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Introduction




‘We have to scale battery production to crazy levels that people can’t even fathom today.’


Elon Musk, Tesla CEO1





In mid-2020 as the world settled into lockdown, we decided to get an electric car. Our son was seven months old and I had begun to think seriously about his future and whether the world would act quickly enough to mitigate the threats of climate change. Shares in Tesla were soaring, and the carmaker was on the cusp of becoming the most valuable in the world, despite the fact it made a fraction of the eleven million cars a year produced by Toyota. Tesla’s Model 3 had been the UK’s bestselling car that April and our friends had started to take the plunge. I knew that our son’s future would depend on decisions we made now, not later. Even as the pandemic had halted global economic activity the news was still grim: a Siberian heatwave had pushed up global temperatures to their second-highest on record. The well-known impacts of climate change stemming from our consumption of fossil fuels had not taken a break. So, I placed our old two-door petrol car for sale and started to look for electrics to rent. Google informed me that one popular search topic was: ‘Will petrol cars be worthless?’


Electric cars were the ethical consumer choice. It was a seductive idea: we could change the world by slightly altering our current lifestyle with a marginal amount of sacrifice. Buying a green investment fund instead of an index tracker; an electric car instead of a petrol one. The BBC informed me that the way we choose ‘to travel to the office, or even to pop to the shops, is also one of the biggest day-to-day climate decisions we face’.2 The car leasing company I used promised a world where cars ‘go hand in hand with the environment’. I imagined myself charging my car in the future and wondered how we would start to perceive petrol cars. Would driving one start to seem like an act of wanton vandalism to the planet, a thoroughly anti-social provocation?


For seven years I had lived in Beijing at the tail-end of China’s thirty-year car boom. I would still wake up with memories of what it had felt like to live there: the dry grating taste at the back of my throat, the hot breath behind my mask (long before Covid) and the tightness in the centre of my chest. I remember watching the red taillights on giant ring roads flowing into a dusk the colour of dirty sink water and feeling unable to escape the city of over twenty million. On some days Beijing felt like a postcard from the end of the planet. China’s car demand seemed like an unstoppable juggernaut – an urge to consume that would eat up whole cities, and then require new cities to be built for the cars.


The growth of China’s car market in my lifetime is alarming. To make a meaningful difference to climate change we will need to scale up the electric car fleet rapidly. The current stock of electric cars globally is around ten million, less than twice the number of cars in Beijing and only one percent of the global total. There are over one billion cars globally on the roads. We will also need to replace buses and trucks with electric versions, as well as ships, ferries and even planes. All this will require batteries on a scale unimaginable a few years ago. Tesla’s South African-born founder Elon Musk had built a vast battery ‘Gigafactory’ in the desert of Nevada to supply his electric cars as well as the batteries to store renewable sources of energy. But he was not alone: across China a new factory was being built every week in 2020.


Through my work as a Financial Times journalist, I had covered the raw materials electric cars needed: the lithium, cobalt, nickel and copper, as well as aluminium and steel. The harder I looked at the supply chain and who was responsible for these metals, the more I understood the shift in economic power that this transition would bring. While Musk and Tesla took all the media attention and limelight, there was a shadow world of billionaires who were also set to get rich. A gold rush had begun.


In the Democratic Republic of the Congo I saw private jets landing at the small green and white airport in the mining town of Kolwezi while all around children and families mined for cobalt by hand; in Chile I stood in the searing heat of the Atacama Desert overlooking giant pools the size of Manhattan where lithium was extracted; and in China I visited battery factories and lithium plants running twenty-four hours a day using coal-fired power next to fields where buffalo roamed freely. All this was part of the electric car supply chain. A host of companies were even planning to mine the deep sea for these minerals, opening up one of the last unexplored wildernesses to extraction.


Every day, we rely on metals and minerals to power our iPhones and transmit our electricity. Digital technologies give us a sense that we live in an ethereal economy untethered to the material world. In fact, we are mining more minerals than at any time in our history, a dependence that is only set to increase.* Despite talk of artificial intelligence, the internet of things, and an imminent takeover by robots, our societies have in many ways not moved on from the practices of the past, when the need for oil drove Europeans to carve up the Middle East.


The consequences of the transition will not just be economic – they will also be environmental. Extracting and processing these minerals requires large amounts of energy and pollutes local ecosystems. This fact is often hidden in debates about a transition to renewable energy and electric cars. Every product we use has contributed to global emissions, both through extraction of raw materials and manufacturing. Mining is estimated to contribute around ten percent to global carbon emissions. It is an unavoidable industry: to make steel we need coal, and to make batteries we need lithium, the world’s lightest metal with the highest electrochemical potential. The electric vehicle (EV) revolution is green at its core but there are many choices to be made in the way it is executed that will affect both the environment and global power dynamics.


Green energy evangelists tend to assume that a fossil-free future will be without conflicts. Bill McKibben, a well-known activist, wrote that ‘if the world ran on sun, it wouldn’t fight over oil’.3 This idea was repeated by Tony Fadell, the creator of the iPod, who told Wired magazine: ‘If we have energy storage technologies that are very cheap and very efficient, then we’re going to see wars stop, because no one is going to be fighting over oil reserves anymore.’4 Yet the demand for raw materials to build our clean energy infrastructure is as geopolitical as the age of oil. Countries that are able to become a part of these new clean energy supply chains will benefit, while those who cannot will suffer.


The transition to clean energy has already deepened geopolitical tensions between the West and China. Over the past decade, China has obtained a dominant position in both clean energy technologies such as batteries and solar cells and the raw material supply chains that underpin them. While many of these minerals are not rare in the earth’s crust, they are mostly processed in China into usable forms. It’s likely the lithium and cobalt in my car were mined in Australia and the Congo yet processed in China and turned into a battery by a Chinese company.* The electricity was probably generated from solar panels produced by a Chinese company from polysilicon made using coal-fired power in Xinjiang province. And the copper was almost certainly refined in one of China’s hundreds of copper smelters. Without China, we cannot move towards a green, battery-powered future. As we move towards greater energy independence, these supply chains remain our greatest vulnerability.


This book tells the story of these supply chains and the characters behind them. The story involves some of the world’s most secretive natural resource companies; private Chinese companies buying up mines in Chile, Australia and Indonesia; and the largest car companies in the world such as Tesla and Volkswagen. My hope is that the book will equip readers to ask the right questions about our transition away from fossil fuels. The resources we need are buried in the earth’s crust; so what environmental and social cost are we willing to bear to extract them? Without scrutiny, abuses will remain hidden behind a veil of corporate ‘greenwash’ from companies further down the supply chain. We are at the beginning of the electric car revolution, which means we have a unique opportunity as consumers to push companies to do the right thing and manage the downsides involved. We shouldn’t be hostile to green technologies but we shouldn’t be naive either. The oil age has left a long scar on the twentieth century. We should make sure that the industries of our green future do much better.


 


 


__________


* Analysts at the American brokerage firm Bernstein calculated that for every one percent you want to grow GDP, you must increase mined volumes by two percent.


* In this book, references to ‘the Congo’ in the period from 1964 onwards always refer to the Democratic Republic of the Congo (Congo-Kinshasa) rather than Congo-Brazzaville.
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The Battery Age




‘The spice must flow. The new spice.’


Elon Musk, Tesla CEO1





In late September 2020 Elon Musk strode out onto a stage in the bright California sunlight to address a car park full of Teslas at the company’s annual shareholder meeting in Fremont. Dubbed ‘Battery Day’, the event had been hyped up by Musk for months (he had promised it would be ‘insane’). Due to Covid-19 attendees sat alone behind the steering wheels of bright shiny Model 3 and Model Y cars wearing masks. They greeted Musk with a ripple of discordant honks of their horns, as if they were frustrated commuters stuck in traffic. ‘Well this is a new approach. We’ve got the Tesla drive-in movie theatre basically,’ Musk said.2 The attendees had every reason to be happy: Tesla’s shares had soared during the pandemic, making it the most valuable car company in the world, even though it accounted for only one percent of the global car market. At its current valuation each Tesla car they sat in was worth around $1 million. It was a remarkable turnaround from the last few years, when Tesla had come close to bankruptcy as it struggled to increase production of its Model 3 electric vehicle. Tesla, which had started life as a fast-moving Silicon Valley start-up that made cars for the rich, had become a proper automotive manufacturer in one of the most cut-throat and low-margin businesses in the world. It had succeeded in breaking the logjam that had held electric vehicles up for over a century by creating a product that people actually wanted to buy. Along the way it had created a devoted following of fans who hung on Musk’s every word and tweeted about their Tesla cars.


Battery Day marked the next step in Musk’s life mission (which also included human colonisation of Mars). Strutting the stage in a black T-shirt with a microphone clenched in his hand, Musk outlined Tesla’s plan to cut battery costs in half and produce a $25,000 mass market electric car. Honk! Honk! For all the hype and excitement, the electric car was still too expensive to compete with petrol. It was an ambition reminiscent of Henry Ford’s launch of the Model T car over a hundred years earlier, which had ushered in the motoring age by making cars affordable for the working man. Cars at the time had been luxury items but Ford had been determined to get the price below the average yearly wage. Just as Ford had pioneered the moving assembly line to lower costs, Musk needed to scale up battery production. Tesla would need to increase battery production one-hundred-fold by 2030 – enough to make around twenty million cars a year, he said.


That was just for Tesla. By the time of Battery Day, almost every car company in the world – from General Motors to Volkswagen – had pledged to go electric. And more than twenty countries had also announced future bans on the sale of petrol and diesel vehicles.


Then Musk dropped a bombshell. Tesla had acquired the rights to a 10,000-acre plot in Nevada where it planned to extract lithium, a metal that was the key ingredient for every electric vehicle battery, using simple table salt. There was enough lithium in the US to electrify the entire US vehicle fleet, Musk said. ‘We take a chunk of dirt out of the ground, remove the lithium and then put the chunk of dirt back where it was. It will look pretty much the same as before. It will not look like terrible. It will be nice,’ he explained. ‘There’s so much damn lithium on earth it’s crazy.’3


Yet to meet Tesla’s targets would require four times the amount of lithium that the world currently produced. The International Energy Agency predicted that demand for lithium was set to grow thirty-fold by 2030 and more than a hundred times by 2050. The US produced almost no lithium, cobalt and nickel, and little of the copper needed for charging stations and the electrical grid. The same was true for Europe.


Musk’s lithium venture was not likely to produce any metal for years. Instead, his remarks were designed to jolt the notoriously sleepy mining industry into action. In the audience were executives from the two largest lithium companies in the US. It was reminiscent of remarks a hundred years earlier by Ford’s key lieutenant Charles Sorensen: ‘If others would not provide enough steel for our needs, then we would. It was just as simple as that.’4


In the meantime, Musk would have to rely on the green barons – the companies that controlled the emerging clean energy supply chain. A hundred years ago Ford’s Model T had created fortunes for the early oil drillers and refiners, leading to the creation of the global oil industry and some of the world’s largest companies. Now Musk had kickstarted a similar raw material rush. ‘The spice must flow … the new spice,’ Musk said, referring to the 1965 science fiction novel Dune, which detailed the struggle for control of a planet that produced the spice necessary for space navigation and the extension of life. Now that spice was a small group of metals – lithium, cobalt, copper and nickel.


The battery age had begun.
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Dashed Hopes: The Troubled History of the EV




‘Electricity is the thing. There are no whirring and grinding gears with their numerous levers to confuse. There is not that almost terrifying uncertain throb and whirr of the powerful combustion engine. There is no water-circulating system to get out of order – no dangerous and evil-smelling gasoline and no noise.’


Thomas Edison1





‘Within a year, I hope, we shall begin the manufacture of an electric automobile. I don’t like to talk about things which are a year ahead, but I am willing to tell you something of my plans.


‘The fact is that Mr. Edison and I have been working for some years on an electric automobile which would be cheap and practicable. Cars have been built for experimental purposes, and we are satisfied now that the way is clear to success. The problem so far has been to build a storage battery of light weight which would operate for long distances without recharging. Mr. Edison has been experimenting with such a battery for some time.’


Henry Ford2


I drove down to collect our electric car on a clear, cold December day, just after the UK’s second lockdown. The roads were busy with the first taste of freedom – a brief opening leading up to Christmas. Car ownership provided a safe way to go out in the pandemic, removing the need to mix with other households. It struck me that the car had returned to its original promise – the ability to go wherever you wanted, when you wanted. It was a concept that had captured American culture and came to define the Western world. I had grown up with it. The electric car now promised all the benefit and none of the guilt that had latterly come to define car ownership. The shift in the UK’s energy mix, and therefore the energy that would power my car, was remarkable. The share of coal in the UK electricity mix had fallen from forty percent in 2013 to two percent. On many days it was zero. We now burned less coal than in 1882, when the first coal-fired power station was built. My car would be charged by energy from the wind and the sun. It was an enticing idea – the thought of driving on a renewable resource.


Before I had got rid of my petrol car, I had taken it into a garage in a narrow street in east London run by Jak, an energetic and entrepreneurial owner. He opened up the bonnet to examine the engine. My cylinders were misfiring, he told me. I gazed at the engine as if it were an exotic animal that was about to go extinct. We were surrounded by the noise and familiar reek of engines. Jak had spent his career fixing engines and it was clear he loved them. ‘Engines are really very simple when you understand them,’ he said. I asked him about electric cars, and he sighed. ‘Electrics are OK but they will have their own drawbacks,’ he said. ‘There are teething problems.’


I was about to find out. On my journey to collect my Tesla, I was accompanied by my father, whose life had been defined by oil. He was born in Kirkuk, in Iraq, where my grandfather worked for the Iraqi Petroleum Company, a consortium of four of the world’s largest oil companies, for many years – staying there after the 1958 revolution by Iraqi officers that overturned the country’s Western-backed monarch. It was an era when Western oil companies dominated the global oil markets and divvied up the Middle East amongst themselves. Such efforts had enabled the rapid growth of car culture in Europe and America. Like my father I had grown up in the era of the car – the growth in distance travelled and car ownership shot up in the second half of the twentieth century. It had been, as researchers from MIT noted in 2001, a ‘golden age’ for mobility.3


We arrived at Thorpe Park, a place I had visited frequently as a child to ride the log flume – but now the theme park was temporarily closed, and Tesla had set up stall instead. Row upon row of bright shiny Teslas that had arrived from California sat in the winter sun. We queued up outside an office to get our keys, which turned out to be two black key cards. The man behind the counter told me the car’s software would cut out temporarily when we left the car park but we were not to worry as we could still drive. His face made clear that any further questions were unnecessary. He pointed to the car park and told me to head off. No one showed us to the car or told us how it worked. ‘Thank you for accelerating the transition to sustainable energy,’ a notice said. My father and I walked out into the cold, found our car and entered with some trepidation. I had to scan a QR code and grapple with the large touch screen, which immediately checked for a software update. I grabbed a young man who was walking by to get his help. I asked where the back windscreen wiper was and he laughed. ‘Teslas don’t have those,’ he said.


Then off I went, silently, as if something was missing. It just started! I was gliding along the road. I was so used to the combustion engine’s presence, its noise and throbbing, that at first I thought I had lost something profound. There was no engine to warm up the car or melt the frost. Instead, a woman’s voice guided me through every turn at the roundabout as I scrolled through the large screen searching for a radio station. For a moment I felt as if I was in an upsized golf cart. But as I turned onto the motorway, I soon forgot those thoughts as the car accelerated frighteningly quickly. I realised the American inventor Edison had been right: electricity is the thing. In 1909 Edison had told a friend over lunch: ‘this scheme of combustion in order to get power makes me sick to think of – it is so wasteful.’4


Because of the software included in a Tesla, many writers had started to mourn the passing of the car age. To the writer Matthew Crawford, cars, especially autonomous self-driving ones, would now be nothing more than computers on wheels. Silicon Valley executives ‘seek to make everything idiot-proof, and pursue this by treating us like idiots’.5 In the New Yorker the writer Bruce McCall, a former advertising executive for the car industry, sounded a similar elegy, writing that he had been lucky to have experienced the ‘romance of driving at its fervent peak’.6 ‘Mine was close to the last generation of car nuts,’ he wrote. ‘Since my time working on car ads, automobiles have morphed into emotionally neutered large appliances, competing more on entertainment than performance, dulling risk with technological interventions that replace the need for judgment. This is good for safety and inarguably progressive – but it’s heading into a tomorrow where we’ll all be guests in our automated, self-driving blobs.’


But to me these writers missed a critical point: the importance of an electric car was not in the electronics, or the software, as fancy as these were. The exciting development was the battery – the thousands of cells lying at the bottom of the car, wrapped in an aluminium case. It was improvements in the battery that had made the electric car possible. It meant that I, and not a tech billionaire, could go electric and drive two hundred miles without worrying. It marked a hard-won victory over the internal combustion engine.


*


In the summer of 1896 Thomas Edison, the man responsible for the first workable lightbulb and the phonograph, was dubbed the ‘Wizard of Menlo Park’. Inventions seemed to flow uninhibited from his brain on an almost daily basis. On a single day when he was just over forty, Edison had noted down a hundred and twelve ideas for possible devices, including a mechanical cotton picker and an electrical piano as well as ‘Ink for the Blind’.


Henry Ford, in contrast, was an unknown engineer from Michigan who worked at the Edison Illuminating Company in Detroit, part of Edison’s electricity empire, helping to maintain the steam engines that generated electricity. In his spare time, Ford worked on his first petrol car, the Quadricycle, in a workshop outside his home. The prototype, however, had not received a positive reception in Ford’s hometown after he rolled it out one rainy morning in June 1896. The vehicle had a two-cylinder, four-horsepower engine under its bench seat and a tiller for steering. But as he drove his four-wheeled motorised car around the streets of Detroit people thought it was a nuisance, ‘for it made a racket and scared horses. Also it blocked traffic.’7


Ford idolised Edison and, at a conference held at the Oriental Hotel in Manhattan Beach, Brooklyn, that summer, Ford managed to take some pictures of the grand man sleeping on the hotel’s veranda. The meeting had brought together electrical technicians and executives from all the Edison electrical companies across the US. On 12 August, the third day of the conference, Ford got a lucky break when he managed to attend the conference banquet with some of the leading players in America’s electricity industry. Edison was the honoured guest. The delegates discussed electric cars and storage batteries but then, during a lull in the conversation, Ford’s boss from Detroit announced that ‘this young fellow here has made a gas car.’8 The mood in the room must have turned – it was a conference about electricity after all. Someone at the table asked Ford for more details, whereupon he began to explain his petrol-powered Quadricycle, which he had spent three years building. Edison, who had bad hearing, strained to listen, so Ford moved closer to him. Edison continued to prod Ford with questions, so Ford sketched out the details for him on the back of a menu card. After he had finished, Edison brought his fist down on the table with a loud bang and told him to keep up the good work. Edison’s encouragement meant the world to the young Ford; the next day Edison invited him to take the same train back to the city with him. Ford returned to Detroit full of enthusiasm to get going on making a second model of his car.


Despite his encouraging words to Ford, however, Edison himself still believed in the superior potential of electric vehicles. He had previously built a three-wheeled electric car in 1895.9 But he had found batteries wanting. Edison had called the existing rechargeable lead-acid battery a ‘catch-penny, a sensation, a mechanism for swindling by stocking companies’.10 By 1900, Edison could not resist the lure of inventing a better battery himself. So it was that in May of that year, at the beginning of an optimistic new century, Edison stood on a street on the West side of Manhattan, waiting for the ferry to Jersey City. The streets were bustling with horse-drawn traffic, and the air stank of urine and manure. For two hours Edison stood and jotted ideas in his notebook:




Limited loads. Congestion. Resulting decay and expense there-from…


Solution:- Electrically driven trucks, covering one-half the street area, having twice the speed, with two or three times the carrying capacity… Development necessary:- Running gear-easy. Motor driver-easy. Control-simple. Battery-(?)11





That question mark symbolised the start of what would be a nine-year quest by Edison to find a better battery. It would be one of the most demanding periods of his career, involving multiple setbacks. Edison believed that inventing a battery was just a matter of finding the right materials. Lead-acid batteries, which had been invented by Gaston Planté in France in 1859, were the dominant rechargeable technology of the time, but they were big and clunky, and leaked sulphuric acid from the electrolyte. Edison envisioned the same properties that battery scientists pursue today: a battery that could store large amounts of energy for its weight; that could withstand being charged and discharged many times; and that could be driven around in any conditions. ‘If Nature had intended to use lead in batteries for powering vehicles,’ Edison said, with his typical optimism, ‘she would not have made it so heavy.’12


Edison launched his quest at the right time. At the turn of the century the automotive industry was still up for grabs. Adverts in the newspapers for automobiles were a mix of steam, petrol and electric vehicles, which all vied for consumers’ interest. There was the Perry Louis Electric, the Columbia Electric Runabout and the Riker Electric Tricycle. It was an age of discovery and invention and it seemed natural that battery technology would also advance rapidly to meet the needs of the ‘horseless carriage’. Petrol cars had no obvious advantage: they were loud and polluting and they had to be started by a heavy crank, which could break an arm if it kicked back. Steam cars, on the other hand, while powerful, had to be regularly refilled with water. Electric vehicles seemed the best bet, at least for inter-city travel: they were simpler and they did not require any gears.


In fact in 1900 petrol cars accounted for twenty-two percent of total vehicles in the US, electrics thirty-eight percent and steam vehicles forty-nine percent.13 In public transportation electric streetcars had already started to replace horse-drawn ones following the installation in 1887 of an electric streetcar system in Richmond, Virginia. A number of companies in New York also offered electric taxi services. From 1897 to 1912 the Electric Vehicle Company provided electric vehicles for hire in and around New York City and became the largest vehicle manufacturer and the largest owner and operator of motor vehicles in the US.14 The company envisioned a nationwide fleet of electric taxicabs and the provision of mobility as a service, a similar concept to Uber today.


Edison applied his prodigious work ethic to the rechargeable battery. He aimed for a battery that had triple the energy density of contemporary lead-acid ones. By the start of 1901, Edison had more than a hundred staff helping him with his new battery. By May the battery was officially unveiled to the world at the annual meeting of the American Institute of Electrical Engineers. After experiments with cadmium Edison had settled on nickel for the positive electrode and iron for the negative electrode, and a potassium hydroxide electrolyte. Edison also used tiny flakes of graphite – which decades later would be the key to the lithium-ion battery – in the positive electrode, mixed in with nickel hydrate. The press was ecstatic, deeming the news to be as game-changing as any of Edison’s inventions. ‘The latest achievement of Edison is probably destined to work as great changes in its way as did the electric light,’ the Rochester Democrat and Chronicle said.15 In 1903, the same year Ford founded his eponymous car company, Edison boasted to a reporter that he would build an electric car that would ‘be able to beat, or at any rate keep up with, any gasoline machine on a long run’.16


The stage seemed set for a battery revolution. The New York Times said that the ‘Edison battery seems destined to work a speedy revolution and to bring the oft-predicted and much-desired banishment of the horse from our city streets near to realization’.17 With a range of almost a hundred miles, the new electric vehicle would be as suitable in the country as in the cities due to the increase in the number of power stations around the country, the paper predicted. Edison agreed: ‘Yes the new battery will settle the horse – not at once but by degrees,’ he said. ‘The price of automobiles will be reduced.’18


But Edison and the press had got ahead of themselves. The truth was his battery was not quite ready despite the multitude of tests Edison had subjected it to. It leaked electrolyte through microscopic pores and the cells lost their capacity quickly. Customers quickly started to complain. Edison was forced to make the painful decision to recall all the batteries on the market at his own cost, shut down production, and start again.


Edison returned to the lab, where he managed two teams who worked twenty-four hours a day to solve the problems. It would take until 1909 before Edison had perfected the battery – the robust A-12 nickel storage battery that was encased in a steel case, with two protruding poles for the positive and negative electrode. ‘At last the battery is finished,’ Edison wrote in the summer of that year.19 He had spent over a million dollars of his own money on the venture.


But the delay in getting the improved battery to market turned out to be fatal. In the years Edison spent perfecting his battery, the internal combustion engine had gone from strength to strength, raising the bar against which batteries would have to compete. A year earlier Ford had unveiled his Model T, which quickly became a mass-market car. Edison’s grand announcements about his earlier battery had fed a feeling that electric vehicles constantly disappointed people’s expectations. The ‘unwarranted promise by the daily newspapers of a 200-mile battery has proved a serious obstacle to the introduction of electric vehicles’, one electric vehicle enthusiast noted in 1909.20 By the end of the decade the balance of power between Edison and Ford had changed. Ford, now forty-eight, was a multimillionaire car tycoon who was one of the richest men in America. Petrol cars had won the race.


*


For a brief period at the end of the nineteenth century, as the historian Kirsch wrote, the electric vehicle ‘was the dominant technology’. The outcome of total dominance of petrol cars was far from preordained. At a minimum it would have made sense to have different technologies for different purposes – electric vehicles for inner city travel and petrol cars for longer distances. ‘The prospect of a privately owned, mass-produced motor vehicle for every American adult man and woman would have seemed nothing less than lunacy,’ he wrote.21


Kirsch’s investigation into the history of electric vehicles, which was published in 2000, left him pessimistic, like many other writers at the time, about their future. At the time, General Motors had recalled its electric car, the EV1, which initially used lead-acid batteries just as cars had done in 1900. It was a recall that left many owners distraught and disappointed. To Kirsch it was just the latest chapter in the electric vehicles’ capacity to disappoint expectations.


Just as Kirsch was indulging his pessimism, however, improvements in a new technology – the lithium-ion battery – were changing the equation for electric vehicles. In his book Kirsch briefly mentioned the industry but went on to dismiss it. ‘It has been nearly a century since Edison first promised a better battery, but in many respects we are still waiting for it.’22


The year after the publication of Kirsch’s book, I went to visit an electronics store on Tottenham Court Road. The shop’s owner showed me a white rectangular box that could store hours of music. It seemed clunky and strange-looking to me. The owner said it was called the iPod, handing it to me to hold. The digital mobile age had arrived and buried within the devices, a critical enabler, was the lithium-ion battery. Invisible to the consumer, the reach and impact of these batteries would be profound. Among the beneficiaries would be the electric vehicle. Everything was about to change.
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The Breakthrough: The Lithium-Ion Revolution


On 10 December 2019 at a white tie banquet in Stockholm, British chemistry professor Stanley Whittingham rose to the stage to accept the Nobel Prize in chemistry as part of an international team that helped invent the lithium-ion battery in the 1970s and 1980s. The Nobel Academy had finally recognised the achievement, saying that lithium batteries had ‘laid the foundation of a wireless, fossil fuel-free society, and are of the greatest benefit to humankind’. In the audience was John Goodenough, then ninety-six, who pioneered the battery at Oxford University in the 1980s and was the oldest person ever to win the Nobel Prize. Whittingham quoted remarks by Thomas Edison, who more than a hundred years ago had also struggled to invent a life-changing battery. ‘There is a way to do it better. Find it,’ Edison had said. ‘I would like to think that we found it and with a systematic scientific approach,’ Whittingham added. Science did not recognise disciplinary boundaries, he added, mentioning his fellow winners Goodenough and Akira Yoshino, an engineer from Kyoto University who had worked for Asahi Kasei Corporation, which made a commercial lithium battery with Sony. ‘Colleagues, we hope that our discovery will let all of us work together to build a cleaner environment, make our planet more sustainable, and help mitigate global warming, thereby leaving a cleaner legacy to our children and grandchildren,’ Whittingham finished.1


It was a sentiment echoed by Goodenough, who, despite his age, was still working every day at the University of Texas, helping to discover new battery chemistries. Tall and bushy-eyebrowed Goodenough had told reporters: ‘We need to get burning fossil fuels off the highways and freeways of the world and focus on global warming. If you’re going to have renewable energy … you need a battery where you can store it.’2


A few months before the Nobel ceremony Whittingham, who had been born in Nottingham during the Second World War, had visited Volkswagen in Germany to view the company’s new battery pilot centre. ‘Fifty years ago when we started out, with these cars behind me, it would [have been] science fiction,’ a grey-haired Whittingham said in front of an ID.3 electric car, Volkswagen’s first mass-market offering. ‘But now we’ve made it. So I think we’ve got to believe that we can do it. We must believe in the unbelievable. Then we can make it happen.’3


Goodenough and Whittingham had waited a long time for batteries to fulfil their true potential to solve the planet’s excessive reliance on oil, gas and coal. It was a hope that was crystallised in the 1970s, when the world feared that oil was running out. It was a sentiment that was inspired by an unlikely source – ExxonMobil.


*


The 1970s began in the US with the first Earth Day, the start of a nationwide movement of speeches and protests in which an estimated twenty million Americans participated, galvanising a new environmental movement. Air pollution in cities such as Los Angeles had become infamous, prompting city officials to take action. Industrial pollution was also reaching a tipping point across the country – Cleveland’s Cuyahoga River caught fire in 1969 due to oil-soaked debris burning on the surface, and even in Washington there was a coal-burning plant a few blocks from the Capitol.4 The US government listened. Eight months later the first Clean Air Act was passed and President Richard Nixon established the Environmental Protection Agency. Three years later the 1973 Arab oil embargo and the Iranian revolution led to widespread fears about the future of oil supplies. Global car companies from Toyota to Daimler-Benz were all working on electric cars. ‘It was obvious already in 1970 that our dependence on foreign oil was making the country as vulnerable as the threat of ballistic missiles from Russia,’ Goodenough wrote in his memoir.5 In 1977, the founder of Earth Day, Denis Hayes, published a book that summed up the mood: Rays of Hope: The Transition to a Post-Petroleum World. At the same time, scientists were warning about the effects of global warming on the planet, which had coalesced into a broad international consensus by the end of the decade.


This backdrop spurred renewed interest in batteries. As we saw in the previous chapter, they were not a new technology, but their roots lie even further back than the days of Edison and Ford. Batteries are a way of storing energy via chemical means. Most batteries consist of three main parts: a cathode (the positive electrode), the anode (the negative electrode) and an electrolyte. The chemical reaction between the two electrodes is harnessed to provide electricity. Batteries were first invented at the end of the eighteenth century following a dispute between two Italian scientists over what made a dissected frog’s legs twitch. Luigi Galvani, an Italian surgeon who worked at the Academy of Sciences in Bologna, believed that animals generated a unique electrical charge in their muscles. Galvani conducted many experiments on frogs’ legs using a machine known as the Dollond that created an electric spark. One day, instead of touching a wire to the frog’s leg, an assistant ‘gently touched the point of a scalpel to the medial crural nerves of this frog. Immediately all the muscles of the limbs contracted.’6 The experiment had shown that the legs contracted without any direct connection to the Dollond machine. Galvani continued to experiment and published a full account in 1791. Galvani still believed that he had generated ‘animal electricity’. But Alessandro Volta, a professor of physics at the University of Pavia, read Galvani’s reports and decided to replicate the experiment. He found that two different metals in contact with each other would make the frog’s legs twitch. Volta concluded that it was the contact between the two different metals that generated the electricity. He assembled what would become known as a ‘Voltaic pile’, a stack of two different metals on a wooden base, separated by blotting paper and connected by a wire. A current of electrons flowed through the wire from the more reactive to the less reactive metal. The difference in chemical reactivity between the metals generated volts – the force of electricity (and a term named after Volta). For the first time in history, Volta had generated a continuous, stable supply of electricity. Batteries would remain the main source of electricity until the late nineteenth century, powering new inventions including the telegraph, which enabled long-distance communication for the first time.


Over a hundred years would pass before the next breakthrough in battery technology. In 1859, the Frenchman Gaston Planté developed the lead-acid battery, which, as mentioned earlier, enabled batteries to be recharged for the first time. Electrons flowed in the other direction inside the battery with the application of electricity. Lead-acid batteries dominated the market for decades and were later used in petrol-powered cars, helping to power the lighting and provide the spark to help start the engine.


In 1967 Joseph Kummer and Neill Weber at the Ford Motor Company invented a sodium-sulphur rechargeable battery that used a solid ceramic electrolyte, instead of the typical liquid electrolyte. The same year Ford had unveiled a test electric car, the Comuta, which had been built in England. Using lead-acid batteries, the car could only drive forty miles at twenty-five miles an hour. The new battery promised to change that, allowing a car to drive up to eighty-two miles on a single charge. ‘We’re convinced this is the real answer,’ Jack Goldman, director of Ford’s scientific laboratory, said.7 Yet the battery would only operate when both electrodes were molten, at over 300°C, making it impracticable for commercial use in vehicles. Like many such promised breakthroughs over the years, the project fell by the wayside.


Still, the announcement helped catalyse research into batteries and especially the movement of ions (charged atoms) in solids rather than liquids. A year after Ford’s announcement, Whittingham, who had just finished his DPhil at Oxford, had begun to investigate such materials while holding a fellowship at Stanford University. Whittingham and others studied the conductivity of beta-alumina, a commercially available material that Ford had used for its battery electrolyte. In 1971, Whittingham won a Young Author Award from the Electrochemical Society for his work on the material. On the back of that research, he was hired by ExxonMobil to work on alternative energy projects just before the 1973 oil crisis hit.


‘I joined Exxon in 1972 and early the next year I got sent on a course where they were predicting oil production was going to peak before 1990,’ Whittingham recalled. Exxon modelled its corporate research division in Linden, New Jersey, on Bell Labs, the AT&T-funded research laboratory. Exxon worked on a range of technologies from solar panels to nuclear reactors. ‘If you go back BP did the same thing – the oil companies wanted to become energy companies,’ Whittingham explained. He initially researched superconductors, materials that could conduct electricity at room temperature, using a material called tantalum disulphide. Whittingham discovered that the material could also store energy. Yet the tantalum was too heavy, so he settled on a lighter metal: titanium. He then needed to find a suitable negative electrode to make a battery, and settled on lithium because it is the lightest alkali metal and gives the highest voltage.


Whittingham knew that lithium might work from pictures he had seen of Japanese fishermen, who used non-rechargeable lithium batteries at night to help them see their nets. Silvery-white and lustrous, lithium reacts violently with water and is so volatile that it can only be found in compounds in nature. But it gives up an electron easily, making it a perfect choice for batteries. His team managed to produce a rechargeable lithium battery that worked at room temperature. The Exxon battery cells used a titanium disulphide cathode (the positive electrode) and a lithium metal anode (the negative electrode) separated by a liquid electrolyte which contained a lithium salt in an organic solvent. In early 1973 Whittingham was sent to Exxon’s headquarters in Manhattan to present his findings to a subcommittee of the board of directors. He had to hunt around for the right building ‘because in those days Exxon didn’t really put their name in big letters on the buildings’, he recalled. ‘I was told you’ve got five or ten minutes at most.’


Whittingham’s pitch was successful and within a few days Exxon decided to enter the battery business. ‘They said “you’re going to invest in it and build a development team” and eventually they got into manufacturing,’ Whittingham said. ‘They looked at research then like drilling wells,’ he said. ‘It’s high risk but a few percent will pay off.’ The batteries were exhibited at the Chicago electric vehicle show in 1977, where they powered a motorcycle’s headlamp, and the oil company opened a manufacturing facility in Branchburg in East Jersey. ‘I think there was surprise: one, that there was a large lithium-ion battery and, two, that Exxon was doing it,’ Whittingham told me. Exxon started producing small button-sized batteries to power a Swiss watch but the oil company had ambitions to move into electric vehicles and convert a VW car into an electric vehicle.


However, as oil prices fell in the following years, the appeal of electric vehicles declined. In 1980, the free marketer Ronald Reagan defeated Jimmy Carter to win the presidency. Exxon sold off Whittingham’s technology, and research into lithium-ion batteries largely returned to the domain of academics. ‘The oil crisis of the 1970s went away, top management had changed and they came in one day and looked at a lot of these things and said “you mean the market is not 100 million dollars a year. Why are we in it?” And I think they got out of most of the alternative energy businesses of that time,’ Whittingham recalled. Between 1977 and 1986, Exxon also pioneered studies of carbon dioxide and climate change, before that programme too fell by the wayside. By the end of the 1980s the oil giant had taken a dramatic turn and ‘worked at the forefront of climate denial’.8


The reality was that Whittingham’s lithium battery was wholly unsuitable for a car: it had only a small voltage of less than 2.5 volts, and had been prone to catching fire. The lithium metal anode, although stable with the electrolyte, on charging formed dendrites, needle-like crystals that could penetrate through the separator, short-circuiting the cell and causing it to ignite.


It was John Goodenough, whom we met at the start of the chapter, a German-born American physicist working in Oxford in the early 1980s, who took on the challenge of finding a better battery material. He invented a new combination of cathode materials that improved the voltage and amount of energy a lithium-ion battery could store. Goodenough’s team at Oxford and then the University of Texas came up with the three leading cathode chemistries that are still in use today. Without this scientific research, we would not be buying electric cars today. ‘We were patiently doing basic science all those years, that is paying off twenty to thirty years later,’ Arumugam Manthiram, a materials scientist who was born in a small village in India and later left to study with Goodenough in Oxford in 1985, told me. Manthiram, who is known as Ram, then followed Goodenough to Austin, where Goodenough still works in the office next door, even as he approaches his hundredth birthday.


Goodenough was born in Jena, Germany, in July 1922 and grew up amid meadows and woodlands in Woodbridge, Connecticut, seven miles north of Yale where his father worked in the history faculty. His parents’ marriage was ‘a disaster’ and Goodenough grew up fearing that he would be abandoned. He also struggled to learn to read. He left home at the age of twelve to go to boarding school, and later attended the prestigious Groton School, where he ‘responded positively to the structure and discipline’ and made friends.9 He was never homesick, he wrote in his autobiography, Witness to Grace. In his final year of the school, his father divorced his mother to marry his research assistant. But Goodenough studied diligently for his exams and made it to Yale, just as Europe fell deeper into war.


At Yale Goodenough discovered philosophy and science, reading Science and the Modern World by Alfred North Whitehead. He managed to graduate just after he was called up for active service in 1943. Entering the army as a meteorologist he spent time analysing weather patterns in the Azores and rose to the position of captain.


At the war’s end Goodenough won a place to study physics at the University of Chicago, helped by his old Yale mathematics professor. While toying with the idea of becoming a Christian minister, he joined the MIT Lincoln laboratory after graduation, where he worked on random access memory for early computers. He also started to work with transition metal compounds, which would be key to lithium-ion batteries. In 1970, like Whittingham, he began to think more about renewable energy. But Goodenough was told that the MIT lab was an Air Force laboratory and his research needed to focus on the needs of the military. Discouraged, he decided to leave. He was offered a position to set up a research laboratory in Tehran and travelled to Iran in 1974. But on his way home a letter arrived from Oxford inviting him to apply for the position of professor and head of the inorganic chemistry laboratory there. Goodenough applied and got the position, even though he was not a traditionally trained chemist. He was now free to work on the problem of energy.


Goodenough was inspired to find a better cathode material by an undergraduate thesis in 1978 on the structure of metal oxides. He set his team to work finding suitable metals that would work in a battery without the use of a reactive lithium metal anode. The material Goodenough developed, lithium cobalt oxide, had good structural stability and could withstand the repeated insertion and extraction of lithium ions as the battery charged and discharged. It ‘solved two major challenges associated with the sulphide cathodes pursued in the 1970s. It enabled not only a substantial increase in the operating voltage from <2.5V to ~4V but also the assembly of a cell without the need to employ a metallic lithium anode.’10


Despite its promise and the lingering impacts of the 1970s energy crisis, however, no battery company was interested in a patent on the technology. Oxford University was also not interested in patenting academic research – a far cry from today when the university jumps at such opportunities. Goodenough arranged for the Atomic Energy Research Establishment Laboratory in Harwell in the UK to file a patent on his behalf, but their lawyers made him sign his rights away.11 He didn’t realise there was ‘any other option’, he wrote in his autobiography.12 The lab later received billions of pounds from the cathode patent, but Goodenough got nothing – not even a donation to his Oxford college.13


It was Japan that ended up reaping the benefits of the research conducted at Oxford. Japan’s electronics industry had anticipated the rise of mobile products and was desperate for a lightweight rechargeable battery. It was in this environment that Akira Yoshino, who also won the Nobel Prize, delivered the final piece of the puzzle. Yoshino had joined Japan’s Asahi Kasei Corporation in 1972 and began to look into the use of polyacetylene, a conducting polymer, as a battery material. He was looking for a suitable cathode to pair it with when he came across Goodenough’s paper. It was just what he was looking for. But he soon found that polyacetylene would not make batteries small enough, so he decided to use carbon. After a long search, he found the right sort of carbon with a particular crystalline structure that could hold lithium ions – petroleum coke, a by-product of the oil industry. He also added a separator that provided a ‘shutdown function in the case of abrupt heat generation’.14 He completed his lithium-ion battery in 1985. It was commercialised in 1991 by Sony and a year later by A&T Battery, a joint venture between Asahi Kasei and Toshiba. It was just in time – as the New York Times had noted in 1989: ‘the consumer’s appetite for portable electricity has leaped ahead of the ability of batteries to store it.’15
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