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Praise for The Burning Answer

‘Barnham does have something new to say: he cuts through the current morass of fossil-fuel and nuclear lobbyists’ negative propaganda with a clear and original vision for solar power . . . It is a bold vision, a necessary one, and the world needs to be fired up about it. Keith Barnham is fanning a necessary flame’

Peter Forbes, Guardian

‘The overwhelming impression I take away from The Burning Answer is one of a slowly building but completely unstoppable momentum behind this solar revolution . . . It’s one of the most exciting and genuinely hopeful books I’ve read in a long time’

Jonathon Porritt, Ecologist

‘A scorching diatribe . . . the energy fizzes off the page, and any doubters of the merits of solar power, be they scientists, commentators or policy wonks, are given a swift left-hook’

Nicola Davis, Observer

‘An excellent resource in explaining the science, historical development and future potential of solar technologies . . . Barnham offers steps we can take individually and collectively as “solar revolutionaries”’

Helen Moore, Permaculture

‘This is a very important book . . . Here we have an actual physicist, the kind who worked on honking big particle accelerators, breaking down the underlying science . . . It is with the assurance of a craftsman, as well as a theoretician, that he undertakes to demonstrate that renewable energy is indeed capable of doing what needs to be done when it comes to the real world of toast, watching Netflix, and getting you to work’

Bill McKibben, author of The End of Nature

‘Barnham has done us all a great service by clearly explaining for non-scientists the physics behind today’s renewable (especially solar) energy revolution . . . Correct technical advice, full and fair competition, and even-handed policy could restore Britain to the energy leadership that it pioneered in the first Industrial Revolution . . . Professor Barnham’s frank and lucid book The Burning Answer explains how’

Amory B. Lovins, co-founder and chief scientist, Rocky Mountain Institute, Colorado

‘An excellent introduction to the great potential of solar power for low-carbon economy’

Professor Jeffrey D. Sachs, Columbia University

‘This is a book that every climate change denier and big oil executive should be forced to read . . . It starts off like a fascinating personal tutorial with Brian Cox, with author Keith Barnham explaining the physics of solar tech and the semiconductor revolution behind solar energy . . . [It contains] the best definition of the difference between power and energy (and so many politicians’ muddled thinking) that I have ever read’

Stephen Hunt, author of In Dark Service

‘Powerful and eloquent . . . It’s a remarkable book, covering so much background, from cosmology to climate change, and also surveying all the renewables, including the non-solar ones . . . Overall it relays a strong and positive message: a solar and renewables based future is possible and indeed may be our only hope’

David Elliott, author of Energy, Society and Environment
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Preface

When the first edition of The Burning Answer was published last year, I wanted to leave the reader with a vision of a solar future in which the sun supplies all our energy needs. Gone would be the threats posed by global warming, nuclear disaster and conflict in oil-rich countries, all three of which are linked to our thirst for energy.

A year later, the solar revolution has moved on apace. There is already a need to update the information in Part II: ‘The Here and Now of the Solar Revolution’. The first exciting new development emerged when I looked up the latest figures on renewable electricity installations published by the UK Department of Energy and Climate Change (DECC). I decided to plot a graph of the rate at which offshore wind power was expanding, in the same way that I have tracked the growth of photovoltaic (PV) installations for more than ten years. Incredibly, offshore wind power installations around the UK have been expanding at a rate not far short of that achieved by PV in Germany in the halcyon years of their feed-in tariff. This rapid expansion is typical of small semiconductor devices, like mobile phones, that can be prototyped and mass produced quickly. But offshore wind turbines are massive structures of novel design, installed in a challenging environment. Such a rapid expansion of wind power is an extremely impressive achievement.

If this rate of expansion continues, the UK could achieve the level of offshore wind contribution required for an all-renewable electricity supply soon after 2020. Part II describes how PV installations could also achieve their level of contribution needed for an all-renewable UK electricity supply by a similar date.

The latest news from Germany is also positive. The fall in the peak wholesale price of electricity, described in Part II, has continued. There is now so much PV and wind power on the German grid that the average wholesale electricity price, not just the peak price, has declined in recent years.

These developments contrast dramatically with the lack of progress on new nuclear reactors. The two prototypes for the European Power Reactor (EPR) planned at Hinkley Point are still years away from operating. If offshore wind and PV maintain their current rates of expansion, they will each provide well over 20 times as much power as one EPR before the latter’s earliest operation date of 2023.

In the past year, the European Commission has approved the UK government’s subsidy scheme for nuclear reactors. This guarantees that the public will fund the difference between a fixed, high price for nuclear electricity and the wholesale price for electricity in a decade’s time. The large amount of renewable electricity on the grid by 2023 will mean the wholesale price will be lower than now, so the subsidy will be higher.

The Commission’s decision is likely to be appealed. The new UK government, EDF and the investors should use this period for reflection and follow the advice in this book. Good engineering and investment practice requires them to await the operation of one of the EPR prototypes before signing a contract.

The Burning Answer shows that renewable alternatives to Hinkley Point C are cheaper, have a lower carbon footprint and can be built much faster. Why the UK government is so obsessed with nuclear power is one of a number of political and scientific mysteries that the book sets out to solve.

One set-back for the solar revolution in 2014 was the UK coalition government’s decision to remove the subsidy for solar farms. The government argued that solar farms are taking too large a share of the renewables subsidy. Why didn’t the government simply transfer some of the much larger fossil fuel subsidies to PV? Solar farms will now have to compete with other renewable technologies, and with nuclear, for a finite subsidy pot from which expensive nuclear will take the lion’s share. Such uncertainties in funding can be fatal for young solar companies.

There were other set-backs for the solar revolution in 2014. Both the Conservatives and UKIP voiced opposition to onshore wind power. A coalition government minister recorded his fiftieth rejection of onshore wind projects after they had been approved by local government.

For every depressing news story in the past year there has been at least one, less well-publicised, success story for the solar revolution. The decision to cut the solar farm subsidy coincided with DECC publishing results from public opinion surveys that show around 70 to 85 per cent of the UK support wind and solar power. Most significantly, when respondents were asked if they would be happy with ‘a large scale renewable energy development’ in their area, this support did not fall by much (59 per cent were still in favour). The support for wind and solar power was considerably higher than the support for nuclear (42 per cent) and more than double the support for fracking (29 per cent). No doubt the percentages favouring nuclear and fracking would have fallen even further, had respondents been asked if they would like nuclear reactors or fracking rigs in their neighbourhood.

There has also been excellent news on biomethane. Part II describes how the first anaerobic digestion (AD) plant in the UK, which produces biomethane from agricultural and food waste, was connected to the gas grid in 2012. Ciaran Burns of the Greengas certification scheme, which tracks the biomethane after injection into the grid, updated the situation for me. By the end of 2014, twenty-eight plants were in operation and these were capable of injecting enough biomethane to heat 100,000 UK homes. There should now be sufficient biomethane for companies that provide all-renewable electricity to offer renewable gas as well. Representatives of both Ecotricity and Good Energy explained that they hope to be able to offer customers biomethane in 2016.

There are other exciting applications of biomethane from AD. Christopher Maltin, director of Biomethane Ltd, explained to me that it has benefits for gas-powered lorries, buses and cars, and Grant Ashton from the Biomethane Certification Scheme reported that demand for their certificates from transport companies has recently taken off.

The solar revolution is now expanding outside Europe. India has announced plans for 100 GW of PV by 2022. China is expected to install nearly 18 GW of PV in a single year in 2015. The charity, SolarAid, has already passed the milestone of 1.5 million solar lights sold in Africa. They are on target for their goal of eradicating oil use for lighting on the African continent by 2020. After writing an article for the Ecologist, which suggested how renewables could ensure a lasting ceasefire in Gaza, I heard good news from the Sunshine4Palestine charity. They have already installed PV at a hospital in Gaza, dramatically increasing the time electrical medical equipment can be used each day.

In the build-up to the December 2015 UN Climate Conference in Paris, NGOs and internet campaign groups have organised impressive public demonstrations in many countries calling on governments to agree to significant carbon cuts. The Burning Answer suggests that the most effective policy would be for governments to set an early date at which all new electricity generators will have greenhouse gas emissions below 50 gCO2/kWh.

For me, one of the greatest pleasures of the past year has been meeting the workers at the grass roots (rather than the coalface) of the solar revolution. I have travelled around the UK, mainly by train, from Belfast in Northern Ireland to Dorchester in the south to talk to local environmental groups. The enthusiasm and determination of the solar revolutionaries I have met is impressive.

In Belfast, at the Northern Ireland Energy Forum, it was exciting to see solar overcoming old political divisions. The co-operation between Northern Ireland and Eire on improving grid connection will benefit both parts of Ireland. The north has superior wind power and the south has better PV resources. I also heard from Regan Smyth that the Friends of the Earth ‘Run on Sun’ project has already encouraged one-third of Northern Ireland schools to install solar panels.

Visiting the western mountains of Wales, I was greatly encouraged by the work on Zero Carbon Britain by the Centre for Alternative Technology. In deepest Somerset, appropriately in the part of the county affected by flooding in 2014, Eva Bishop of Tidal Lagoon Power talked about their planned installation in Swansea Bay. A tidal lagoon off Hinkley Point could generate more power than the two planned EPRs together, and operate earlier. Its power generation is completely predictable. This would complement the offshore wind and PV power proposed as alternatives to Hinkley Point C in Part III. Peter Lee, retired harbour master at Burnham-on-Sea near Hinkley Point, explained how a lagoon would also alleviate flooding on the Somerset levels.

All the groups I have met in the past year have strengthened my belief in the ultimate success of the solar revolution. I believe there is now grass roots activity in the UK comparable with that in the pioneering countries of Denmark, Germany and Sweden. I sense this momentum is also building in countries outside Europe.

I hope you will agree with the environmentalist Jonathon Porritt that ‘the overwhelming impression I take away from The Burning Answer is one of a slowly building but completely unstoppable momentum behind this solar revolution’.

April, 2015


 

 

 

 

Introduction

This book contains a manifesto for a solar revolution. Not so long ago the sun provided all our energy needs. This book will explain how we can return to that situation. The revolution is already well underway in a few countries. We can all participate in it, and together we can persuade more governments, and even the fossil fuel and nuclear industries, to join us.

I will show you how the renewable technologies exploit the energy generated by our magnificently burning sun. They offer us the best chance to avoid the triad of threats posed by global warming, fossil fuel depletion and the devil’s bargain of nuclear power. All three dangers arise because we produce most of our energy by burning unsustainable fuel. News stories keep reminding us of the seriousness of these threats: reports of shrinking ice caps, famine in East Africa, a hurricane in New York, thousands killed by a typhoon in the Philippines, conflict in countries on which we depend for oil and the proliferation of nuclear weapons to North Korea and possibly Iran. Environmental disasters have occurred in the Gulf of Mexico and downwind of the nuclear reactors in Fukushima. There is environmental damage from coal burning, fracking, shale-oil extraction, deforestation and drilling for fossil fuels in sensitive environments.

E = mc2: There is an alternative

Stephen Hawking, the famous cosmologist, made an important conjecture about one of these three existential threats when he speculated about alien civilisations elsewhere in the cosmos. He posed the question: if more advanced civilisations do exist somewhere in the cosmos, why have none of them yet colonised our earth?

Hawking’s answer is that they have all discovered the equation E = mc2, which is the key to both nuclear power and nuclear weapons, and blown themselves up.

Is our civilisation destined to come to a similar, catastrophic end? It does not have to; there is an alternative source of power. I am going to tell you about another equation E = hf, which is much less well known. It is the equation that started the quantum revolution, which in turn led to the semiconductor revolution that provided your laptop and mobile phone. This equation is also fundamental to the generation of electricity from sunlight. The technology of the solar revolution, which is based on E = hf, can save us from blowing ourselves up with E = mc2.

Whether or not Hawking is right and civilisations exist that discovered E = mc2 and blew themselves up, it surely is equally possible that there are civilisations in the cosmos that discovered and exploited E = hf before they discovered E = mc2. If these civilisations did realise that E = hf is the key to sustainable, conflict-free, energy generation, they probably did not need to exploit E = mc2 and so have not blown themselves up. Such civilisations have no cause to colonise earth. They have not overheated their planet by burning. Their oil and uranium resources are not depleting. They have no need to dump their nuclear waste on earth.

I hope to explain enough about the application and the physics of both equations to demonstrate an amazing coincidence about humankind. Our civilisation is on the cusp. We are possibly the only civilisation in the universe that did not discover one or other of these crucial equations first. In our civilisation, the equation E = mc2 was discovered and the equation E = hf was explained in the same year by the same man – Albert Einstein.

A century later, our civilisation could still go either way; destroying ourselves with E = mc2 like all alien civilisations as Hawking speculates, or achieving sustainability with E = hf like civilisations that may have survived.

I want to show you how the equation that can save our civilisation works. In fact, few popular science books have much to say about E = hf, though there are many that explain E = mc2. Recently, Brian Cox and Jeff Forshaw have written an entire book about E = mc2.

There is an example of the view among some scientists that E = mc2 is more important than E = hf in Bill Bryson’s popular book A Short History of Nearly Everything. Like many people, I am a big fan of Bill Bryson’s travel writing. I am also in awe of his achievement in making such a wide range of scientific issues so accessible. However, one problem for any non-specialist writer is that, when it comes to assessing priorities, scientific advisers often reflect differing views. In no way do I wish to criticise Bill Bryson; it is simply that my opinion on the relative importance of Einstein’s achievements differs from that of some of Bryson’s mentors.

Here is Bill Bryson on the three great papers Einstein published in 1905 (the first being about E = hf and the third about relativity):


The first won its author a Nobel Prize and explained the nature of light (and also helped to make television possible, among other things). The second provided proof that atoms do indeed exist – a fact that had, surprisingly, been in some dispute. The third merely changed the world.



In my view, Einstein’s first paper, which explained E = hf, changed the world at least as much as relativity. He wrote a fourth paper in 1905 that shows how relativity leads to the equation E = mc2. I will claim that his new explanation of the nature of sunlight was revolutionary. Furthermore, television got on very well for many years without the help of the quantum theory which resulted from E = hf. It was only when TV sets and TV cameras started getting smaller that Einstein’s E = hf became useful. Today’s flat screens would have been impossible without this equation.

When I describe the ‘other things’ that developed from Einstein’s first paper – the silicon chip, personal computer, digital camera, mobile phone, e-book and solar cell – I hope you, the reader, will appreciate how E = hf also changed the world. Indeed, in honour of Bill Bryson, I did consider calling this book A Short History of Nearly Everything Else.

Many other science books explore quantum ideas. I have suggested some in the Bibliography. Usually they describe esoteric features like the paradox of Schrödinger’s cat rather than how silicon chips work. I aim to show you that the more practical, everyday applications of quantum ideas can be just as fascinating.

Also, understanding quantum ideas will help you to see how similar silicon chips are to the solar cells that provide us with solar electricity. We can all appreciate how silicon chips have revolutionised our lives. Solar cells, which are often referred to as photovoltaics (or PV for short), are playing an important part in the solar revolution.

As the history of quantum ideas unfolds in Part I, we will also discover how the application of E = mc2 slowed down the development of some of the more peaceful uses of E = hf.

Understanding how renewable technologies work will be important in Part II when we will meet the amazing range of solar technologies that can help us reduce our carbon footprint. It will also help you appreciate how complementary the solar technologies are in supplying our electricity.

We will also need some physics in Part II to counter the arguments of those who oppose the solar revolution. Many people find the debate about energy options extremely confusing. Here is a typical argument from two commentators, Ted Nordhaus and Michael Shellenberger, in The Wall Street Journal on 22 May 2013. They are clearly sceptical about renewable energy and critical of two solar supporters, Robert F. Kennedy Jr of the Natural Resources Defense Council and Bill McKibben, who had been writing in The Daily Beast. You can find the reference to this, and other quotations, in the Bibliography. The Wall Street Journal pair are criticising the solar supporters who had been praising the German achievements in renewable energy:


Messrs. McKibben and Kennedy, for instance, have boasted that on one day in 2012 half of Germany’s electricity came from solar … The real story is much more sobering. In 2012, solar generated less than 5% of Germany’s electricity.



So are Messrs McKibben and Kennedy exaggerating German achievements by an intemperate factor of ten? Should the solar supporters have said 5 per cent rather than 50 per cent? No – these numbers refer to different quantities! Nordhaus and Shellenberger are confusing electrical power and electrical energy. I am guessing this was unintentional as it happens very often in energy debates. When we look at Germany’s achievements in renewable energy in Part II you will find that what Nordhaus and Shellenberger should have said was:


… on one day in 2012 around noon, half (50%) of Germany’s electrical power came from solar … In 2012, solar generated less than 5% of Germany’s electrical energy.



We will later find why solar power and solar energy differ by such a large factor. We will also understand the impact solar achieved while contributing less than 5 per cent of the electrical energy in Germany: a significant reduction in the wholesale price of electricity on the grid.

Energy and power not the same thing, but they are related. There are many types of energy that can be transformed from one form to another. Power transforms energy. In fact, power is the amount by which energy changes in a second.

Interestingly, I find that one type of commentator has no problem at all in distinguishing energy and power. Football commentators describe my grandsons’ favourite player, the Welshman Gareth Bale, as running very fast with the ball and showing lots of energy. This is correct; the faster he runs, the higher his energy of motion. When commentators talk about how powerfully Bale hits a dead ball they are also correct. Getting the ball to move fast and accurately is all about his skill in applying power at the instant his foot is in contact with the ball. That way Bale can change the energy of the ball from zero to a very high energy of motion as it hits the back of the net. Power is more important than energy as it determines when energy changes and by how much.

Another way to remember the distinction is that the power provided by the fusion reactor at the centre of the sun has been essentially constant for more than four billion years and is likely to continue to remain so for another four billion years. The power of the sun turns nuclear energy from its core into the energy of sunlight. I will share with you the excitement of the struggle that physicists had, through three centuries and two false starts, to explain the nature of the energy in sunlight. Their confusion was resolved in 1905 by Einstein’s interpretation of E = hf.

If you hold your hand in the sun you can feel the power of sunlight. Strictly solar power is the amount of sunlight energy hitting your hand in one second. Solar power converts the energy in sunlight into heat energy, so your hand feels warmer.

Most importantly we will find many ways in which the energy in sunlight can be turned into useful heat energy and electrical energy. In particular, in solar cells the energy in sunlight can be simply converted into electric energy, which can supply humankind’s power requirements many times over. We will meet other renewable technologies that you may not have been aware originate in solar power.

There is a simple way to check if numbers you come across in the energy debate are referring to energy or power. If the number represents power, then the number must be followed by a letter W. This stands for watts, the unit of power, named after the Scottish engineer James Watt who developed one of the earliest steam engines. You will often find a k, M or G before the W – as in kW, MW and GW – where the k, M and G stand for a thousand, a million and a thousand million respectively.

If the number represents energy, a number of units are commonly used. The most likely one in any debate about electricity supply is kWh, which is short for 1,000 watts times hours. A small electric kettle of 2 kW power which boils water for half an hour will have consumed 1 kWh of electrical energy.

Should a commentator present a number for an amount of ‘electricity’ without W or Wh, feel free to ignore them.

In the third part of this book, as well as setting out my manifesto and giving you suggestions on how to join the solar revolution, I will also speculate on how this revolution might develop in the future. I hope it does succeed in averting the three existential threats that face us. I think it is the only chance we have.

Why should you have any confidence in my opinions? My views on the dangers of nuclear waste were developed from more than a decade of (spare time) research into plutonium production in civil reactors. This study was in turn informed by two decades spent researching experimental particle physics at the University of Birmingham, CERN, the University of California Berkeley and Imperial College London.

My views on the future of photovoltaics are based on two decades of research at Imperial leading a group that developed what we called QuantaSol technology. In April 2013 the US company JDSU announced they had manufactured triple junction cells with 42.5 per cent efficiency for conversion of solar power to electrical power using QuantaSol technology in two of the three subcells. This was at the time the world’s highest efficiency for production solar cells and around three times the efficiency of current rooftop technology. I can reassure you that, as neither of the solar cell companies that I have co-founded now exists, my predictions are not influenced by any current financial involvement. Though, if this technology does eventually take off, I and my colleagues may benefit from some patents.

I hope this book will equip you with the information you need to understand the answer to the burning question of our age: how to supply the power our society demands while avoiding environmental catastrophe and nuclear disaster. I hope you will then play your part in promoting the solar manifesto and join the solar revolution. This, I firmly believe, is the only way our descendants can continue to enjoy the power of our sun for the four billion years it, hopefully, will continue to burn.
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The History of the Semiconductor Revolution


 

 

 

ONE

We are Stardust


We are stardust

Come from billion year old carbon

We are golden

Caught up in some devil’s bargain

And we’ve got to get ourselves

Back to the garden

Joni Mitchell, ‘Woodstock’



Joni Mitchell has her physics right; we are all stardust. To explain what she is singing about, let’s first travel back to a few minutes after the big bang when our universe was born.

Joni’s classic song suggests that if we consider what we are made of and where we came from, we will find pointers to where we should go. So, what are we made of?

The human body, and indeed all the matter in the universe, is made up of atoms. There are 92 types of stable atom in the universe. Each different type of atom, known as an element, has a different number of electrons. The electron is one of the tiny heroes of our story. Electrons orbit the very much heavier nucleus at the centre of the atom, rather like planets orbiting the sun. Hydrogen, the lightest atom, has one electron and the simplest nucleus; it consists of a single heavy particle called the proton. Helium has two electrons and a nucleus containing two protons. The more electrons there are in the atom, the more protons there are in the nucleus and the heavier the atom. Uranium, which is the heaviest stable element, has 92 electrons orbiting the 92 protons in its nucleus. The proton is nearly 2,000 times heavier than the electron. Hence most of the weight of our body is due to the nuclei of the atoms.

Where do the nuclei, which make up most of our bodyweight, come from?

A brief history of the first ten billion years of our universe

Astrophysicists date the big bang at more than 14 billion years ago (a billion is a thousand million; it is a number which will feature a lot in our story). The complex physics of what happened in the first seconds after the big bang, though absolutely fascinating, is not relevant to our story here. Suffice to say that, three minutes after the big bang, all the matter in our universe was dominated by the very electrons and protons that form our bodies and our earth today.

How come we are made up of stardust? A mere 140,000 years after the big bang the temperature of the universe had cooled sufficiently for electrons and protons to condense to form hydrogen atoms. Thereafter, clouds of hydrogen gas coalesced into galaxies, which condensed further to form stars like our sun. The force of gravity pulled the hydrogen atoms closer and closer together, and the temperature and density of the hydrogen at the core of these primitive stars increased. As the temperature and density rose higher, the colliding protons, which were the nuclei of the hydrogen atoms, started to fuse together to form helium nuclei. From this moment on, solar power became the dominant energy source in the cosmos.

The burning of hydrogen to form helium nuclei releases vast amounts of energy. Much of this energy is in the form of sunlight. The pressure of the light forcing its way out of the star balances the inward pressure of the hydrogen falling into the core. This balance can keep stars stable for billions of years.

Towards the end of the life of a star, the hydrogen fuel starts to run out and less sunlight is produced. More hydrogen falls into the star than the escaping sunlight can balance and the density at the core of the star increases further. Eventually the temperature and density become sufficiently high that colliding helium atoms start to fuse to form heavier nuclei. This process continues to generate the nuclei of heavier elements such as carbon, without which life would never have developed. Most stars end their lives with some form of explosion, so these heavier nuclei litter the cosmos.

Nuclei with up to 26 protons were generated in this way. Heavier nuclei were generated in the even more extreme conditions found when some stars end their lives in a catastrophic explosion known as a supernova. In these cases, the light emitted by a dying star can briefly outshine the whole of its galaxy. The extraordinary conditions that occur in the course of these explosions allow nuclei to fuse together to form the heavier nuclei.

Our sun, the great hero of our story, is a fairly typical star. Most importantly for life on earth, it is a second-generation star. The sun and its planets are relatively young on the cosmological timescale – only around four-and-a-half billion years old. Many first-generation stars had already ended their lives by the time our sun formed. By then, the nuclei produced by first-generation stars and supernovae littered the galaxy. During the early years of its life, our sun dutifully swept up this waste to form our solar system. I find this idea mind-boggling, but astrophysicists insist that is what happened. The nuclei of every atom heavier than helium, in our bodies and in the ground beneath us, came from the death of another star.

So Joni Mitchell is correct: we mostly consist of the billions of years old waste of burnt out stars. Every nucleus of every carbon atom in your body was created in the death-throes of a first-generation star. We are, quite literally, formed of ‘billion year old carbon’.

The period in which the first-generation stars were living and then burning out is known as the period of nucleosynthesis. It was the period in which nuclear physics reigned supreme. Did nucleosynthesis stop with the nucleus of the element uranium? It did not. Many heavier nuclei were produced, including the nucleus of plutonium. An atom of plutonium has 94 electrons and 94 protons.

Plutonium is one of the villains of our story. It has many properties that are uniquely dangerous. If a nuclear worker inhaled one millionth of a gram of plutonium this would be above the maximum permissible safety level. Had significant amounts of the plutonium produced by first-generation stars survived, life as we know it could not have developed. Fortunately, all nuclei heavier than the uranium nucleus are unstable. That is, they decay to lighter nuclei in a process known as radioactivity. We will find that the lifetime of the plutonium nucleus is very long on the human life-scale, but on the cosmological timescale it is quite short. Hence all the plutonium had decayed away well before life began on earth.

In later chapters, we will learn how, in the traumatic circumstances of the Second World War, plutonium was re-created in our solar system. It is appropriately named after Pluto, the god of the underworld. It can be used to produce massive destruction and to produce electricity. Perhaps Joni’s ‘devil’s bargain’ refers to plutonium.

But what did she mean by ‘And we’ve got to get ourselves back to the garden’? Four-and-a-half billion years ago our earth started forming from the nuclear waste of the first-generation stars. For the first two billion years the earth was solidifying and the seas, dry land and a primitive atmosphere were forming. Then sunlight, which is generated as a by-product of the fusion of hydrogen nuclei to helium nuclei in the sun’s core, started driving an amazing new process in the oceans: the creation of life. I regard this process as the greatest achievement of nuclear fusion. I also think the core of the sun is the best location for a nuclear fusion reactor.

For the last two-and-a-half billion years of the four-and-a-half billion year lifetime of our earth, sunlight has been driving the increasingly complicated chemical reactions known as photosynthesis: plants take carbon dioxide out of the air to produce the carbon-based compounds that make the plant grow. The oxygen we breathe is a waste product. The creation of life is driven by the power of sunlight.

There are important differences between the eight billion years or so of cosmological nucleosynthesis, which was driven by nuclear fusion, and the two-and-a-half billion years of terrestrial photosynthesis on earth, which is driven by sunlight. First, I will explain what I mean by burning. It is the generation of heat and light energy by consuming a fuel while producing waste. Uncontrolled burning can also result in an explosion. Not all burning is bad news. Nuclear fusion in stars is a burning, and the waste products are elements like carbon from which life is formed. The waste products of the catastrophic uncontrolled burning at the end of a supernova’s life are our heaviest nuclei. One by-product of the burning of hydrogen and helium in the sun is the sunlight which has driven the evolution of life on earth.

Photosynthesis is not burning. It is a creative, chemical process rather than the destruction of a fuel. Energy, in the form of sunlight, is absorbed and stored in the plant. Complex carbon-based compounds are created from carbon dioxide and water while liberating the oxygen vital for the development of life on earth. I interpret Joni Mitchell’s plea that ‘we’ve got to get ourselves back to the garden’ as meaning that humankind has to get back to the situation when sunlight provided all our primary energy needs. This will become clearer as we look in more detail at the important events in the most recent billion years of the earth’s history.

A brief history of the last billion years on earth

It is not easy to grasp what a billion (a thousand million) means. I think it helps to appreciate how long a billion years takes if we shrink it down to just one normal calendar year. This means we are considering time passing at a rate of one second equivalent to about 32 years, which, conveniently, is approximately a generation. A billion will turn up a number of times in our story, so it is helpful to remember there are approximately a billion seconds in a generation.

At one generation a second you should be prepared for a roller-coaster ride towards the end of December, but early in the year progress is much more sedate. One billion years ago, on 1 January in our equivalent year, evolution was happening slowly, even at the rate of one human generation a second. The only form of life on earth was in the oceans. Algae-like, multi-cell organisms had taken over from the primitive cells, which had started the task of photosynthesis a-billion-and-a-half years earlier. They were taking carbon dioxide and water and using the power of sunlight to convert them into the material they needed to grow. The waste product was oxygen, which would eventually provide the earth with an atmosphere that could support life.

As more and more life forms developed under the sea, more oxygen was formed until, around 17 June, the pace of evolution started to speed up, in what is known as the Cambrian explosion. Many diverse species developed in the sea in a relatively short period. Experts disagree about how long. It took between three days and three weeks on our scale. Then came two more very significant events – the first early in July when plant life spread from sea to shore, followed in August by fish as they evolved into amphibians.

Late August to mid-September was an important time for our story. It is known as the Carboniferous period. Lush vegetation covered much of the land mass. The decayed remnants of these plants eventually ended up underground, transformed into today’s coal. Around 1 October a cataclysmic event occurred – the biggest of the mass extinctions. It was probably triggered by a large meteorite hitting the earth. Some life forms survived and evolution subsequently produced the dinosaurs, which dominated from mid-October to early December. In this period, much of the decayed vegetation and algae in the sea ended up as sediment that eventually formed today’s oil reserves. On 7 December another mass extinction occurred. This time it was almost certainly caused by a meteorite, which left a large crater in the sea off the Yucatan peninsula in Mexico.

Some early mammalian life forms survived this extinction and evolved relatively rapidly thereafter. Sometime between noon on 29 December and the early hours of 30 December our human ancestors became a species distinct from chimpanzees.

It was not until 31 December, in our representative year, that human development really started to speed up. Late in the morning on the last day of the year our upright walking ancestors in Africa and Asia, known as the Ergasts, discovered fire and the burning began. At two minutes to midnight on New Year’s Eve, Stonehenge was built. Around nine seconds before midnight, the first coal-burning steam engines started working. At three seconds before midnight, the motor car was invented, the large-scale exploitation of oil started and the two equations E = mc2 and E = hf were discovered. Around two seconds before midnight, plutonium was reinvented.

It is midnight on 31 December. What does the future hold? Clearly in much less than a second we must make severe cuts in our carbon emissions if runaway global warming, with its profound effects for life on earth, is to be avoided. It is likely that in less than three seconds both the exploitable oil and uranium reserves will be depleted. By 3 a.m. on New Year’s Day the separated plutonium from the first two generations of civil nuclear reactors in the UK will have decayed to a level at which it will no longer be of interest to terrorists. That may not sound long, but in human terms that is more than 10,000 generations away.

What can we learn from history?

We can draw some important conclusions from this brief history. For almost all cosmological time, apart from the last nine generations or so, solar power has been the primary resource driving the evolution of our universe, first, in generating the nuclei of atoms and then, for the last two-and-a half billion years, powering photosynthesis to generate life.

Second, in just over three generations, we have used approximately half the exploitable oil, which it took photosynthesis followed by underground pressure around eight million generations to produce. The depletion of this important resource was a factor in two Gulf wars. The majority of scientists agree that the carbon dioxide generated by burning this oil, and the coal produced in the Carboniferous period, is a major contribution to global warming.

Third, in about two generations, we have used approximately half the exploitable uranium it took solar power 250 million generations to produce. We must keep the plutonium waste produced in two generations out of the environment for well over 10,000 generations and the nuclear industry does not yet know how to do this or where to store it. The problems of nuclear waste were highlighted by the nuclear disaster at Fukushima in Japan in 2011. Around 150,000 people have been evacuated, many may never be allowed to return. One problem for the brave technicians who were forced to try to contain the radiation is that many years of irradiated waste was stored in cooling ponds inside the reactor buildings because there was nowhere else for the waste to go.

There are other problems with nuclear waste. If I were to show you a picture of circles of 4,000-year-old stone blocks on Salisbury Plain, you would no doubt recognise Stonehenge. But do you know why it was built? What if a more advanced alien civilisation had stored its nuclear waste deep under Salisbury Plain and left the stones to warn us? Perhaps the Department for Environment has had the same idea? There have been plans around for many years to dig a tunnel to take the nearby trunk road underground to help preserve the stones, but there has yet to be any action.

We don’t know if Stonehenge is saying that nuclear waste is stored there. How are we going to alert future generations to the contents of our civil nuclear waste store when it is eventually built? To do so, we must eventually ensure that plutonium alone must be kept out of the environment and out of terrorist hands for more than 80 times as long as Stonehenge has stood on Salisbury Plain. What language, what symbols, what computer memory will last that long?

If humankind is to have a long-term future on earth, we must stop burning fossil and nuclear fuels and ensure we return to using the sun as our primary source of power – as it has been for the billions of years of evolutionary history of life on earth. As Joni Mitchell says, ‘And we’ve got to get ourselves back to the garden’.

We can get back to the garden. Our sun can provide all our primary energy needs again. The sunlight falling on the earth in one hour is more than enough to supply all the energy demands of humankind for one year. As we will see, there are solar technologies that are ready and waiting to take on this challenge.

Astrophysicists believe the sun is about halfway through its lifespan. Restoring sunlight to its rightful position as our primary power resource is the best way to ensure humans will be around to benefit from the sunlight the sun will produce over the next four billion years or so.

But what is this sunlight, which has driven evolution on earth? If we wish to harvest it, we need to know what it is made from. In the next two chapters we will look in more detail at another roller-coaster history – the story of physicists’ pictures of sunlight and how dramatically they changed in just three generations.
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