suggests.



Back to the car

MacKay’s figure can now be placed. Treloar’s estimate that each unit of petrol requires 1.4 units of oil and other primary fuels is a well-to-tank ratio, and the harmonised work above puts petrol’s point-of-use EROI at about 4.2 — meaning roughly a quarter of the energy mobilised to deliver a litre of petrol is spent delivering it.

So the 40 kWh per day in chapter 3 understates the primary energy behind the driving substantially. And the correction does not apply equally to the electric replacement, whose chain runs through generation rather than refining, and whose upstream sources — wind, PV, hydro — sit above 10 on the same harmonised basis where oil sits at 4.2.

Chapter 15 found the electric car about twice as good as the petrol one once manufacturing was counted. On a point-of-use net-energy basis the gap is wider than that, and for a reason MacKay’s method could not see: not because the electric car is better engineered, but because the fuel it does not burn is expensive to make.



The same disease in a different metric: levelised cost

Added in the 2026 revision. Everything above is about energy accounting. There is a money metric with the same structure and, it turns out, the same disease. Levelised cost of energy is the discounted lifetime cost of a plant divided by its discounted lifetime output, and it is the number that decides policy: it is what gets quoted when someone says solar is now the cheapest electricity in history. Chapter 28a uses it.

A 2025 review in Energy Research & Social Science takes the formula apart, and its diagnosis is the one this chapter has been making. The formula is “deceptively simple” — simple enough that the caveats disappear into it, and the caveats are where the answer lives. Four boundary choices do most of the work.6

The first is asset or system. An asset-level LCOE counts what happens inside the fence: capital, fuel, operations, output. It excludes the balancing and backup capacity that a variable source needs, the curtailment it suffers when the grid cannot take its output, and — this is the one usually missed — the capacity utilisation it takes away from the dispatchable plant that has to stay available for it. Those are real costs incurred by the system on the variable source’s account. The review’s first requirement is blunt: decide whether you are computing an asset metric or a system metric, and if it is an asset metric, do not compare technologies with it. It then observes that not one of the reputable organisations it surveys resists that temptation.

The second is using one discount rate and one lifespan for everything. The convention is to use a common discount rate across technologies and a horizon set by the shortest-lived asset in the comparison. Both choices have a direction. Truncating the horizon charges a long-lived asset its whole capital cost while counting only part of its output, so the convention systematically favours short-lived assets over long-lived ones — wind and solar over nuclear and hydro, on an assumption most readers of the resulting table would not know had been made. And a single discount rate ignores that different technologies are funded by different investors at genuinely different costs of capital.

The third is nameplate against maximum practical capacity. Capacity that cannot actually be used has no economic value, but it sits in the denominator lowering the cost per megawatt-hour.

The fourth is residual costs. What happens after the horizon ends — decommissioning, replacement, the long tail — falls outside the sum.

The paper works a case: Bessakerfjellet, a 57.5 MW onshore wind farm in Norway, costed on IEA figures, with gas balancing because gas is what actually balances renewables in 26 OECD countries. Committing the farm to firm delivery and minimising total cost turns out to mean committing only 45% of installed capacity — which, as the author puts it, effectively turns a 57.5 MW installation into a 25.9 MW one. On that basis the levelised cost comes out 19% above the asset figure deterministically, 34% above once the uncertainties are carried through a Monte Carlo, and — if the model is instead run at nameplate capacity — the system cost reaches up to 3.5 times the asset LCOE.

His conclusion is that no organisation he surveyed publishes an LCOE that is true to the total cost of an energy source, and — importantly — that the metric should be repaired rather than abandoned, because a system LCOE is computable without becoming impossibly technical.

Now the part this chapter is obliged to add. The author has a stated position: he has published several papers arguing that wind balanced by fossil generation is not sustainable, and this review is continuous with that work. That does not make the structural critique wrong — the distinction between asset and system cost is mainstream, and the point that a common discount rate and a truncated horizon are not neutral choices is simply true. But the 3.5 figure is his own case study with his own boundary, and that boundary is a strong one: it charges a single wind farm the full cost of firming itself to a dispatchable standard with dedicated gas, where a system operator balances across a whole fleet and a whole market and never firms one asset in isolation.

Which is exactly the point. A critique of a boundary-dependent metric is itself boundary-dependent. The lesson is not that wind costs 3.5 times what IRENA says; it is that both the low number and the high one are answers to questions that have not been stated.

The consequence for this edition is worked out where it belongs, in chapter 28a. That chapter’s central figure sets levelised costs against the price each technology’s output actually realised on the market — and a capture price is a system quantity while a levelised cost is an asset quantity, so the two sides of that comparison sit on different boundaries. Which side that flatters, and by how much, is a question for the chapter that draws the chart. It is asked there.



The same boundary, now inside a price

Added in the 2026 revision. The section above ends by saying that both the low levelised cost and the high one are answers to questions nobody stated. The same author’s follow-up, published in the same journal in October 2026, asks what happens when a whole market is built on the unstated question — when the boundary is not a line in a spreadsheet but the price itself.7

The argument starts in commodity trading rather than in energy. A futures market needs uniform quality grades; that is what makes a contract fungible, and it is why wheat is sold by grade and not merely by the tonne. Electricity wholesale markets grade nothing. A kilowatt-hour clears at the marginal price whatever its reliability, availability and maintainability, so a kilowatt-hour that arrives when the system needs it and one that arrives when the weather allows it are traded as the same good at the same price. When two things of unequal quality circulate at a single nominal value, the inferior drives out the superior. That is Gresham’s Law, formulated for coin, and the paper’s contribution is to apply it here.

What the analogy predicts is observable. Dispatchable plant loses on price and leaves; the system still needs it; so it is paid to stay, and a capacity market is what that payment is called. Emblemsvåg reads Britain’s capacity market, Europe’s oldest, as the measurement: payments rose from £118 million in 2017 to £1431 million in 2025, more than twelvefold, while contracted capacity stayed near 50 GW against a total British capacity of 107.5 GW. Set that beside European support to variable renewables of some €80–90 billion a year and both ends of the merit order are now paid from outside the market. His reading is that the subsidy is the evidence that the price is wrong, not evidence that anyone is cheating, and that what the arrangement violates is cost causation — the principle that costs should fall on whoever causes them.

The empirical support for the price half of this is the weakest part of the paper, and it is worth being exact about why. A regression of 2024 retail electricity prices on the variable-renewable share across forty-two countries returns a coefficient of determination of 11% at a p-value of 3.1%, on which the paper comments that it is “beyond doubt that total electricity costs rise as the share of VRE increases over time”. It is not. An R² of 11% across national retail prices that the author himself says are not strictly comparable between countries — different tax treatments, different consumer classes, different pricing structures — establishes a tendency, not a certainty. The better evidence is in the same section and is made less of: Ireland is a synchronous grid that must balance itself, has only a 5% interconnection to Britain, and there a quarterly regression from 2010 to mid-2025 reaches an R² of 65 to 67%. Where a grid cannot export its balancing problem, the relationship is strong. Where it can, it is weak, which is itself the paper’s point and would have been the better way to make it.

There is also a finding running the other way, and to his credit it is quoted rather than buried: the International Monetary Fund reports that a one-percentage-point rise in renewable share is associated with a 0.6% fall in wholesale prices. The reconciliation offered is that the system costs sit between the wholesale price and the retail one, and have grown — visible in rising taxes and levies. Note what that reconciliation is. It is this chapter’s argument exactly: two true statements about the same system, pointing opposite ways, because one is measured inside the fence and one outside it.

Then the harder half of the paper, which is not about money at all. European operational security rests on the N-1 criterion, that the system must survive the loss of any single component, and the probability assessments being built to supplement it assume events that are countable and independent. A fleet of thousands of small weather-coupled generators supplies neither. The variance of a sum carries a covariance term, the covariance is driven by common weather, and the paper’s illustration measures it: in Norway’s NO4 price area the two most distant wind farms are about 900 km apart — roughly the span of Germany from north to south — and the pairwise correlations between their hourly outputs are never negative, and the highest of them above 95%. Running the area’s own plant statistics through a Monte Carlo model, treating the plants as independent overstates expected annual production by about 30%.

So geographical spread buys less than the arithmetic of independence suggests, and the residual is not noise but weather. Hourly swings of 200 to 300 MWh/h, a quarter to a third of installed capacity, are common in that area, and across the whole of Norway in 2022 the minimum hourly wind output was zero in every price area except the northernmost. A system of many small low-availability machines coupled by the atmosphere is not a probabilistic system with more components in it. It is a different kind of system, and the paper’s claim is that the risk assessment being built for it will produce numbers that cannot be acted on in the seconds available.

The Iberian blackout of 28 April 2025 is offered as the demonstration, and the sequence is the part worth keeping. On the paper’s reading of the ENTSO-E panel’s own event table, several hundred small variable-renewable units totalling some 5.2 GW had already tripped before the first dispatchable plant failed, which was a 165 MW combined-cycle gas unit. The whole cascade took 97 seconds and the panel puts the point of no return at 76. Each unit was individually trivial; the accumulation was not; and the panel could not establish why many of them tripped, because their owners had no fault recordings to supply. Against that, and quoted here because the paper quotes it, the panel also found that materially higher system inertia would not have prevented the loss of synchronism. Spinning mass was not the missing ingredient, which is a caution against the most popular single-cause reading of that day.

The remedy proposed is two rules. Generators would have to organise into pools able to deliver with 90% availability when called upon, so that capacity payments become internal to a pool rather than socialised across the system; and a pool would bid its marginal total cost plus a margin and receive nothing else. The author is explicit that this would shift investment towards dispatchable plant, since a pool heavy in variable generation would need more capacity to meet the same availability target.

Now the part this chapter is obliged to add, and it is the same observation the levelised-cost section had to make. The remedy embeds a boundary of its own, and it is the same one: firming is charged to the pool that contains the variable asset. That is the single-wind-farm-with-dedicated-gas boundary of the 2025 paper, generalised to a pool. Real operators balance across a fleet and across a continent, and the diversification they rely on is exactly what the correlation analysis in the same paper measures the limits of. The two halves therefore pull against each other: the stronger the correlation at continental scale, the better the 90% rule’s accounting, and the weaker it is, the more the rule overcharges. Which it is, at that scale, the paper does not establish — it names modelling the whole of ENTSO-E with correlations as future work. The method is also deductive from an analogy, as the paper says in its own words, and a deductively valid argument transmits the truth of its premises without creating any.

And the nearest measurable version of the claim is tested in this edition, in chapter 28a, where it comes out mixed. German payments to hold the three balancing reserves fell 85% between 2009 and 2018 and ended the nuclear phase-out 37% below where they started; Sweden’s 2025 cost jump landed in mFRR, a product sized by the loss of its largest single generating unit, not by the weather. Those are reserves and not capacity payments, so they do not contradict the British capacity-market series. What they show is which question to ask of it: not whether a bill grew, but which product the money went to and what sizes that product. The structural claim — that an ungraded price socialises a real cost — survives that test. The magnitude does not come with it.



Where the numbers come from, and how far they spread

Added in the 2026 revision. Everything above turns on a small number of single figures — an EROI of 4.2 for oil, of 8.8 for hard coal, of 10 or more for photovoltaics. Each is the centre of a distribution, and the distributions are wide. The same is true of nearly every techno-economic number quoted anywhere in this book: the levelised costs in chapter 28a, the power densities in chapter 18’s table, the capacity factors in chapter 10.

The scale of that spread has recently become measurable. Gorres and colleagues applied automated extraction to 76 000 energy system studies published since 2010, pulling out 3.2 million structured quantitative data points and 20 million metadata entries into a searchable database, with the explicit aim of showing where the assumptions used in models diverge from what has been observed.8

Their framing is the one this chapter has been arguing from: “Energy system models guide societally important decisions, but their credibility rests on quantitative assumptions that are difficult to source and audit.” That is exactly the problem harmonisation solves for EROI, and it is worth stating that the same problem applies to every other number here.

A reader who wants to know how firm any figure in this edition is should assume it sits in a range, and that the range is often wider than the difference between the technologies being compared. That is not a reason to abandon the arithmetic. It is a reason to prefer conclusions that survive the whole range — which is why this chapter’s finding is stated as renewable electricity is above the thermal fuels at point of use, and not as a league table of decimal places.



Notes and further reading
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N Peak oil, peak gas, peak uranium

A chapter added in the 2026 revision. Chapter 23 redoes Jevons’ calculation for coal and finds that the answer is no longer interesting, because coal will be abandoned long before it is exhausted. This chapter does the same for the other three, and reaches a similar destination by a different road.


What the reserves actually say

M. King Hubbert proposed in 1956 that the production of a finite resource follows a curve which rises, peaks and declines, and that the peak can be predicted from the resource base. Applied to United States oil, the prediction was strikingly good. Applied to world oil it has been made, and missed, repeatedly for fifty years.

The simplest number is the reserves-to-production ratio: proved reserves divided by the current rate of extraction. Computed at 2025 rates from the Energy Institute’s figures:










	Resource
	Proved reserves
	Annual production
	R/P at current rates





	Oil
	1 732 thousand million barrels
	100.6 million barrels/day
	47 years



	Gas
	188.1 trillion m3
	4 186 billion m3
	45 years



	Coal
	1 074 Gt
	8.06 Gt
	133 years



	Uranium
	5.93 Mt (below $130/kg)
	~67 000 t of demand
	~90 years





Two warnings about that table, and they point in opposite directions.

R/P is not a countdown. It has hovered around forty to fifty years for oil for most of the last half-century, not because the estimate keeps being wrong but because “proved reserves” is an economic category rather than a geological one: it counts what is known, drilled and worth extracting at present prices. Higher prices and better technology convert resource into reserve, which is why the ratio keeps regenerating. The Energy Institute currently notes that its own reserves methodology is under review, and the figures above are still those assessed at end-2020.

But regeneration is not free, and chapter M is where the cost shows. Each conversion of resource into reserve tends to bring in something harder to get: deeper water, tighter rock, poorer grade. The barrels do not run out; the cheap barrels do, and the EROI of the marginal barrel falls. That is the honest form of the peak-oil intuition, and it survives even though the specific date predictions did not.



Uranium, which is a different case

Uranium deserves separate treatment because the resource question is genuinely open in a way oil’s is not, and because the arithmetic is unusually sensitive to what one assumes about reactors.

World production reached 60 213 tonnes of uranium in 2024, covering about 90% of reactor requirements — the balance coming from stockpiles and from reprocessed material. Identified resources recoverable below $130/kg stand at 5.93 million tonnes, rising to 7.94 million tonnes if one accepts $260/kg. At present consumption that is roughly ninety years, which is a short number for an industry that plans in half-centuries.

Three considerations pull it in different directions.

The resource figures are investment documents. The OECD Nuclear Energy Agency’s Red Book, which is the source everyone uses, reports resources by extraction cost and is aimed at least as much at investors as at scientists. Its categories descend from Reasonably Assured Resources through two grades of Estimated Additional Resources to Speculative Resources, and the totals move for administrative reasons — the estimate of one category fell by more than half in 2013 because the United States stopped reporting it.1 A ninety-year figure derived from such a series should not be read as a measurement of what is in the ground.

Price changes the answer enormously. Uranium is a small fraction of the cost of nuclear electricity, perhaps a few per cent, so the fuel price can rise several-fold without making the electricity notably dearer. That is not true of oil, and it means the uranium resource base is far more elastic than the oil one. At the extreme, seawater contains about 3 parts per billion, which amounts to something like 4.5 billion tonnes; extraction has been demonstrated with adsorbent fabrics and the capacity of those materials has improved severalfold since 2011, though the cost remains far above mining.

And breeding changes it beyond recognition. A fast breeder converts U-238, which is 99.3% of natural uranium and useless in a conventional reactor, into fissile plutonium. Doing so extracts perhaps fifty times more energy from the same ore, which turns ninety years into millennia and makes the resource question moot. The catch is that breeders have been fifteen years away for sixty years: the programmes have been dogged by cost, delay, sodium fires and closure. Thorium offers a comparable escape by a different route, with comparable uncertainty about delivery.

So the honest position on uranium is that the resource is adequate for the current fleet for about as long as anyone is planning, that it is inadequate for a very large expansion of conventional reactors on present resource estimates, and that both of those statements are dwarfed by the question of whether breeding ever works at scale.



Forecasts, and what happened to them

Uranium is unusually good ground for testing the peak method, because two quantitative forecasts were made with dates and error bars and both can now be checked.

The first is the IAEA’s, from 2001. Analysis of Uranium Supply to 2050 projected that secondary supplies — military stockpiles, reprocessed material, inventory — which met about 42% of demand in 2000, would dwindle to a few per cent, and that mined production would therefore have to rise to cover 86 to 92% of demand by 2025. In 2024 mining covered 90%. A twenty-four-year-ahead projection landing inside its own range is a better result than this literature usually manages, and it is worth recording that the institutional forecast was the accurate one.

The second is Michael Dittmar’s, from 2013. “The end of cheap uranium” applied a depletion model — that only 50–70% of a deposit is ever recovered, and that modern mines work a deposit out in about ten years — to every operating and planned mine. It predicted a global peak of at most 58 ± 4 kt around 2015, a decline of at least 0.5 kt a year thereafter, at most 54 ± 5 kt by 2025 and 41 ± 5 kt by 2030. Since demand was then about 68 kt, the paper concluded that shortages were unavoidable, recommended a worldwide nuclear phase-out, and warned that failing to organise one would bring “brownouts, blackouts, and worse”.2

Here is what production actually did:

















	Year
	2015
	2016
	2017
	2018
	2019
	2020
	2021
	2022
	2023
	2024





	kt U
	60.3
	63.2
	60.5
	54.2
	54.7
	47.7
	47.8
	49.6
	54.4
	60.2





He got the timing of the peak right: 2016, near enough to “around 2015”. He got the direction right too — production fell by a quarter over the following four years. And then it recovered by 26% and is now above the maximum he allowed for 2025.

The reason he was wrong is the interesting part. The fall from 2016 to 2020 was not depletion. It was Kazatomprom and Cameco deliberately curtailing output because the post-Fukushima price collapse had made mining unprofitable — supply discipline, of the kind any commodity producer practises. When prices recovered, so did production, from mines his model had written off. A depletion model has no term for a company choosing to mine less this year and more later, and so it fitted an economic cycle and mistook it for geology.

The catastrophe did not arrive either. The gap he identified was real — mining covered only 74% of requirements in 2020 — but it was bridged by exactly the secondary supplies the IAEA had been tracking, rather than by blackouts.

This is the same lesson as chapter 23’s, arrived at from the other direction. Predicting when a resource peaks means predicting the behaviour of the people who own it, and that is a harder problem than estimating what is in the ground. Both papers did competent arithmetic. The one that was right about the numbers was the one that modelled the market rather than the rock.

The same mistake was available on oil, and was made. In October 2021 the Swedish blog Cornucopia? asked whether peak oil had already happened in 2018 or 2019. The evidence was a monthly all-liquids series from the American EIA: a high of 102.4 mb/d in October 2018, an almost identical 102.0 in November 2019, and no recovery to either level in the two years since. A French report was cited as also placing the peak in 2019. The conclusion drawn was a permanent energy and economic crisis — growth stalls without rising energy use, prices turn volatile, poor countries suffer first, and Sweden must choose between a large nuclear build and a managed decline.3

Here is what production and consumption actually did:













	Million barrels per day
	2018
	2019
	2020
	2021
	2024
	2025





	Oil production
	95.0
	95.1
	88.9
	90.3
	97.2
	100.6



	Total liquids consumption
	101.0
	101.4
	92.4
	97.8
	105.1
	106.5





The two rows are on different bases, and the difference matters for the test. The EIA all-liquids series the blog used includes biofuels and refinery processing gain, which the Energy Institute’s “oil production” line excludes; total liquids consumption is the comparable measure. On that measure, the 2025 annual average of 106.5 exceeds the blog’s monthly high-water mark by four million barrels a day, and 2024 had already passed it. On the narrower production basis, 2025 stands 5.5 mb/d above 2019.

The reason is again the interesting part, and it is the same reason. The trough the argument rested on was the pandemic together with the OPEC+ agreement of April 2020 to withdraw 9.7 mb/d — the largest production cut ever agreed. The piece was written in October 2021 while those cuts were still being unwound on a published schedule. A cartel restoring barrels it had voluntarily withheld looks, in the monthly data, exactly like a resource failing to recover. Dittmar mistook Kazatomprom and Cameco for geology; this mistook OPEC+ for geology.

The same blog had applied the same reasoning to a single fuel two months earlier, and that version is the most testable of the three because it named a date and a remedy. In May 2012 Cornucopia? set out Kjell Aleklett’s explanation of a coming diesel rationing: rationing would arrive in the EU between 2017 and 2022, the Union’s access to import oil would be down 50% from 2005 by 2020, the export market would cease in principle by 2030, aviation would be in difficulty around 2020, and the remedy was to stop private persons buying diesel so that farming, freight and construction could keep it. No member state rationed diesel in that window or since, and none proposed the remedy. Aviation did collapse in 2020, from a pandemic.4

This is the sharpest of the three cases, because its prediction came closest to arriving and was still wrong about why. Diesel did become the scarce fuel, and in 2026 it set a record: American on-highway diesel reached a nominal weekly high of $5.967 a gallon on 7 September, passing the $5.810 of June 2022. But the shortage was not in the ground. American refineries ran at 98% utilisation in the week to 28 August, the highest since 2018, and the diesel crack spread — the margin between diesel and the crude it is made from — passed $100 a barrel for the first time in mid-August, with Asian refining margins above $87 against roughly $22 before the war. Under a geological shortage refineries stand idle for want of feedstock. Here they ran flat out and the scarcity sat in the distillate cut, behind a damaged refining system and the strait described below. One part of the 2012 mechanism was sound, and should be credited: diesel and jet fuel compete for the same middle distillates, and that competition is part of the squeeze. The rest of it looked for the constraint in the rock, and the rock was not where it was.

Two qualifications are owed to the blog pieces. Each hedged, allowing that it might be wrong, and each is a blog essay rather than a study. But the failure mode is worth naming because it is directional: all three of the forecasts that missed were pessimistic about supply, and none anticipated that within five years the binding constraint would be who controls a strait rather than what is left in the rock. That is the subject of the rest of this chapter.



Most of the world has already peaked

The argument so far has treated peak oil as a question about the future. For most of the world it is not. It is a matter of record, and the record is worth putting on the page, because it is both stronger evidence for the peak idea than anything its advocates usually cite and the reason the global forecast keeps failing.

Take every country the Energy Institute tracks, find the year each produced most oil, and ask what it produces now as a share of that maximum. Twenty-five of the thirty-four significant producers are past their own peak.5

[image: Peak oil country by country: twenty-five of thirty-four significant producers are past their own maximum, from Venezuela at 29 percent of its 1970 peak and the United Kingdom at 23 percent of its 1999 peak, to eight countries still at their maximum in 2025.]

Figure N.1. Peak oil, country by country. Each bar is 2025 production as a share of that country’s own record year, shown in brackets. Energy Institute Statistical Review of World Energy 2026.

Some of these are not gentle declines. Venezuela peaked in 1970 and produces 29% of what it did then. The United Kingdom peaked in 1999 and produces 23% — a three-quarters decline inside a working lifetime, in a wealthy country with full access to capital and technology. Indonesia peaked in 1977 at 36%, Libya in 1970 at 42%, Mexico in 2004 at 46%, Norway in 2001 at 60%. Kuwait peaked in 1972, Iran in 1974.

Gas tells the same story more quietly: 25 of 44 producers are past peak, and the Netherlands, whose Groningen field defined European gas, is at 9% of its 1977 maximum.

This is the part of the peak-oil case that was simply correct, and the popular statements of it were more careful than they are usually given credit for. A Swedish summary from 2012 put the central claim as “the majority of all countries that have ever produced oil have peaked, and ever fewer countries account for an ever larger share of oil production” — which is what the chart above shows, fourteen years on. It worked through sixteen charted cases — Indonesia, Mexico, Argentina, Ecuador, Venezuela, Denmark, Norway, Iraq, Kuwait, Algeria, Libya, Nigeria, Australia, Brunei, Malaysia and New Zealand — arguing in each that rising prices had failed to lift production back to its former level.6

Two features of that piece are worth recording, because they are what an argument made honestly looks like. It charted Iraq but set it aside explicitly as not an example of natural peak oil, the decline there being war rather than geology. And it allowed in advance that “it is not certain that all the examples below have peaked permanently”, since a country may reach an earlier top again.


So why does the world total keep setting records?

Because peaks are not synchronised, and a handful of new provinces have more than covered the losses. Eight producers reached their maximum in 2025 itself: the United States, Canada, China, the United Arab Emirates, Brazil, Kazakhstan, Argentina and Guyana. Guyana produced no oil at all a decade ago and now produces 716 000 barrels a day.

Argentina is the instructive one, and precisely the case that 2012 caveat left room for. It was declining when the piece was written. Vaca Muerta shale reversed it, and Argentina’s 2025 output is its highest ever. A country can come back off its peak if the rock beneath it turns out to hold a second, different resource that a new technique can reach.

That is the mechanism the depletion models keep missing, and it is the same one chapter 23’s argument turns on. The world is not one oil field. It is a portfolio, and the portfolio has been rebalanced twice in twenty years — once by American shale, once by the Atlantic pre-salt and Guyana. Each time, the aggregate curve stayed flat or rose while three-quarters of its constituents fell.



The peak arrived as a price, not as a shortage

If the good rock is being used up, the effect should show somewhere even when volumes hold. It shows in what a barrel costs to get out.

The average breakeven for a new non-OPEC project is now about $47 (£37) a barrel of Brent, up 5% in a single year. American shale, the resource that broke the last two peak forecasts, breaks even near $70 WTI today and is projected toward $95 by the mid-2030s — not because anything is running out in the absolute sense, but because the Permian’s best acreage is drilled first and the Eagle Ford and Bakken are already working through their core inventory. Onshore Middle East production remains far cheaper, which is precisely why the marginal barrel migrates back toward the countries that hold it.7

That is the honest form of the peak-oil claim, and it is worth stating plainly because it is neither the catastrophe its advocates predicted nor the non-event its critics claimed. Geology did not stop supply. It raised the price of the marginal barrel, and it moved the ownership of the cheap ones. The first of those is a tax on everyone. The second is the subject of the rest of this chapter.




Exports fall faster than production

There is a piece of arithmetic that changes the shape of every number above, and it is not in the reserves tables because it is not about geology.

An exporting country consumes some of what it produces. When its production begins to decline, its domestic consumption usually does not — it is a country getting richer, buying cars. Exports are the difference between two quantities moving in opposite directions, and a difference declines much faster than either term.

Jeffrey Brown set this out as the Export Land Model. Take a country at its production peak that consumes half of what it produces, then let production fall 5% a year while domestic consumption rises 2.5% a year. Its exports do not decline by 5% a year. They reach zero in nine years.

Indonesia did it faster. From its 1997 peak, production fell 3.9% a year — gentler than the model — while domestic consumption grew 4.1%. Net exports reached zero in seven years, and a founding member of OPEC became an oil importer.

The consequence for an importing country like Britain is that the reserves-to-production ratios in the first table are the wrong numbers to be reassured by. What reaches the market is not world production but world net exports, and that quantity can be falling while production is flat. Brown and Foucher argued that global net exports had already peaked in 2006, which is a much sharper claim than peak production and rather harder to dismiss.

The same argument does not transfer cleanly to uranium, and it is worth saying why. Kazakhstan does not consume its own uranium in any quantity; there is no domestic-demand term to eat the exports. Uranium’s version of the problem is political rather than arithmetical, and that is the subject of the next section.



The constraint that actually binds

Which brings us to the thing this chapter exists to say, and it is not about geology.

Uranium mining is extraordinarily concentrated. Of the 60 213 tonnes produced in 2024:




	Country
	Tonnes U
	Share





	Kazakhstan
	23 270
	39%



	Canada
	14 309
	24%



	Namibia
	7 333
	12%



	Australia
	4 598
	8%



	Uzbekistan
	4 000
	7%



	Russia
	2 738
	5%



	Niger
	962
	2%





Three countries supply about three-quarters of it. Kazakhstan alone supplies more than a third, and Kazakhstan, Uzbekistan and Russia together supply over half. Kazakh production is substantially owned or part-owned through Russian and Chinese joint ventures, and much of it has historically moved to market through Russian territory and Russian ports.

Set that beside chapter L’s finding that China refines over 90% of the world’s graphite and rare earths, and chapter 15’s that six Chinese firms make 69% of the world’s batteries, and a pattern emerges that MacKay’s method is structurally blind to. His question is whether the physics permits a thing. These chapters keep arriving at a different question: whether the supply chain for it runs through countries you would rather not depend on.

Oil is the mirror image, and it makes the point better than uranium does. Chapter 1 sets the Statistical Review’s production figures against V-Dem’s regime classes and finds that three-fifths of world oil comes from autocracies and about a fortieth from liberal democracies. But oil is fungible in a way uranium ore effectively is not, so that concentration reaches an importing country through the price rather than through the pipe. Sweden buys 96% of its crude from democracies and is exposed to the other 60% anyway.

The uranium case is the opposite and worse. There is no world spot market deep enough to make Kazakh pounds interchangeable with Canadian ones at short notice, and enrichment capacity is scarcer than the ore. Concentration in oil is a price risk that everybody shares equally; concentration in uranium is a delivery risk that falls on whoever signed the contract. That is why the same table means something different in the two chapters.

Nuclear power is often argued for on energy-security grounds — a fuel you can stockpile for years, unlike gas. That argument is sound and it is worth noticing that it is an argument about storage, not about sourcing. On sourcing, a British or European nuclear programme is more exposed to Central Asian politics than a gas plant is to Norwegian.


2026 supplied the demonstration

While this edition was being written, the argument stopped being hypothetical twice in one year.

In January 2026 a United States military operation removed Nicolás Maduro from Venezuela — a country sitting on some of the largest proved oil reserves in the world. The market barely moved, for the instructive reason that Venezuela had already ceased to matter as a supplier: production under a million barrels a day, exports around half a million, against world consumption above a hundred million. A country can hold enormous reserves and be irrelevant to supply.

In February 2026 the more serious case arrived, and it has not ended. United States and Israeli strikes on Iran on 28 February were followed on 2 March by the closure of the Strait of Hormuz, through which roughly a fifth of world oil trade passes. The International Energy Agency described it as the largest supply disruption in the history of the oil market.

It is still closed as this chapter is written, more than five months on. Iran declared the strait open on 17 April and the Revolutionary Guard reversed the announcement the following day. A memorandum of understanding on 17 June lifted the American naval blockade of Iranian ports — which is a different thing, and let Iran itself export some 40 million barrels — but the waterway has not returned to normal use. Roughly ten ships transited on 23 July, against about eighty-eight a day before the war, some of them running with their transponders off. An LNG carrier with Qatari cargo was struck by a cruise missile crossing the strait on 1 August.8

Note what the numbers did and did not do. A fifth of world oil trade stopped moving and the oil price rose by roughly a tenth at first, not by a multiple, because there was a glut to absorb it; it went above $100 later, once the ceasefire lapsed. Reserves in the ground did not change at all, and neither did any reserves-to-production ratio. What changed was whether a ship could sail through a strait.



The cargoes nobody counts

Oil dominates the reporting, and it is not where the sharpest losses fell. Two other things go through Hormuz in concentrations that make the oil share look comfortable.

The first is helium. Qatar supplies about a third of the world’s helium, as a by-product of its gas processing at Ras Laffan — facilities damaged in the strikes. The distributor Airgas declared force majeure and restricted customers to half their contracted volumes. South Korea, which took nearly two-thirds of its helium from Qatar, has no domestic alternative. Helium is not an energy carrier and gets no chapter in this book, but semiconductor fabrication, MRI scanners and cryogenics do not have a substitute for it at any price.

The second is fertiliser. Up to 30% of internationally traded fertiliser — around 16 million tonnes a year of nitrogen, phosphate and sulphur products — moves through the strait. The Gulf supplies 30–35% of world urea exports and 20–30% of ammonia; Qatar’s QAFCO complex alone is about 14% of global urea trade.

That second one belongs in this book more than the oil does, and chapter 13 explains why. Nitrogen fertiliser is essentially natural gas turned into food by the Haber–Bosch process: it is an energy carrier wearing a different label, and the world’s ability to feed itself runs through it. A disruption that takes a tenth off the oil price and a third off the traded fertiliser supply has done far more damage through the second channel, and it will show up as a harvest rather than as a pump price.



Who is preparing for it

The two largest economies have drawn opposite conclusions, and their inventories say so plainly.

The United States holds its Strategic Petroleum Reserve at about 316 million barrels against an authorised capacity of 714 million — the lowest level since 1983, after some 352 million barrels were withdrawn over four years, including a 172-million-barrel release authorised in March 2026 during the Iran war.

China now holds the largest emergency stocks in the world: total crude inventories estimated near 1.3 billion barrels, of which perhaps 400–500 million is the strategic reserve proper, and it is still building — at least 169 million barrels of new capacity across eleven sites, with a stated intention to take state reserves past a billion barrels, framed explicitly as three months of net import cover.

So one country has spent its buffer and the other has been accumulating one. Whatever else that is, it is a judgement about the next twenty years being made in physical barrels rather than in forecasts, and it is the clearest available evidence of what large states actually expect. MacKay’s arithmetic can tell you how much energy a country needs. It cannot tell you that China has been quietly buying three months of insurance while America sold its own.

There is a third response, and it is the only structural one. Stockpiles buy months. The alternative is to need less of the stuff, and the region most exposed to Hormuz is the one moving fastest. Asia holds 54% of the world’s population and 2% of its oil reserves and 8% of its gas; it imported about $1.1 trillion of fossil fuel in 2024 — $699bn of oil, $184bn of coal, $176bn of gas — at over 3% of regional GDP. For Thailand the bill is near 7.5% of GDP, and for Taiwan, South Korea, Singapore, Viet Nam, Pakistan and the Philippines it is between four and six.

The trajectory is the part that matters. Southeast Asia was a net oil and gas exporter in 1990, at about 75% of its own demand in surplus, and by 2023 was importing 30%. Greater China went from roughly 40% import-dependent to 72% over the same period, South Asia from 55% to 75%, and Northeast Asia has been at essentially 100% throughout. Growth was bought with imports.

So the electrification is not principally a climate policy, and reading it as one misses what it is for. By 2023, 84% of Asia had overtaken the United States on the share of final energy delivered as electricity, and by 2025, 77% was ahead of it on electric share of new car sales — Nepal above 60%, China above 50%. Nepal is the case that shows the mechanism cleanly: no oil of its own, a great deal of water, and the highest electric share in Asia. Electrifying transport is import substitution that happens to reduce emissions.9




The shape of the answer

Put the four resources together and the same conclusion emerges as in chapter 23. There is enough of all of them for the period anyone is planning over. Oil and gas have about half a century of proved reserves and have had about half a century for decades; coal has more than a century; uranium has roughly ninety years, or effectively unlimited if breeders ever work.

None of them will be exhausted. Each will instead be abandoned, priced out, restricted, or — the possibility this chapter adds — become unavailable for reasons that have nothing to do with what is in the ground.

That last is the one worth carrying away, because it is the one this book’s method is least equipped to see. A resource table answers how much is left. The Export Land Model answers how much of it reaches the market, which is a smaller and faster-moving quantity. Hormuz answers whether it can physically get here this month. And the strategic reserves answer the question underneath all of them: whether you have the money, the ships and the storage to be the customer who gets served.

The honest summary is the one in the question this chapter was asked to address. It is not only what is left. It is who has it, and whether they will sell it to us — and the answer to that is probably yes, at a price, until the week it is no.

Running out was the wrong thing to worry about. It was, however, a very good way of getting people to think about the numbers, which is what this book is for.







The Red Book categories and the reporting discontinuities are set out in Dylan Bedford, “Peak Uranium and the Sustainability of Nuclear Energy”, Physics 241 coursework, Stanford University, 2018: http://large.stanford.edu/courses/2017/ph241/bedford1/. This is student coursework rather than peer-reviewed work and is cited here for its clear summary of the Red Book’s structure and caveats, not as an authority on resource estimates. Production and resource figures above are from the World Nuclear Association’s compilations of Red Book and company data; oil, gas and coal reserves and production are from the Energy Institute’s Statistical Review of World Energy 2026, with reserves as assessed at end-2020 and R/P ratios recomputed here at 2025 production rates.



Michael Dittmar, “The end of cheap uranium”, Science of the Total Environment 461–462 (2013) 792–798, https://doi.org/10.1016/j.scitotenv.2013.04.035. The IAEA projection is Analysis of Uranium Supply to 2050, IAEA, 2001. Production figures are the World Nuclear Association’s compilation: 60 342 t (2015), 63 207 (2016), 60 462 (2017), 54 154 (2018), 54 742 (2019), 47 731 (2020), 47 805 (2021), 49 614 (2022), 54 433 (2023), 60 213 (2024). Mining covered 74% of reactor requirements in 2020 and 90% in 2024.



Lars Wilderäng, “Inträffade peak oil 2018 eller 2019 och vad innebär det?”, Cornucopia?, October 2021: https://cornucopia.se/2021/10/intraffade-peak-oil-2018-eller-2019-och/. As with the latitude argument cited in chapter L, this is a blog essay arguing a position rather than a study, and is examined here as a well-documented instance of the reasoning rather than as evidence for it. The monthly all-liquids highs quoted are the EIA’s. Production and consumption figures in the table are from the Energy Institute’s Statistical Review of World Energy 2026: world oil production 95 001, 95 127, 88 943, 90 315, 97 156 and 100 590 thousand barrels daily for 2018, 2019, 2020, 2021, 2024 and 2025, and total world liquids consumption 101 022, 101 388, 92 369, 97 814, 105 133 and 106 519 for the same years. The Review notes that differences between world consumption and world production statistics are accounted for by stock changes and by consumption of non-petroleum additives and substitute fuels. The April 2020 OPEC+ cut of 9.7 mb/d is from the OPEC secretariat’s communiqué of 12 April 2020.



“Aleklett förklarar dieselransoneringen”, Cornucopia?, May 2012: https://cornucopia.se/2012/05/aleklett-forklarar-dieselransoneringen/, reporting Kjell Aleklett’s account rather than quoting a paper of his, and examined here on the same footing as the October 2021 piece above — a well-documented instance of the reasoning rather than evidence for it. The three trends it rests on are rising OECD diesel demand, a market for export oil said to have peaked in 2005, and Chinese acquisition of oil assets and bilateral supply agreements; the stated remedy is to stop private diesel sales so that agriculture, transport and construction keep theirs. The 2026 diesel figures are the EIA’s and Reuters’ as reported in Robert Rapier, “Why Diesel Is On Track To Set A 2026 Price Record” and “Why Record Diesel Prices Don’t Equal Price Gouging”, Forbes, 9 and 20 September 2026, which is where this edition met them rather than in the EIA series directly: on-highway diesel $5.967 a gallon for 7 September 2026 against a June 2022 weekly high of $5.810 and a 2022 annual-average record of $4.989; refinery utilisation 98% in the week to 28 August; the diesel crack spread above $100 a barrel in mid-August; American distillate stocks about 104.2 million barrels with East Coast inventories at 19.3 million. Three cautions. These records are nominal, and in real terms they sit below earlier oil crises, which is why the text calls the fuel scarce rather than the price unprecedented. The export claim is the part of the 2012 argument this chapter does not dismiss — the section on net exports below sets out why the arithmetic is sound even though this forecast’s version of it was not — so what failed here is the rate and the date, not the direction. And chapter 3’s note on electric lorries carries the other half of this: what displacing diesel does to the same market, which turns out to pull in both directions at once.



Computed from the Energy Institute’s Statistical Review of World Energy 2026 by the chapterN step in this edition’s data-refresh script: for each producer, the year of maximum output over the full record (oil from 1965, gas from 1970) and 2025 output as a share of it. Aggregates and regional groupings are excluded, as are producers below 200 thousand barrels a day of oil or 5 bcm of gas in 2025, which leaves 34 oil producers and 44 gas producers. Two caveats. A country counts as “past peak” here if its maximum fell in 2020 or earlier, so a producer whose record year was 2021–2023 is not counted either way; and a single year’s output can be depressed by war, sanctions or quota rather than by geology — Venezuela, Libya and Iran are all cases where politics, not rock, explains much of the decline. The measure shows what has happened, not why.



Lars Wilderäng, “Peak oil 101”, Cornucopia?, March 2012: https://cornucopia.se/2012/03/peak-oil-101-for-moderated/. Quotations are translated from the Swedish. As with the other citations to this blog in chapters L and N, it is an essay arguing a position rather than a study; it is used here because it stated a checkable claim and charted sixteen named cases, which is more than most statements of the argument do. The sixteen are read from the article’s own charts; Mexico, Australia, Brunei, Malaysia and New Zealand are charted without an accompanying sentence. Note that its peak years are not always the Energy Institute’s: it dates Nigeria to 2005 and Kuwait and Libya to 2008, where the full record used in figure N.1 gives 2010, 1972 and 1970 respectively — the piece is generally reading a recent window of crude production rather than an all-time maximum, so the two agree on direction and differ on dates. Its wider prediction, that rising prices would fail to bring on new supply, was wrong in aggregate: American shale and the Guyana–Brazil offshore arrived within the decade, and the text above says so.



Rystad Energy’s upstream cost analysis puts the average breakeven of a new non-OPEC oil project at about $47 per barrel of Brent, a 5% rise in a year, with North American shale averaging around $45 and onshore Middle East well below both. Enverus Intelligence Research projects US shale breakevens rising from roughly $70 per barrel WTI in 2025 toward $95 by the mid-2030s as core Permian, Eagle Ford and Bakken acreage is consumed. These are commercial estimates on differing bases — breakeven is sensitive to whether it includes full-cycle or half-cycle costs, and to the assumed hurdle rate — so the direction is more reliable than any single figure.



The Venezuela intervention of January 2026; the strikes on Iran of 28 February 2026 and the closure of the Strait of Hormuz from 2 March, with the IEA’s characterisation of it as the largest supply disruption in the history of the oil market. The strait remained closed to normal commercial traffic at the beginning of August 2026: about ten transits on 23 July against a pre-war norm near eighty-eight a day, and an LNG carrier struck by a cruise missile on 1 August. The memorandum of understanding of 17 June ended the American naval blockade of Iranian ports, which is distinct from the strait reopening. Helium: Qatar about a third of world supply, damage at Ras Laffan, Airgas force majeure at 50% of contracted volumes, South Korea sourcing 64.7% of its helium from Qatar in 2025. Fertiliser: Rystad Energy and WTO trade analyses put up to 30% of traded fertiliser products, some 16 Mt/year, through the strait, with the Gulf at 30–35% of urea exports and QAFCO alone about 14% of global urea trade. Strategic reserve figures: US Department of Energy and EIA for the SPR, including the 172-million-barrel release authorised in March 2026; Chinese inventory estimates are third-party and EIA-derived, since China does not publish strategic reserve volumes, and the split between strategic and commercial stocks is uncertain. These are recent and contested events and the figures should be expected to move.



Figures are from Ember’s Electric Asia: How Asia is leading the electric age, 11 June 2026, drawing on IEA, IRENA, UN Comtrade, World Bank and Ember’s own analysis. Coverage: 54% of world population against 2% of oil and 8% of gas reserves; fossil imports of about $1.1 trillion in 2024, made up of $699bn oil, $184bn coal and $176bn gas, at over 3% of the region’s GDP, with the per-country bill running from about 7.5% of GDP for Thailand through four to six per cent for Taiwan, South Korea, Singapore, Viet Nam, Pakistan and the Philippines, and Malaysia and Myanmar near zero because they export; net oil and gas imports as a share of demand moving between 1990 and 2023 from about −75% to +30% for Southeast Asia, 40% to 72% for Greater China and 55% to 75% for South Asia, with Northeast Asia near 100% throughout; the crossover at which Asia passed the West on electrification in 2016, at roughly a quarter of Western income per head, with Asian electrification since growing about five times faster; roughly 26% of final energy delivered as electricity against 21% in the West; 84% of Asia ahead of the United States on electrification in 2023 and 77% ahead on electric share of new car sales in 2025, with Nepal above 60% and China above 50%, and with Brunei and Malaysia among the economies named as having passed the United States on electrification; about three quarters of world electricity demand growth since 2000; some 60% of installed solar and wind, and manufacturing shares of over 95% of solar panels, 85% of batteries and 75% of wind turbines; and solar and wind resources sufficient for at least fourteen times regional energy demand. Four things to hold in mind about this source. Ember is an energy think-tank that advocates for electrification, and the deck is a campaigning document as well as an analytical one — the figures are sourced and checkable, the framing is not neutral, and the phrase “the Asian century” is theirs rather than this book’s. The 84% and 77% shares are given by Ember as “share of Asia”, and the deck does not state whether the denominator is population, countries or energy demand; they are quoted here as reported and should not be read as a headcount of countries. “Asia” excludes Russia, which is classed with Europe and Eurasia in the underlying IEA data; that matters because Russia is the clearest case of an exporter whose incentives run the opposite way. And the fourteen-times resource figure is a technical potential computed on land-use assumptions, not a forecast or an economic estimate — it belongs in the same category as MacKay’s own maximum-conceivable stacks, which he insisted were bounds rather than plans.
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O The hydrogen ladder

A chapter added in the 2026 revision. Chapter 20 answers MacKay’s question about the hydrogen car and finds his 2008 verdict intact. This chapter takes the general form of that answer, because the reasoning MacKay applied to one vehicle turns out to settle every hydrogen question, and somebody has done the work of applying it to all of them at once.


A ranking, not a verdict

Michael Liebreich’s Clean Hydrogen Ladder sorts the proposed uses of clean hydrogen into rungs, from the ones where hydrogen is unavoidable down to the ones where it is beaten so comfortably that proposing it is a mistake. Version 5.0, of October 2023, is the one this book cites.1

Two things about it are worth saying before any of the contents.

It is a ranking of hydrogen against its alternatives, use by use — not a forecast of how much hydrogen there will be, nor a claim that the top rungs will happen. A use is high on the ladder when nothing else can do the job, and low when something else does the job better. That is a narrower claim than it is usually read as, and the last three years have made the difference matter.

And it is this book’s method under another name. MacKay’s rule was to put competing options in the same units and let the arithmetic order them. The ladder does exactly that for one carrier, and it reaches its ordering the same way: not by asking which use is most important, but by asking, for each use, what the alternative costs in kilowatt-hours.



The arithmetic that produces the ordering

Hydrogen is not an energy source. It is made from something else and then used, and each conversion takes its cut. The ladder’s shape follows from where those cuts land.

Electrolysis delivers about 70% of the electricity into the hydrogen. Compressing or liquefying for transport takes perhaps another 10 to 30%. Converting back to electricity in a fuel cell returns about 50 to 60% of what is left. So the round trip from electricity, through hydrogen, back to electricity keeps between 25 and 38% — 0.70 × 0.70 × 0.50 at the unfavourable end, 0.70 × 0.90 × 0.60 at the favourable one — and every use of hydrogen made from electricity carries some part of that chain.

Now put two uses through it.

Take a car first. A kilowatt-hour delivered at the wheels of a fuel-cell car costs roughly 1 ÷ (0.70 × 0.90 × 0.55) ≈ 2.9 kWh of electricity — taking the optimistic end of the compression range, since the unfavourable end gives 3.7. The same kilowatt-hour in a battery car costs about 1.15, because charging and discharging lose little. Hydrogen is therefore between two and a half and three times worse before anything else is considered, which is why chapter 20 finds fuel-cell cars where it does. MacKay reached the same place in 2008 with a single measurement — his BMW Hydrogen 7 at 254 kWh per 100 km against an average car’s 80.

Now a house. A heat pump at a coefficient of performance of 4 turns one kilowatt-hour of electricity into four of heat. A hydrogen boiler turns the same kilowatt-hour into 0.70 of hydrogen, which a boiler at about 90% turns into 0.63 of heat. The ratio is more than six to one. Domestic heating sits at the bottom of the ladder for the same reason it takes up chapter 7 of this book: there is an alternative that does the job several times over.

[image: Four uses with hydrogen's electricity cost against the best alternative's. Steel and fertilizer 1.4 with no alternative; long-haul flight 1.7 with no alternative; a car 2.9 against a battery's 1.15; domestic heat 1.6 against a heat pump's 0.25.]

Figure O.1. The ladder’s ordering, derived rather than reproduced. This is not Liebreich’s chart — it is the arithmetic above, drawn. Each purple bar is the electricity hydrogen needs to deliver one kilowatt-hour of what the user wants; each green bar is what the best alternative needs. The two bottom rungs have a green bar and lose to it. The two top rungs have no green bar to draw. The bottom two are measured at the point of use; the top two at the fuel and the feedstock, because that is where the comparison stops. Added in the 2026 revision.

Nothing in either calculation is about hydrogen being difficult. It is about the alternative being cheap. That is the ladder’s whole logic, and it explains the top rungs as well as the bottom: fertilizer, refining, methanol and the direct reduction of iron are near the top because there is no alternative molecule, not because hydrogen is efficient there. It is not.



Both ends of the ladder are already in this book

This edition contains the extremes without having named them as such.

The top rung is chapter 13. The 2 kWh per day per person of fertilizer energy is hydrogen — made from natural gas by the Haber–Bosch process, and the largest existing use of hydrogen in the world. That is not a proposal; it is a hundred-year-old industry, and the only question is what the hydrogen is made from.

The bottom rung is chapter 20, where hydrogen cars are, and chapter 7, where domestic heating is.

And the middle is chapter 20’s electrofuel section. Aviation is the interesting case precisely because it sits high without being at the top: batteries cannot fly a long-haul aircraft, so the alternative is not electricity but a synthetic liquid — which is itself made from hydrogen, at about 1.7 kWh of electricity per kWh of fuel. The ladder puts jet aviation high because the alternatives are worse, not because the arithmetic is good.



What happened after Version 5.0

The ladder was published in October 2023, near the top of the enthusiasm. What followed is the part a 2026 edition has to record.

Roughly 60 major clean-hydrogen projects were cancelled during 2025 alone, together representing over 4.9 million tonnes a year of announced capacity. Against that, about 59 projects started construction, totalling around 1 million tonnes a year. More than a hundred projects have been cancelled, paused or cut back since mid-2024, and about a third of the electrolyser capacity once announced for 2030 has come off the public timelines.

The names are not marginal ones. BP cancelled the 1.5 GW Duqm project in Oman and the 1.2 GW H2Teesside in December 2025. Air Products paused its Teesside import terminal. ExxonMobil froze a 900 000 tonne-a-year plant at Baytown.2

And the failure reached the top of the ladder, which is the part worth pausing on. ArcelorMittal cancelled its green-hydrogen direct-reduced iron plants in Germany — steel being one of the uses the ladder ranks as unavoidable. The stated reason was not that some rival technology had beaten hydrogen at making steel. It was that European electricity prices were too high and Europe was importing cheap steel without a carbon border to price its emissions.



What the ladder cannot see

That cancellation is the clearest statement of this chapter’s point, and it is a limitation rather than an error.

The ladder ranks hydrogen against its alternatives for each use. It says nothing about whether hydrogen will be affordable at all. A use can sit on the top rung — no alternative, hydrogen wins its comparison outright — and still not be built, because the electricity to make the hydrogen costs more than the finished product can bear, or because the competing product arrives from somewhere that does not pay for its carbon. Both of those are true of European steel in 2026, and neither is visible anywhere on the ladder.

So the ranking is right and it is not sufficient. A use has to clear two tests, and the ladder administers one of them. The first is whether hydrogen beats the alternatives, which is physics and arithmetic and which the ladder settles well. The second is whether anyone can afford to build it, which is chapter 28a’s question about the price of electricity and chapter 29’s about what regulation obliges — and which the last three years answered in the negative far more often than the ladder’s shape would suggest.

This is the finding this edition keeps arriving at from different directions. Chapter 7 finds heat pumps blocked by a price ratio rather than by physics; chapter 23 finds carbon capture built at one part in seven hundred with the subsidy exceeding the cost at the best sites; chapter 11a finds houses waiting behind data centres in a connection queue. Here it is a steelworks that the physics permits, the ladder endorses, and the electricity price and the tariff schedule between them prevent.

MacKay’s method establishes what is possible. It was never designed to establish what will be paid for, and he said so. The ladder is the same kind of instrument, and it has the same blind spot — which is not a criticism of either, so long as nobody mistakes a ranking for a plan.



Notes and further reading







Michael Liebreich, “Clean Hydrogen Ladder Version 5.0”, 19 October 2023, https://liebreich.com/hydrogen-ladder-version-5-0/. At the time of writing that site serves an expired TLS certificate, so browsers and link checkers refuse it even though the page is there; the same version is mirrored on the author’s LinkedIn. Version 5.0 was the first substantial revision since V4.1 of August 2021, and it moved in both directions: jet aviation, regional trucks and short-duration grid balancing were promoted, while seven uses were demoted, among them non-road mobile machinery — following the mining industry’s own conclusion that battery-electric was the better answer for haul trucks. The bottom tier expanded to hold eight uses, including cars and taxis, metro transit, agricultural and mining equipment, bulk international fuel delivery, low-temperature heat below 200 °C, domestic heating and direct electricity generation from hydrogen. Two cautions on using it. The ladder is one analyst’s ranking, revised as he changes his mind, and its value lies in the reasoning rather than in any particular rung — this chapter reproduces the logic and the extremes rather than the full grid, which is Liebreich’s work and is best consulted at the source. And the rungs are relative, so a use can move without anything changing about hydrogen: a demotion usually means the alternative improved, which is exactly what happened to mining trucks.



The cancellation figures — about 60 major projects cancelled during 2025 representing over 4.9 million tonnes a year of announced capacity, against 59 projects starting construction totalling roughly 1 million tonnes a year, with more than a hundred projects cancelled, paused or cut back since mid-2024 and about a third of announced 2030 electrolyser capacity withdrawn — are from trade and industry reporting collated through 2025 and 2026, including Chemistry World’s survey of the year’s cancellations. Named projects: BP’s Duqm (1.5 GW, Oman) and H2Teesside (1.2 GW, blue hydrogen, United Kingdom), both cancelled in December 2025; Air Products’ paused Teesside import facility; ExxonMobil’s frozen 900 000 t/y blue hydrogen plant at Baytown; and ArcelorMittal’s cancelled hydrogen direct-reduced iron plants in Germany. Three things to hold in mind. Announced capacity is not a meaningful denominator — a large share of it was never going to be built, so a fall in announcements is partly the deflation of a number that was never real, and the construction figure of about 1 million tonnes a year is the more honest measure of what is actually happening. “Cancelled” covers everything from formal abandonment to indefinite deferral, and the categories are not applied consistently between sources. And a single year is a short base for a claim about a trend: final investment decisions in 2025 were reported as up about a fifth on 2024, on a different and smaller shape of project, so the sector is narrowing rather than simply shrinking. What is not in doubt is the direction of the revision, and that it reached uses the ladder places at the top.
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P A book that starts where this one stops

Editor’s note: this chapter is new in the 2026 revision. It is not David MacKay’s writing. Added by Örjan Lundberg.

This book asks whether a country’s energy demand can be met without fossil fuels, and answers it in kilowatt-hours per day per person. It treats demand as a thing to be supplied. Thomas Murphy’s Energy and Human Ambitions on a Finite Planet asks the question MacKay’s method brackets out: what happens if demand keeps growing at the rate it has grown for the last few centuries?

It is a physics textbook, written for a course at the University of California, San Diego, and it is free: the university publishes it under a Creative Commons licence at escholarship.org/uc/energy_ambitions. It is recommended here for the same reason MacKay’s book is worth reading twice: it does arithmetic in public, states its assumptions, and lets the reader check every step.1


Galactic-scale energy

The argument that makes the case is in his first chapter, and it runs on one number. Take 2.3% a year, which is a factor of ten a century, and which is roughly what industrial energy use has actually done. Then extrapolate, not because the extrapolation is a forecast but because watching where it breaks tells you what kind of limit you are up against.

Within 400 years, humanity would be using every scrap of the solar energy that reaches the planet, at 100% efficiency. Within about 1,400 years it would need the entire output of the Sun — a sphere built around the star to catch all of it. (Murphy notes in passing that if the whole Earth were beaten into such a shell at our orbit it would be less than 4 mm thick.) A hundred billion stars in the galaxy buys eleven more centuries, so the whole Milky Way goes in about 2,500 years, and the visible universe in about 5,000.

The point is not the timescales. It is that the growth rate we treat as normal runs out of universe in a few thousand years, which means it must stop for reasons that have nothing to do with policy, or oil, or anybody’s preferences.



The limit that arrives first

The interesting part is what stops it long before the stars do, and here the physics is the same as chapter 1 of this book. Whatever energy we use ends as heat. The Earth balances the sunlight it absorbs against what it radiates, and a growing power source adds to the first side of that balance.

Today’s 18 TW, spread over the disk the Earth presents to the Sun, is 0.14 W/m2 against the 961 W/m2 of sunlight absorbed there — a rounding error. Grow it by a factor of ten a century and the rounding error becomes the term that matters.

[image: Earth's surface temperature against years of growth at a factor of ten a century. The curve sits at 288 K for two centuries, reaches 297 K at 300 years, and crosses the boiling point of water at 417 years. Murphy's own published values are marked and sit on the curve.]

Figure P.1. Added in the 2026 revision. Murphy’s waste-heat calculation, recomputed from the equilibrium this book’s chapter 1 uses. The dots are his published table; the curve is the same equation solved here.2

After one century the surface is 0.1 °C warmer from waste heat alone. After two, about 1 °C — comparable with what burning things has done to date, and by a completely different mechanism. After three, 9 °C. After 417 years, the oceans boil. Keep going and the Earth’s surface passes the temperature of the Sun’s inside a thousand years.

Nothing in that depends on where the energy comes from. Fusion does not help; nor does solar power from orbit, nor anything else yet imagined, because the constraint is not the source but the exhaust. It is the one limit this book’s own method — supply against demand, both in kilowatt-hours — cannot see, because it holds demand fixed.



Why it belongs next to this book

MacKay’s argument is that Britain cannot run on renewables at British population density without either enormous machines or imports, and the binding quantity is area: 2 W/m2 for wind, 10 to 20 for solar, against a demand of 125 kWh/d per person.

Murphy’s argument is that no civilisation can grow its energy use indefinitely on one planet, and the binding quantity is thermodynamics. The two books use the same method — an estimate anyone can check, carried to the point where it changes what you think — on two different questions, and they meet in the middle. If the arithmetic in this book persuaded you, the arithmetic in that one is the next thing to read.

The thing to take from both, in the end, is the habit rather than any particular number. Murphy puts it as a rule for reading anyone’s energy plan: ask what quantity is being conserved, then check whether the plan respects it.



Notes and further reading







Thomas W. Murphy, Jr., Energy and Human Ambitions on a Finite Planet: Assessing and Adapting to Planetary Limits, University of California, San Diego, March 2021, ISBN 978-0-578-86717-5, DOI 10.21221/S2978-0-578-86717-5, free at https://escholarship.org/uc/energy_ambitions. It is licensed Creative Commons Attribution-NonCommercial 4.0 International, which is why the numbers above can be reproduced here with attribution; this edition is Attribution-NonCommercial-ShareAlike, and neither is for sale. Murphy also ran the blog Do the Math, where the galactic-scale argument first appeared in 2011. The figures quoted in this chapter are his: the growth rate of 2.3% a year and its factor of ten a century, the 400-year and 1,400-year and 2,500-year and 5,000-year timescales of his table 1.3, the 4 mm Dyson shell of his box 1.3, and the temperatures of his table 1.4.



Figure P.1 is computed here from Murphy’s own statement of the problem, not copied from his figure. The balance is the one this book’s chapter 1 uses: 0.707 × 1360 W/m2 absorbed over the planet’s projected disk against σT4 radiated over its whole surface, which gives 255 K, plus the 33 K the greenhouse effect adds to reach today’s observed 288 K. Human power enters as an extra term on the input side, starting at 18 TW — 0.14 W/m2 over that disk — and multiplied by ten each century, which is how Murphy works the growth rather than compounding 1.023 exactly, since that would give 9.7 per century and would not reproduce his table. The recompute matches four of his five published rows: 288.3 K against his 288.1 at a hundred years, 289.1 against 288.9 at two hundred, 297.0 against 296.9 at three hundred, and 373.0 against his 373.0 at 417 years, which is where he puts the boiling point. The exception is his 400-year row, where the same equation gives 352 K and his table prints 344; his own power-density column for that row, 1,400 W/m2, is the one this recompute uses, so the discrepancy is in his temperature rather than in the growth. The data task fails if any of the other four drifts by more than 1.5 K. Two cautions of the kind Murphy himself would insist on. The 33 K greenhouse offset is held constant while the planet heats, which is wrong in a direction that makes the curve optimistic. And the whole exercise assumes the energy is used on the Earth’s surface; the argument’s force is that it does not matter where it comes from, not that there is no escape at all.
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Q The IPCC’s scenarios, in this book’s units

Editor’s note: this chapter is new in the 2026 revision. It is not David MacKay’s writing. Added by Örjan Lundberg.

This book is about one country, and its quantity is energy: kilowatt-hours per day per person, supply against demand. The Intergovernmental Panel on Climate Change’s Sixth Assessment Report is about the whole world, and its quantity is emissions: gigatonnes of carbon dioxide equivalent per year. The two are quoted at each other constantly and almost never in the same units, so this chapter converts the report’s headline pathways into the ones the rest of this book uses.

A word on the abbreviation first, because this edition uses it for two different things. In chapters 4 and 28a, AR6 is Allocation Round 6, the sixth auction of British contracts for difference. Here it is the Sixth Assessment Report, and specifically the 2022 report of its working group III, on mitigation.1


The two categories the report leads with

The report sorts more than a thousand modelled pathways by how much warming they produce. Two categories carry the argument.

C1 limits warming to 1.5 °C with no or limited overshoot: 97 pathways. C3 limits it to 2 °C with better than two chances in three: 311 pathways. Measured against modelled 2019 emissions of 55 GtCO2-equivalent, the median pathway in each category cuts global greenhouse gases by:




	
	by 2030
	by 2040
	by 2050





	C1 — 1.5 °C
	43%
	69%
	84%



	C3 — 2 °C
	21%
	46%
	64%





Global net zero CO2 arrives in the early 2050s in C1 and around the early 2070s in C3. The cumulative carbon dioxide C1 spends on the way is 510 GtCO2, which at the 2019 rate is about thirteen years of it.



The same pathways, divided by the people living on them

[image: The IPCC's C1 and C3 pathways expressed as tonnes of CO2-equivalent per person per year, falling from 7.0 tonnes in 2019 to 0.90 for C1 and 2.02 for C3 by 2050, with the 5th-to-95th-percentile ranges shaded and a second axis giving the equivalent in kWh per day of fuel at 250 g of CO2 per kWh.]

Figure Q.1. This chapter and all its figures are new in the 2026 revision. The report’s two headline categories, computed from the 1202 vetted pathways of the AR6 Scenarios Database and divided by the United Nations’ medium population projection, with the right-hand axis converting the tonnage to the fuel it would be at this book’s own 250 g of CO2 per kWh.2

In 2019 the world emitted 7.0 tonnes per person. C1’s median takes that to 3.6 tonnes by 2030 and 0.90 by 2050; C3’s to 5.1 and 2.0.

Notice what the division does to the headline. The report’s 84% cut by 2050 is a cut in the global total, and the population is projected to grow from 7.8 billion to 9.7 billion over the same period — so the cut each person has to make is 87%, not 84%. At 2030 the gap is wider in proportion: 43% globally, 48% each. Growth in the denominator is doing some of the work the report’s percentages hide, and it is working against us.



What that is, as energy

This book’s carbon chart converts at 250 grams of CO2 per kWh of chemical fuel, oil or petrol. Run the per-person emissions through it and the pathways turn into something a reader of chapter 2 can hold.

Today’s 7.0 tonnes per person is 77 kWh/d of burning — which is close to the 68.9 kWh/d of primary energy per person the world’s richer half actually uses, and not far from MacKay’s British stack of 125. C1’s 2050 figure of 0.90 tonnes is 9.9 kWh/d. C3’s 2.0 tonnes is 22.

Ten kilowatt-hours a day is not a plan for the energy supply; it is the entire greenhouse budget, and farming, cement and everything else has to come out of it first. So the honest reading of the number is the other way round: if the C1 pathway is met while anyone still burns anything, almost all of the energy in chapters 2 to 18 has to arrive without combustion. That is the same conclusion this book reaches from the supply side, arrived at from the emissions side.



What the report says about energy in particular

Five of its findings bear directly on the arithmetic in this book.

Coal, oil and gas all fall, and not equally. In C1 pathways, 2050 use falls by a median 95% for coal, 60% for oil and 45% for gas against 2019; without carbon capture the falls are 100%, 60% and 70%. In C3 they are 85%, 30% and 15%. Gas survives longest in the scenarios and coal not at all.

Electricity carries the transition. In C1 pathways, almost all electricity in 2050 comes from zero- or low-carbon sources, alongside increased electrification of everything else — which is chapter 20’s argument about cars and chapter 21’s about heat, made globally.

The costs came down faster than anyone’s plans assumed. Between 2010 and 2019 the unit cost of solar fell 85%, wind 55% and lithium-ion batteries 85%, while deployment rose more than tenfold for solar and more than a hundredfold for electric vehicles. MacKay’s own cost figures in chapter 28 are from before that fall, which is what chapter 28’s revision is about.

Half of the 2030 job is available cheaply. Options costing 100 dollars a tonne of CO2-equivalent or less could cut global emissions to half their 2019 level by 2030, and the largest contributions below 20 dollars come from solar, wind, efficiency, stopping the conversion of natural ecosystems, and methane from coal, oil, gas and waste.

And demand is not fixed. Demand-side measures — how buildings, transport and cities are used, not only what supplies them — can cut end-use emissions 40 to 70% by 2050 against baseline. This book holds demand roughly constant and asks what can supply it; the report says the demand is itself a variable, and a large one.

The money is the part this book’s chapter 28 is about. Average annual investment for 2020 to 2030 in pathways limiting warming to 2 °C or 1.5 °C is three to six times current levels.



The whole ladder

The two categories above are the ones the report leads with, but it sorts its pathways into eight. Computed the same way — the median pathway in each, in 2050, divided by the people then alive — the ladder reads like this.













	Category
	Pathways
	Cut by 2050
	Per person
	As fuel
	Net zero CO2
	Peak warming





	C1 · 1.5 °C, no or limited overshoot
	97
	84%
	0.90 t
	9.9 kWh/d
	2052
	1.58 °C



	C2 · 1.5 °C after high overshoot
	133
	75%
	1.41 t
	15.4
	2058
	1.70



	C3 · 2 °C (>67%)
	311
	64%
	2.02 t
	22.1
	2070
	1.75



	C4 · 2 °C (>50%)
	159
	49%
	2.91 t
	31.9
	2079
	1.91



	C5 · 2.5 °C
	212
	29%
	4.05 t
	44.3
	—
	2.15



	C6 · 3 °C
	97
	5%
	5.42 t
	59.4
	—
	2.69



	C7 · 4 °C
	164
	−24%
	7.06 t
	77.3
	—
	3.48



	C8 · above 4 °C
	29
	−46%
	8.31 t
	91.0
	—
	4.22





Two things are worth reading off it. The step from C3 to C1 — from two degrees to one and a half — costs about 12 kWh/d per person of burning, which is roughly what the average European spends on driving. And the bottom of the ladder is not a plan at all: C8 has emissions per person higher in 2050 than today, and C7 is level with today — 7.06 tonnes against 7.04, a difference far inside the report’s own 53 to 58 GtCO2-equivalent band for 2019. That is what “no new policy” looks like once population growth is taken out.3



Does it say how much solar, or how much nuclear?

Not per scenario, and the omission is deliberate.

What the report does publish for each category is the fossil side, which is above, and three statements about the low-carbon side. In pathways that limit warming to 2 °C or below, 88% (69 to 97%) of primary energy comes from low-carbon sources by 2100, and non-biomass renewables — wind, solar, hydro, geothermal — account for 52% (24 to 77%) of all primary energy. Carbon dioxide from energy supply reaches net zero around 2041 (2033 to 2057) in the 1.5 °C pathways and around 2053 (2040 to 2066) in the 2 °C ones. And nearly all electricity comes from low- or no-carbon fuels.

But the report states plainly that those fuels arrive in “different shares of nuclear, biomass, non-biomass renewables, and fossil CCS across pathways”. There is no C1 number for nuclear, or for solar, because the category is defined by its temperature outcome and not by its machines. Its illustrative pathways make the point by disagreeing with each other on purpose: one leans on renewables, one on carbon dioxide removal, one on low demand, one on a broader shift in development. Each reaches the same temperature by a different stack.

That is the same shape as chapter 27 of this book, which offers five plans that all add up and differ completely — MacKay’s point being that the arithmetic constrains the total and leaves the mix to politics. The report reaches it from the other end and says it in the same tone.

Where the per-technology numbers do exist is underneath: every pathway is published in the AR6 Scenarios Database, with primary energy by carrier for each one. The report does not summarise them, and this edition’s first pass through the chapter said so and stopped there.

Then the database was read, and it does.

[image: Two panels, one per category, showing each energy carrier's primary energy in 2020 and in 2050 on a logarithmic scale. In the 1.5 °C pathways solar grows 32-fold and wind 16-fold while coal falls 95%, oil 62% and gas 42%; nuclear roughly doubles and hydro and biomass grow by about 80 and 98%. The 5th-to-95th-percentile bars are wide: solar spans 31 to 200 EJ and nuclear 4 to 70.]

Figure Q.2. What the pathways build, carrier by carrier, computed from the AR6 Scenarios Database. Grey is 2020, the coloured dot is the median across the pathways in 2050, and the pale bar is the range they span.4

In the 1.5 °C category the median pathway multiplies solar by 32 and wind by 16 between 2020 and 2050, roughly doubles both nuclear and biomass, grows hydro by about four-fifths, and cuts coal by 95%, oil by 62% and gas by 42%. In the 2 °C category the growth is smaller and slower: solar by 21, wind by 13, nuclear by four-fifths, with coal down 82%, oil 33% and gas 15%.

In the book’s own units, the median across the 1.5 °C pathways for total primary energy in 2050 is about 43 kWh/d per person — a third less than Britain uses today — with a median of 9.3 kWh/d for biomass, 8.5 for solar, 6.9 for wind, 2.4 for hydro and 1.6 for nuclear. That list is the low-carbon side only; fossil fuels are still there in 2050, at a median of 6.0 kWh/d of gas, 5.7 of oil and 0.6 of coal. Even with those added the carriers come to about 41 kWh/d rather than 43, because each figure is its own median over its own set of pathways rather than one pathway’s stack.

So nuclear does grow — and of every carrier that grows, it adds the least new energy: 10 EJ a year by 2050, against hydro’s 14, biomass’s 58, wind’s 82 and solar’s 104. That is not a judgement the report makes; it is what happens when a thousand modelling teams each pick a mix and the middle one is taken.

The spread is the part worth staring at. Across the 1.5 °C pathways, solar in 2050 runs from 31 to 200 exajoules and nuclear from 4 to 70 — a factor of six for one and sixteen for the other. The models agree that coal ends and disagree about nearly everything that replaces it. That is why the report publishes the fossil declines as numbers and describes the low-carbon side in words, and it is the honest answer to the question: yes, there is an increase in solar and in nuclear in the scenarios; no, there is no such thing as the IPCC’s number for either.

The nearest thing to a technology ranking the report does publish is a different quantity: the emissions each option could remove in 2030, and what that costs. Wind and solar are the two largest options in that chart, each around 4 GtCO2-equivalent a year, most of it available below 20 dollars a tonne; nuclear is on the same chart at well under a gigatonne, and at a higher cost. That is a statement about 2030 potential and price, not about what any scenario builds.5



And for Europe? For Britain?

The database is published by region as well as by world, so the same question can be asked of a continent. Europe’s answer is not the world’s.

[image: Two panels. Left, the multiple each carrier is scaled by between 2020 and 2050 in the median 1.5 °C pathway, world against Europe: solar ×32 and wind ×16 for the world against ×9 and ×7 for Europe, coal down 95% and 98%, and nuclear ×2.1 for the world but down 58% for Europe. Right, all primary energy per person per day: the world falls from 55 to 43 kWh/d and Europe from 90 to 69.]

Figure Q.3. The same 1.5 °C pathways, asked about Europe. Europe here is the database’s own R10EUROPE — the continent without the former Soviet republics, 547 million people in 2020 — and each pathway is divided by the population it carries itself.6

In the median 1.5 °C pathway, Europe uses 90 kWh/d per person of primary energy in 2020 and 69 in 2050. That is a fall of about a quarter, on a continent where the population grows a little, and it is a good deal more than the 43 the world median lands on. Coal falls by 98%, oil by 81% and gas by 68%. Solar is multiplied by nine and wind by seven — large, but nothing like the world’s 32 and 16, because Europe starts from a much higher base.

And then nuclear, which is the one carrier where the two answers point in opposite directions. World nuclear roughly doubles by 2050. European nuclear, in the median of the same pathways, falls by 58%, from 3.1 exajoules to 1.3. On the tighter European Union cut of the same database it falls by 91%, to almost nothing.

Two things are worth saying about that before anyone quotes it. The first is the spread, which for this carrier is not a detail: across the European 1.5 °C pathways, nuclear in 2050 runs from 0.1 exajoules to 13.8 — from closing every reactor to more than four times what the continent has now. The median is not a forecast and is barely a description; it is the middle of a disagreement.

The second is where the number comes from. These models do not usually let cost alone decide how much nuclear a region builds: expansion is bounded by assumptions about build rates and public acceptability that the modelling teams set by hand, and for Europe those assumptions were written while Germany was closing its reactors and almost nothing was being started anywhere on the continent. The whole database closed to submissions in 2021. So Europe’s falling nuclear is at least partly a record of what looked plausible then, and a reader in 2026 — after Britain, France, Sweden and the Netherlands each changed their policy on new build — should treat it as a dated input rather than a finding.

For Britain and for Sweden, the honest answer is that the database has nothing to say. Its country-level file does hold both, with 48 scenarios between them from national and European models, but none of those scenarios were vetted and sorted into a temperature category. There is no C1 pathway for Britain in it, and no C3 one either. The countries that do have them are the large emitters the global models resolve separately — China, the United States, India, Japan, Russia, Brazil — and the European Union as a block. Anyone wanting a British 1.5 °C pathway has to go to the Climate Change Committee’s carbon budgets instead, which is a different kind of document: a national plan rather than one draw from a literature.



What Europe would have to change

Figure Q.3 is the supply side: what gets built. The database holds the other half too — what the pathways ask a European to use — and that half is where the two categories part company.

[image: Two panels. Left, final energy per person per day in Europe from 2020 to 2050: all of it falls from 71 to 50 kWh/d in the 1.5 °C pathways but only to 60 in the 2 °C ones, while the electricity in it rises from 15 to 29; transport falls from 22 to 14, buildings from 26 to 19, industry from 22 to 17. Right, the average gigawatts a year the 1.5 °C median implies — 31 then 35 for wind, 61 then 38 for solar — against 19 GW of wind and 65 GW of solar actually built in 2025.]

Figure Q.4. What the 1.5 °C and 2 °C pathways ask of a European, and of Europe. Left is demand, right is the rate of building rather than the stock.7

In the median 1.5 °C pathway a European uses 71 kWh/d of final energy in 2020 and 50 in 2050. Transport falls hardest, from 22 to 14, which is not a story about driving less: it is MacKay’s own appendix-A arithmetic arriving in a global model, where an electric drivetrain does the same journey on a fraction of the energy. Buildings fall from 26 to 19, industry from 22 to 17.

Meanwhile the electricity inside that shrinking total nearly doubles, from 15 kWh/d to 29 — from a fifth of final energy to three-fifths. That single pair of numbers is the whole transition in one line: use a third less, and take most of what is left as electricity.

Now compare the two categories, because this is the part the report’s own summary says only in words. Final energy per European falls 30% by 2050 in the 1.5 °C pathways and 15% in the 2 °C ones: the tighter target asks twice the reduction. Put the two side by side in 2050 itself and a European in the 1.5 °C pathways uses 17% less energy than one in the 2 °C pathways, while having a quarter more wind capacity and a third more solar. Both levers move, and neither dominates — which is itself worth knowing, because the argument is usually conducted as though one of them were the whole answer.

What does stand out is how little the 2 °C pathways ask of demand. Fifteen per cent per person over thirty years is roughly what efficiency delivers on its own, and European buildings in those pathways are the clearest case: 27 kWh/d per person today, 26 in 2050, having done essentially nothing in three decades. That 27 is not the 26 quoted for buildings above, because each category’s 2020 figure is its own median over its own set of pathways. The 2 °C route is very nearly all supply — clean up what generates the energy and leave the using of it alone. The 1.5 °C route cannot be done that way, and that, rather than any single ratio, is the difference between them.

The right-hand panel turns the capacity into a rate, because a stock in 2050 is easy to nod at and a rate is not. To reach the 1.5 °C median, Europe builds about 31 GW of wind a year through the 2020s and 35 a year for the twenty years after that, and about 61 GW of solar a year now falling to 38. Against that, Europe built 19.1 GW of wind in 2025 and the European Union built 65.1 GW of solar.

So the scoreboard is split, and not in the direction most people assume. Solar is already being built faster than the 1.5 °C pathways ask. These pathways were written before the 2023 and 2024 cost falls, and they underestimated it — the report itself says as much in its section on how far solar’s costs have dropped beyond what earlier assessments assumed. Wind is running at about two-thirds of the rate, and the gap widens rather than closes, because the pathway’s wind requirement rises after 2030 while solar’s falls. Neither figure counts replacement: the panels and turbines installed in the 2000s come to the end of their lives inside this period, so gross building has to exceed these numbers to hold the net rate.

And nuclear, for completeness: the same pathways take European nuclear capacity from 96 GW to 43. Europe is currently deciding not to do that. Whether that is Europe correcting the models or the models correcting Europe is not something the database can settle; it is only worth knowing that the two disagree.


Why primary energy falls faster than anyone uses less

There is a trap in the first line of figure Q.3, and it is worth spending a paragraph on because almost every published summary of these pathways falls into it. Europe’s primary energy falls 19% by 2050, and its final energy — what actually reaches a building, a factory or a wheel — falls 27%. Both of those are Europe-wide totals, which is why they are smaller than the 30% the previous section gives: that one is per person, and Europe’s population grows a little in these pathways. Primary energy is the larger number and the smaller fall, and neither of them is mostly a story about Europeans doing less.

Three things are going on, and they do not have equal weight.

Chapter M draws the oil half of this as a picture — figure M.1, where a hundred units of crude in the ground come down to thirty-six by the time a car moves — and the three terms below are the same accounting seen from the other end.

The first is that the chimneys and the engines close. A coal or gas station converts perhaps 40% of the fuel it burns into electricity and throws the rest away as heat; a petrol engine turns about a quarter of its fuel into motion. Both losses were counted as primary energy, and neither is counted in what replaces them, because the report’s accounting counts a kilowatt-hour of wind or solar output as a kilowatt-hour of primary energy. So Europe doubles its electricity generation, from 13.1 to 27.3 exajoules, while the primary energy each unit of that electricity costs falls from about 1.6 to about 1.0.8 Replace a coal station with a wind farm delivering exactly the same electricity to exactly the same customers and the primary-energy figure falls by about 60% with nothing whatever changing for anyone. Across the whole system, fossil primary energy falls by about 40 exajoules a year and renewables and biomass rise by about 26, and the service delivered does not fall by the difference — the difference is very largely the losses. This is the largest single term, and a good part of it is an accounting convention rather than a physical saving.

The second is that the drivetrains change, and here the saving is real. European transport gives up 11.1 exajoules a year of liquid fuel and takes on 3.5 of electricity — a ratio of 3.2 to one. That is MacKay’s appendix A arriving unannounced in a global model: the electric motor does the same journey on a fraction of the energy, and the difference is heat that a petrol engine was making and nobody wanted. Heat pumps do the same thing to buildings. This is the part of the fall that a reader should take at face value.

The third pulls the other way. Europe’s primary energy in 2020 is 1.26 times its final energy. By 2050 that ratio is 1.39 — the conversion overhead gets worse, not better. The chimney losses leave and something else takes their place: in these pathways, hydrogen made from electricity (0.05 exajoules of it in 2020, 3.34 in 2050) and liquid fuels made from biomass (0.56, then 3.57). Making a fuel out of electricity and then burning it is a way of spending three kilowatt-hours to deliver one, which is why chapter O puts most uses of hydrogen near the bottom of a ladder.

That third term deserves scepticism, and this edition will give it some. The pathways assume Europe builds a hydrogen industry sixty times the size of the one it had — an assumption made before 2022, by models in which hydrogen is a convenient way to decarbonise whatever electrification is hard to model. What has happened since is in chapter O: roughly sixty major clean-hydrogen projects cancelled during 2025 alone, and the failures reaching the top of the ladder rather than the bottom, with ArcelorMittal abandoning green-hydrogen steel in Germany. The scenarios’ hydrogen is a modelling convenience that the market is presently declining to build.

Which cuts an interesting way. If hydrogen underdelivers, the pathways are not simply wrong by 4 or 5 kWh/d per person: either the service goes unmet, or it is met by plugging something in, and plugging something in is the more efficient of the two. A Europe that electrifies directly where these models assumed a hydrogen detour would use less primary energy than figure Q.3 shows, not more. The conversion overhead this section warns about is the models’ pessimism, not their optimism — which is not a sentence one often gets to write about a mitigation scenario.




What to take from it

The report and this book agree about more than they disagree. Both say electrification, both say the resource is adequate and the rate of building is not, both say the cheap options are cheap and unbuilt, both are impatient with plans that do not add up.

They differ in two ways worth keeping in mind while reading either. The report’s pathways lean on carbon capture and on carbon dioxide removal at a scale that does not yet exist, which is the caution chapter 23 makes at length. And the report is a set of scenarios, not a forecast: the pathways say what would have to happen for a temperature outcome, not what will. Read as arithmetic, though, they are exactly the kind this book is built on — a quantity, divided by the people who have to live on it, checked against what the machines can actually do.9



Notes and further reading







The report is the Intergovernmental Panel on Climate Change’s Climate Change 2022: Mitigation of Climate Change, the working group III contribution to the Sixth Assessment Report, Cambridge University Press, 2022. Everything quoted in this chapter is from its Summary for Policymakers, which is free: the scenario categories and the reduction percentages from Table SPM.2 and paragraph C.1; the net zero dates from C.2; the fossil-fuel declines and the electricity finding from C.3.2; the cost falls and deployment multiples from B.4.1; the cost-of-abatement finding from C.12; the demand-side range from C.10; and the investment factor from E.5.1. Modelled 2019 emissions of 55 [53–58] GtCO2-equivalent are the report’s own baseline, and its reductions are measured against that rather than against the observed series in its chapter 2, which differs slightly. “AR6” in chapters 4 and 28a of this edition means Allocation Round 6 of the British contracts-for-difference auctions, which is an unrelated thing that shares an abbreviation.



Figure Q.1 is this edition’s arithmetic on the report’s own ensemble rather than on its printed table. The pathways come from the AR6 Scenarios Database’s metadata indicators, version 1.1, the vetted set of 1202 scenarios that chapter 3 of the working group III report is built on, cut here to the columns used. Medians and 5th-to-95th-percentile ranges are computed across the pathways in each category, and the data task checks its own medians against the percentages Table SPM.2 prints and fails if any drifts by more than 1.5 points — they agree to within a third of a point: 43.3 against 43 for C1 in 2030, 68.9 against 69, 84.2 against 84, and 20.7, 46.3 and 64.5 against 21, 46 and 64 for C3. The category counts come back as the report prints them too, 97 pathways in C1 and 311 in C3 out of 1202. Population is the United Nations’ medium projection as published by Our World in Data: 7.81 billion in 2019, 8.57 in 2030 and 9.66 in 2050. Three cautions. These are greenhouse gases, not carbon dioxide alone, so the conversion to kWh at 250 g per kWh describes what the tonnage would be if all of it were burnt fuel, which it is not — agriculture, cement and industrial gases are inside these totals, and the fuel share is the part this book’s chapters can address. Dividing a global pathway by global population says nothing about who emits what: the report’s own figures put the top 10% of households at 34 to 45% of consumption-based emissions. And a scenario is not a forecast; the ranges shown are the spread of models, not a probability that the world does any of this.



The ladder is computed from the same file as figure Q.1: for each category, the median across its pathways of the greenhouse-gas reduction from 2019 to 2050, applied to the report’s modelled 2019 total of 55 GtCO2-equivalent, then divided by the United Nations’ medium projection of 9.66 billion people in 2050 and converted at 250 g of CO2 per kWh. Net zero is the median year of net zero CO2 among the pathways in the category that reach it, and is left blank where fewer than half of them do — from C5 downwards, most never do. Peak warming is the median of the database’s own MAGICC estimate. A caution that applies to the whole table: a median across models is not a pathway. Each row mixes scenarios from many modelling teams with different assumptions, so the median is a description of a literature rather than a route anyone proposed.



Figure Q.2 is computed from the AR6 Scenarios Database’s world timeseries file, version 1.1, which is 345 MB and is not kept in this edition’s repository: it has to be fetched by hand from the IIASA Scenario Explorer, which wants a free account, and the data task says where to put it. The derived table is small and is kept. Each figure is the median across the pathways of a category for a carrier’s primary energy, with the 5th and 95th percentiles for 2050, joined to the categories by model and scenario name. A pathway is counted for a carrier only if it reports that carrier in all three printed years, so the pathway count beside a row describes every number in the row. Carriers still differ from each other — 94 of C1’s 97 pathways report primary energy at all, and 76 of them split out solar and wind — so the medians are over different sets and do not add up to a stack, which is one more reason to read the spread rather than the middle. The check is the report’s own published fossil declines: this extraction gives 95%, 62% and 42% for coal, oil and gas in C1 against the 95%, 60% and 45% of paragraph C.3.2, and 82%, 33% and 15% for C3 against 85%, 30% and 15%, and the task fails if any of the six drifts by more than eight points. Primary energy is converted to kWh per day per person at the 2050 population used in figure Q.1, and the report’s accounting counts one unit of nuclear or non-biomass renewable output as one unit of primary energy, so these are not the substitution-method numbers used elsewhere in this book.



The low-carbon and renewable shares of primary energy in 2100, and the dates at which carbon dioxide from energy supply reaches net zero, are from section 3.4.2 of chapter 3 of the working group III report, Mitigation Pathways Compatible with Long-term Goals, which is also where the sentence about different shares of nuclear, biomass, non-biomass renewables and fossil CCS comes from. The illustrative mitigation pathways — IMP-Ren, IMP-Neg, IMP-LD, IMP-GS and IMP-SP — are described in the Summary for Policymakers’ Box SPM.1 and in chapter 3. The per-pathway energy mix is published in the AR6 Scenarios Database, hosted by the International Institute for Applied Systems Analysis, which is the source the report’s own tables draw on. The 2030 potentials for wind, solar and nuclear are read off Figure SPM.7 of the Summary for Policymakers, which is why they are given here as approximate: this edition has not had the figure’s underlying values, and the text beside it says only that the large contributions below 20 dollars a tonne come from solar and wind energy, efficiency, ecosystems and methane. Chapter 3’s table 3.4 does give a low-carbon share of primary energy and an electricity share of final energy for every category in 2030, 2050 and 2100, and they are not quoted here because this edition could not map that table’s columns from the published PDF with enough confidence to print numbers from it.



Figure Q.3 is computed from two more of the AR6 Scenarios Database’s timeseries files, the R10 regional one and the ISO3 country one, each over a gigabyte and neither kept in this edition’s repository; as with figure Q.2 they are fetched by hand from the IIASA Scenario Explorer and the data task says where to put them. R10EUROPE is the database’s own European aggregate; the second, tighter figure quoted for nuclear is the ISO3 file’s EU aggregate, which is a smaller area and a smaller set of pathways, and it is given precisely because it disagrees in magnitude while agreeing in direction. Per-person figures use each pathway’s own regional population rather than an external projection, which is why Europe’s 2020 figure of 90 kWh/d is the pathways’ view of 2020 rather than a measurement. Several things are checked and the task fails on any of them: that R10EUROPE holds about 547 million people in 2020, which is Europe without the former Soviet republics and so establishes which region was read; that it is about a ninth of world primary energy in 2020, the task accepting 10% to 13% against the 11.3% it currently gives; and that nuclear’s fall by 2050 is 58% for R10EUROPE and 91% for the EU cut, each within eight points, so that the paragraph above cannot quietly stop being true. The count of British and Swedish scenarios in the vetted set is likewise checked to be zero, and the 48 uncategorised ones to be 48. The pathway counts are 69 for Europe against 94 for the world in C1, and 242 against 311 in C3: a pathway has to report the region separately to appear here at all.



Figure Q.4 comes from the same R10 file as figure Q.3, and the same caution applies: each row is its own median over its own set of pathways, so the three sectors do not add up to the final-energy total and are not meant to. Final energy is what reaches the user, after the losses in generating and refining, which is why its numbers are smaller than the primary-energy ones in figure Q.3. The rates on the right are the median capacity at the end of a period minus the median at its start, divided by the years between, which is a net rate and so understates the building: plant that retires inside the period has to be replaced on top of it. The two figures they are set against are Europe’s own: WindEurope reports 19.1 GW of wind newly connected in Europe in 2025 for a fleet of 304 GW, and SolarPower Europe rep