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Preface

In 2012, I met the mayor of Los Angeles, Antonio Villaraigosa, at a reception in Washington, D.C. At
the time, I was a PhD student at the University of Oxford, where I was developing new materials to
generate more electricity at lower cost than existing solar panels. When I shared my research with the
mayor, he wrote his cell-phone number on a card and told me to call him. I assumed that he was just
being polite, so I returned to Oxford and got busy finishing my thesis. A few days later, the deputy
mayor emailed asking if I’d like to serve as the mayor’s senior advisor and, if so, could I speak with
the mayor tomorrow about the role. Within a week, I’d moved to Los Angeles.

I arrived underprepared but overconfident. I had never installed a single solar panel, yet Mayor
Villaraigosa envisioned deploying more solar power than any other city in the country. Nevertheless,
I was well versed in the latest advances made in scientific labs around the world, so I believed I
could fulfill the mayor’s vision by using brand new solar technologies far superior to the off-the-shelf
solar panels that every other city was deploying.

I would soon discover this was naïve. Shortly after starting at the mayor’s office, I had the bright
idea to hitch a ride on a city helicopter. A few times a week, the Department of Water and Power
would send one to survey the precious aqueduct that makes Los Angeles an improbable oasis in the
middle of a desert. Roughly along the patrol route, on the western tip of the Mojave Desert, was a
recently installed solar power project that used conventional solar panels. A helicopter would be a
great way to get a look at it.

As we approached the solar farm, two thousand football fields’ worth of solar panels stretched out
as far as I could see in every direction, all of them tilting south to bask in the rays of summer. To my
delight, the pilot obliged my request to fly closer to the ground. As we swooped in, I could see the
details on each panel, down to the individual cells of silicon—mottled blue-black wafers about as
big as your hand—that convert nearly 20 percent of the sunlight striking them to electricity.
Connecting these repeating units together—by first wiring cells together into panels and then panels
together into a massive solar farm—makes it possible to generate ever more energy, limited only by
the amount of available land.

That helicopter ride introduced me to the massive scale of solar power. I had built only fingernail-
sized solar cells in my ivory tower (actually, in a laboratory in a limestone basement) at Oxford.
Witnessing solar “in the wild” disabused me of the fiction that the city could immediately deploy
newly invented cells on the scale required to realize the mayor’s vision; billions would be needed to
carpet a square mile of desert.

Under Mayor Villaraigosa, Los Angeles would ultimately lead the country in its deployment of
solar power.1 And we did so with tried-and-true technology. Silicon solar panels have been used for



decades, and today the Chinese can mass-produce them reliably. By using those panels, we minimized
the risk that deploying them would cost more than expected or that they would stop working. The
mayor’s quest to use more solar power—an erratic source of electricity that only works when the sun
is shining—was hard enough, given the city’s mandate to keep the lights on for 4 million Angelenos.
So we strove to avoid taking any further risks on unproven solar technologies.

From that experience, I learned that no single perspective will suffice to realize the enormous
potential of solar energy (the sun beams down more energy to the Earth’s surface in an hour than the
world uses in a year). For instance, Ron Nichols—the practical-minded head of the city’s electricity
utility—remarked to me that adding renewable energy to the electricity grid is like “repairing the
engine of a 747 midflight”; the last thing you want to do is add another moving part by trying out a
new technology. But my colleagues in academia had shown me that solar technologies far superior to
today’s already exist in the lab. If they could be refined and mass-produced, they could one day make
it possible to harness the sun’s energy much more efficiently and cheaply.

Indeed, where you stand depends on where you sit when it comes to assessing the progress of
solar technology. Observers within the energy sector regard the declining cost of conventional solar
panels as astounding, even revolutionary. The top panel in figure 0.1 illustrates this descent,
displaying the plunging cost of solar power in the United States compared with the average cost of
electricity, which has held steady for decades.

Figure 0.1
The falling cost of solar power, in different contexts. The top chart compares the cost of a kilowatt-hour of electricity from solar
panels installed in the United States with the average cost of electricity for U.S. homes. (The calculation of the cost of solar power takes
into account the cost of solar panels, as well as other costs, like those of associated equipment, land, labor, and financing.) The bottom
chart compares the cost of solar panels, per watt of power-generating capacity, with the cost of memory microchips, per gigabyte of
data-storage capacity.
Sources: U.S. Energy Information Administration, IC Knowledge.



But technology experts consider solar’s cost declines to be unremarkable. Instead of comparing
the cost of electricity from solar with that from fossil fuels, they might compare the cost of 1 watt of
power generated from solar with the cost to achieve an analogous performance metric in a microchip,
like a gigabyte of memory storage. That comparison, in the bottom panel of figure 0.1, is unflattering.
Microchip costs have fallen a million times faster than those of solar panels. That rapid decline is a
corollary of Moore’s Law. (Moore’s Law, by some reports, is dying for computer chips known as
microprocessors. But it is alive and well for memory chips, as I’ve learned from my father—the
technology chief at a major chipmaker—who recently unveiled a new flash memory chip design that
is actually beating Moore’s Law and is already in your iPhone.)2

Recognizing the value of different perspectives, I’ve eagerly sought out more over the last decade.
In addition to my time in academia and in Los Angeles, I’ve worked at two Silicon Valley start-ups,
consulted for large energy companies, advised U.S. federal and state officials, and visited burgeoning
markets for solar power all over the world.

There, too, I’ve found contradictions. Scientists despair that commercial solar technology is
stagnating, whereas the industry trumpets its progress. Some scholars predict that solar panels and
wind turbines could keep multiplying until the world runs off of 100% clean energy; others reject this
idea as folly. Many policymakers on the left fiercely support incentives and mandates to install more
solar power, whereas many on the right dismiss those policies as wasteful.

This minefield of contradictions can be disorienting. But careful consideration of what each
perspective gets right and wrong has helped me make some sense of it all. I’ve written this book to
pass on an even-handed take on the future of solar energy that considers a kaleidoscope of valuable
perspectives spanning the realms of business, science, and public policy.

I have a broad audience in mind. That includes anyone interested in the future of solar energy,
students exploring energy and sustainability, scientists who want to grasp the financial aspects of
commercializing their new technologies, executives and investors looking to understand the next big
technology trend, and policymakers around the world who need to understand which interventions
make the most sense.

In the chapters that follow, I contend that today’s red-hot solar market could cool down tomorrow
unless countries around the world urgently invest in innovation. (The book is divided into four parts,
and each part starts off with a bulleted summary of the two to three chapters it comprises; if you’re
interested in a particular topic, those summaries can help you find the right chapter.) Even though
existing solar panels are cost-competitive as a niche energy source, their economics could look far
less attractive as more of them are deployed (part I). Fueling solar’s continued rise will take three
kinds of innovation: financial innovation to recruit massive levels of investment in deploying solar
energy (part II); technological innovation to harness the sun’s energy more cheaply and store it to use
around the clock (part III); and systemic innovation to redesign systems like the power grid to handle
the surges and slumps of solar energy (part IV).

The sun is the Earth’s most abundant energy source. And the planet’s best hope for confronting
climate change, I argue, is for humanity to use solar energy to meet a majority of its energy needs
sometime this century. Still, only by deploying insights from multiple vantage points can we ensure
that solar lives up to its extraordinary promise.



Notes
1. Mayor Antonio R. Villaraigosa, Varun Sivaram, and Ron Nichols, “Powering Los Angeles with renewable energy,” Nature Climate
Change 3 (2013).

2. Lucas Mearian, “Data Storage Goes from $1M to 2 Cents per Gigabyte.” Computerworld. April 10, 2017, http://core0.staticworld.net
/assets/2017/04/10/cw-50th-anniversary-storage-trends.pdf.
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PART I    PLAYING THE LONG GAME

Highlights

The year 2050 could see cities around the globe choked by pollution and the planet reeling from
catastrophic climate change; or it might see a world equipped to address a range of global
challenges. Chapter 1, “Two Futures,” argues that the main determinant of which future materializes
will be how well humanity can harness solar energy. The first future, in which solar’s rise sputters
to a halt, would not be unprecedented. In fact, we’ve seen this movie before: nuclear energy was
once the great hope for cheap, clean, and abundant energy for all—yet its share of global energy
peaked in the 1990s and has steadily declined ever since. The world can’t afford for this to happen
again with solar. Unfortunately, countries aren’t proactively investing in the innovation solar will
need to realize the second future.
Instead, they are celebrating the arrival of cheap solar panels today. Chapter 2, “Coming of Age,”
documents solar’s coming of age over the last decade, capping off three millennia of humanity’s
efforts to harness the sun’s energy. After intense competition among countries and solar
technologies, China has emerged as the solar industry’s largest producer and consumer. And the
silicon solar photovoltaic technology that it churns out has become the cheapest, fastest-growing
power source on Earth.
The recent momentum does not guarantee success, however. The most plausible way to limit
catastrophic climate change is for solar power to provide at least a third of global electricity by
mid-century, up from 2 percent today, and grow even faster from there. For that to happen, solar
will have to sidestep major pitfalls as it grows. Chapter 3, “Blocking the Sun,” warns that solar
could undercut its own economics, strain power grids, and struggle to displace ubiquitous fossil
fuels.

It will take innovation in financing and business models, solar technologies, and energy systems for
solar to avoid hitting a ceiling and instead reach its potential.



 



Chapter 1    Two Futures

The year is 2050, and the world is more polluted, unequal, and dangerous than ever. Megacities like
New Delhi, Mexico City, and Lagos are suffocated by smog. More than a billion people around the
world still lack access to reliable electricity. And climate change is serving up droughts, floods, and
heat waves with alarming regularity.

The trouble is that fossil fuels continue to exert a stranglehold on the global economy. Coal and
natural gas are still burned to produce most of the world’s electricity and run most of its factories,
spewing carbon dioxide and other climate-warming gases into the atmosphere. And oil still fuels a
majority of cars and trucks, as well as almost every single airplane and ship on the planet, further
polluting the air.

Much of this disastrous state of the world is a result of the solar power revolution sputtering out.
Way back in 2016, solar photovoltaic (PV) panels, which convert sunlight into electricity, became the
cheapest source of electricity on the planet.1 Experts breathlessly prophesied that it was only a matter
of time before solar PV dethroned fossil fuels—a bold claim for a technology that supplied less than
1 percent of the world’s energy needs.

For a time, those rosy projections were vindicated. Over the next two decades, solar PV would
soar in popularity. In developed countries, new homes came with sleek solar roofs, and in the poorest
corners of the developing world, stand-alone solar systems gave millions of villagers with no
connection to an electricity grid their first taste of modern energy. From Chile to China, more solar
farms—vast fields of PV panels—sprouted than all other types of power plants combined. And as
producers—mostly in Asia—churned out silicon-based panels year after year, they got better at
shaving the technology’s costs.

But sometime in the 2030s, solar’s once-unstoppable growth slowed, leaving it far short of
dethroning fossil fuels. Markets around the world saturated as demand for additional solar power
dried up. On its face, this stagnation was puzzling: if solar PV kept getting cheaper, widening its
competitive lead over fossil fuels, why did its expansion slow?

Part of the problem was that even as the cost of producing electricity from solar PV fell, the value
of that electricity—the amount that a utility, for instance, was willing to pay for it to then send via the
grid to meet the needs of homes and businesses—decreased even faster. The value diminished
because a power source tied to unreliable sunshine quickly becomes a nuisance as it grows. PV
panels produce power only when they receive sunlight, so nightfall (or even a passing cloud) can
sideline them. Even before 2020, this intermittency caused problems in some regions that were early
solar adopters. In California, for example, solar PV quickly rose to meet most of the state’s power
needs around lunchtime, when the sun was overhead. But then, adding a new solar panel, no matter
how cheap, was worthless because when the state needed power—at dinnertime—the sun was
setting. As a result, the gently declining cost of existing silicon solar PV technology was soon
overtaken by the swift erosion of the value of the power the panels could produce.

Some countries—especially those that raced ahead to deploy solar PV projects—recognized that



solar’s value was in decline. But they were confident that lithium-ion batteries, which were also
getting cheaper alongside PV panels, would come to the rescue. The falling cost of these batteries did
indeed make it feasible to store some of the unused daytime solar power for later in the evening.
Batteries, though, were not the panacea that many expected. It made economic sense to use them to
store power for a few hours; but they were too expensive to use for smoothing out the day-to-day
variations in solar PV output and certainly for handling the biggest energy storage need: squirreling
away surplus solar energy from sunny months for use in gloomier ones.

Solar PV’s growth also slowed because countries, especially in the developing world, failed to
build out their electricity grids to keep up with the deployment of solar power. For example, India
struggled to connect solar farms in distant deserts to its thirsty megacities. And when the government
shifted focus to deploying solar panels on building rooftops, ramshackle urban grids buckled under
the strain of absorbing sudden surges of solar power.2

Having leveled off, solar’s contribution to the world’s energy needs is respectable but limited
today, at the mid-century mark. With the exception of wind power, other clean energy sources have
not stepped in to pick up much of the slack. Wind power’s rise has mirrored that of solar PV, and the
two sister sources of renewable energy jointly produce a third of the world’s electricity. But like
solar PV, wind power is unreliable, so it too faces limits on its deployment.

More reliable sources of clean energy have disappointed. Nuclear power—politically radioactive
—has declined from its glory days in the twentieth century to just a few remaining reactors in Asia
today. New hydropower dams are just as unpopular. And various other potential clean energy sources
—from geothermal to tidal power—remain mostly on the drawing board. As a result, the world still
depends on fossil fuels to meet most of its electricity needs.

On top of this, many of the world’s energy needs don’t involve using electricity. Those needs are
met almost exclusively by fossil fuels, and they have only grown as emerging economies have
industrialized, with staggering consequences. Industrial facilities, like cement and steel plants, belch
out soot from burning coal. Skyrocketing demand for transportation has also defiled the air and
caused crippling congestion. Although fewer people own cars today than in decades past thanks to
fleets of autonomous vehicles and convenient ridesharing, these advances have made it easier and
cheaper than ever to get around; the resulting surge in travelers has packed more cars on the road at
any given time.3

Many had hoped that electric vehicles might reduce local air pollution, and indeed they have risen
to lead the pack in new vehicle sales. But over 1 billion petroleum-fueled cars and trucks still share
the road with electric vehicles; and supposedly clean electric vehicles actually cause substantial
pollution every time they charge up with electricity generated by fossil-fueled power plants. As a
result, two-thirds of humanity face toxic air in miserable metropolises, in which global elites try to
spend as little time as possible.

This would all be bad enough, but scientists predict it will only get worse because the cumulative
carbon emissions from burning all those fossil fuels have set irreversible climate shifts in motion. It
seems laughable that way back in 2015, countries around the world signed the Paris Climate Change
Agreement, committing in all seriousness to limit global warming to 2°C. Just fifteen years later,
those countries had already pumped enough greenhouse gases into the atmosphere to guarantee at least
such a temperature rise.4

Climate change has already taken a toll around the world. Rising sea levels have spurred waves of



mass migration from the floodplains of Bangladesh. Ocean acidification has decimated fisheries from
Norway to Nicaragua. Droughts across Africa and the Middle East have left hundreds of millions in a
persistent state of famine and water scarcity; Egypt has just declared war on Ethiopia for choking off
its supply from the parched Nile river.5

Far from interceding, the United States has turned inward from the crumbling world order to
weather superstorms on the Atlantic seaboard and extinguish the wildfires perpetually raging in the
west. But the worst is yet to come. Miami and New Orleans will be underwater before the century is
out. New York will be the new Bahrain of heatwaves.6 For climate change is actually speeding up.
The white ice sheets at the globe’s poles have largely disappeared, leaving only darker ocean water
that reflects less sunlight away and warms the Earth’s surface even faster. Vast stores of greenhouse
gases, once trapped by permafrost that has since melted, are escaping into the atmosphere from
Siberia and the bottom of the ocean. Like a runaway train, the changing climate can’t be stopped. Not
now, nor for the next 10,000 years.7

Belated international efforts to drastically curb global emissions have stalled. Emergency
negotiations at the United Nations over a global carbon tax don’t stand a chance of finding common
ground among bickering blocs. A corporate coalition of fossil fuel majors and heavy industries
adamantly opposes what it calls draconian proposals to leave fossil fuels in the ground, arguing to
great political effect that doing so would further impoverish the developing world. While the political
theater has played out, entire countries—including the Marshall Islands, Tuvalu, and Fiji—have been
swallowed whole by the Pacific Ocean.8

The time for decisive action is long past. With the benefit of hindsight, it is increasingly clear that
the meteoric growth in solar power lulled governments into false confidence before their rude
awakening to the solar slowdown. They had left the transition to clean energy on autopilot. Had they
instead made a small course correction in those early days—by planning for, and investing in, the
future—today’s gloomy outlook might have been avoided.

A Brighter Future

The year is 2050; despite facing grave challenges, the world still controls its destiny. Nightmare
scenarios of economic and humanitarian catastrophe—toward which the planet once hurtled—are off
the table. The climate is undeniably changing, but at a manageable pace that has allowed countries to
adapt. Now, the foremost priority of governments around the world is to find fulfilling employment
for a global population of 10 billion in the era of artificial intelligence and the data economy.

The dramatic rise of clean energy has prevented climate change from spiraling out of control—and
in the process powered economic growth and lifted the world’s destitute out of darkness. For the first
time in history, fossil fuels are on the wane. A dwindling number of plants still burn coal and natural
gas to produce electricity and run factories, but their carbon emissions get captured and either used in
industrial processes or stored deep underground. Oil still fuels a large percentage of global
transportation, but that share falls every year as electricity and clean fuels are used instead.

Solar energy is the linchpin of this clean energy revolution. For 3,000 years, civilizations have
yearned to harness the sun—an inexhaustible fireball that could power the world’s energy needs
thousands of times over. Finally, in recent decades, solar energy has risen relentlessly, clawing
market share from fossil fuels. Today, solar supplies a third of global electricity; well before the



century is out, most of the world’s energy needs will be met by converting sunlight into electricity,
heat, and portable fuels. When that happens, the twenty-first century will be remembered as the one in
which humankind finally tamed the sun.

Obviously, today’s solar technologies bear little resemblance to the quaint, silicon-based solar PV
panels that China produced back in the opening decades of the twenty-first century. Those PV panels
played an important role in establishing solar technology as a feasible source of energy. Their early
success also reassured the world’s biggest investors that it was safe to invest in clean energy
projects. And they still reliably pump out electricity in some of the world’s oldest solar parks.

But those original PV panels—heavy, ugly, and maxed out in terms of performance—evolved to
become lightweight, attractive, and much more efficient at converting sunlight into electricity. By
2030, industrial printers were churning out rolls of solar PV coatings in a range of colors and
transparencies. A decade later, solar-coating your house was as cheap as painting it.

Architects rejoiced. Today at the mid-century mark, most urban buildings are wrapped in
electricity-generating solar materials that tint the windows, enliven the facade, and shrink the carbon
footprint. Nearly free electricity has induced heavy industries to switch from burning fossil fuels to
running off solar power. Solar PV isn’t just powering glamorous urban buildings or massive
industrial plants; PV materials are now light enough to be supported by flimsy shanty roofs in the slum
outskirts of megacities in the developing world. And way outside the cities, even the poorest of the
poor can easily afford solar power. Abject energy poverty has been eradicated—nearly every person
on the planet has access to some electricity—although much work remains to address energy
inequality.

Still, these wondrous solar PV coatings remain at the mercy of unreliable sunlight. Their trivial
cost has helped mitigate this concern, making it economical, for example, to unroll a solar PV carpet
over vast swathes of California’s Mojave Desert and throw away excess power in the middle of the
day. This, in effect, gives rise to a reliable power plant capable of producing a constant amount of
electricity from late morning through early evening.

But solar PV still cannot supply California with power once the sun sets. Fortunately, that need has
been met by a completely different solar technology that enjoyed a renaissance in the 2020s after
analysts prematurely wrote it off as dead. Concentrated solar power plants, which employ armies of
mirrors to focus the sun’s rays to generate heat that can run a power plant, have improved
dramatically in cost and performance. Most important, they are able to store the heat that they capture
to produce power throughout the night. So, in tandem, PV coatings and concentrated solar power
plants generate 24/7 electricity for a fraction of the cost of running fossil-fueled power plants.

In recent decades, the term “solar energy” has supplanted “solar power.” That’s because PV and
other solar technologies not only generate electric power now, they also produce fuels that can store
energy to be used where electricity is less practical. In the mid-2030s, firms began to mass-produce
materials to convert sunlight directly into hydrogen fuel. Slowly but steadily, the makeup of the
world’s fuel mix has shifted toward clean solar fuels. Just as oil refineries convert crude oil into
products like gasoline, jet fuel, and asphalt, so do solar refineries convert hydrogen into liquid fuels
for vehicles, ships, and aircraft and into a whole range of other products, from fertilizer to plastics.

Hydrogen itself has become a popular fuel for cars and trucks. Petroleum-fueled vehicles are now
a distant third-place choice, behind electric and hydrogen-fueled vehicles, neither of which contribute
to local air pollution. As a result, even though urban denizens complain of ever-worsening traffic, air



pollution levels peaked in 2040 and have been declining ever since.
Today’s panoply of solar technologies is the result of farsighted decisions made over three

decades ago in the public and private sectors to invest in innovation. The United States led this push
and has profited handsomely as a result, now that the combined market for solar technologies is
bigger than that for petroleum products. Just as America had surged past Saudi Arabia in 2013 to
become the world’s biggest oil producer, so too did it dethrone China twenty years later as the
leading manufacturer of solar technologies. That was just as well—or else America might have
developed a dangerous dependence on imports of Chinese energy products. Instead, the United States
managed to achieve prosperity and energy security at the cost of a few billion dollars a year in
additional funding for research into and development and demonstration of new technologies—a
rounding error on the federal budget.9

Solar PV remains the most widespread method of harnessing the sun’s energy even as other
technologies, such as solar fuels, rise in popularity. To cope with the massive fluctuations of
electricity from solar PV, countries have innovated in the design of their energy systems.

For example, countries have cooperated to build out continent-spanning power grids—the biggest
ones are in Asia and North America—that connect solar PV in sun-drenched deserts with power-
hungry cities. Not only are grids bigger, but they are smarter. They transmit signals to billions of
Internet-connected devices—such as air conditioners, water heaters, and industrial machinery—that
adjust their electricity demand on the fly to match the availability of solar PV supply. In addition, they
can call upon various options to store intermittently produced solar energy, from batteries to
hydropower reservoirs to underground wells. Grids can even intelligently decide when to charge up
or draw down the millions of plugged-in electric vehicles that act as mobile batteries to back up solar
PV.

Although solar energy has emerged as the star of the energy revolution, every star needs a
supporting cast. Wind power has ably supplemented solar, rising steadily during this century. And the
renaissance of nuclear power has shored up the supply of reliable electricity after governments
around the world braved political headwinds to invest in a new generation of safer, cheaper reactors.
Seeing the writing on the wall, fossil fuel companies have done their part as well, lavishly funding the
development of technologies to capture and store the carbon emissions from the fossil-fueled plants
that remain. They have even invested heavily in their own portfolios of renewable energy projects.

Despite the tremendous strides countries have made in reducing carbon emissions, the climate has
still changed substantially. Again, solar energy offers hope for countries seeking to adapt. To ease
water scarcity, countries have turned to cheap solar PV to run desalination plants that transform
saltwater into freshwater. Concentrated solar power plants have also been repurposed in the
developing world to power refrigeration, preserving badly needed food supplies and blunting famine.

The sobering scientific consensus predicts that the climate will continue to change for the
foreseeable future. To stabilize it, governments are in final negotiations before unveiling a massive
effort to suck carbon dioxide out of the atmosphere. Some of the countries hardest hit by climate
change are clamoring for alternative approaches, like seeding the world’s clouds to reflect more
sunlight. Fortunately, governments can afford to deliberate carefully over whether and how to
engineer the climate. Sharply reducing global carbon emissions from energy bought them time to do
so.

Few would dispute that solar energy has emerged as one of the most important technologies—if



not the most important one—of the twenty-first century. It may not have ensured victory over global
challenges like climate change. But it has given the world a fighting chance.

The Sky’s The Limit

The world may well be bound for the first of the two futures laid out here—and that’s terrifying. But
there is cause for optimism: the second future is not science fiction, but rather still an achievable
goal. To arrive at it, the world must address the many challenges of realizing solar energy’s sky-high
potential—and that will require sharply increasing investment in innovation.

The reason that, for millennia, the sun has eluded humanity’s best efforts to harness it—despite
being the planet’s most abundant energy source—is that its rays are terribly inconvenient to tap into.
The amount of sunlight fluctuates wildly depending on cloud cover, time of day, and season of the
year, whereas a barrel of oil or a ton of coal is a reliable store of energy to be used on demand. Like
fossil fuels, sunlight is distributed unevenly. In some places it scorches the terrain; in others, it hides
behind the clouds. Yet unlike the energy packed into dense fossil fuels, the sun’s energy arrives much
more spread out. Consequently, a field of solar panels typically requires hundreds of times more land
to produce the same amount of power as does a power plant that burns natural gas.10

It will take human ingenuity to tame this troublesome energy source. Familiar solar PV panels that
convert sunlight into electricity have made tremendous strides. In recent years, PV panels have gotten
dramatically cheaper, and in 2016, solar PV projects attracted more investment globally than did any
other type of power plant. But solar PV panels have a serious limitation: they only generate electricity
when the sun shines. As a result, despite their early success as a niche energy source, they will
struggle to dislodge convenient fossil fuels that offer on-demand energy.

And if the ongoing expansion of solar PV stalls, few clean energy alternatives to fossil fuels are
on track to compensate. According to the International Energy Agency (IEA), twenty-three out of
twenty-six clean energy technologies—from efficient industrial plants to nuclear reactors to clean
fuels for trucks and planes—were being deployed too slowly as of 2017 to slash the world’s carbon
emissions enough to limit dangerous climate change. The remaining three—solar PV, wind power, and
batteries (for the grid and in electric vehicles)—all enjoyed rapid commercial adoption.11 But solar
PV and wind are intermittent sources of electricity, and batteries can only do so much to smooth out
their output. If solar PV stops expanding, slotting into a bit role in a clean energy ensemble, the first
future could be in play. Realizing the second future instead will require solar energy to take center
stage to make up for disappointing progress from other clean energy technologies.

Innovation is needed to make that happen. The solar industry will need new ways to attract vast
sums of investment to fund solar’s continued rise. Countries will have to redesign their energy
systems, starting with their electricity grids, to tolerate intermittent solar PV output. And scientists
and engineers will need to develop the next generation of solar technologies—better suited to
harnessing abundant but inconvenient sunlight to meet the world’s diverse energy needs—to succeed
today’s PV panels.

These wondrous technologies are not mere fantasies. Early versions of all of them already exist. In
the last five years, scientists at the lab bench have made rapid strides in creating efficient solar PV
coatings from dirt-cheap materials.12 Researchers are even further along in demonstrating the next
generation of concentrated solar power plants, which could cost-effectively store sunlight in the form



of heat to generate electricity night and day.13 And recent prototype devices in the lab have achieved
on a small scale what many scientists consider the holy grail: transforming sunlight into energy-dense
fuels efficiently and with inexpensive materials.14 Private investors are sinking real money into these
technologies. For example, Bill Gates has launched a $1 billion investment fund and identified “solar
paint” and “solar fuels” as two of the most important breakthrough clean energy technologies.15

Gates recognizes that harnessing the energy from the sun will probably be the single most
important element of a clean energy transition. But he also knows that progress to date, though
encouraging, is nowhere near sufficient to unlock the full potential of sunlight. The problem is that
very few others have had a similar revelation.

Everybody’s Doing It

A global push for innovation will require countries to realize that they’re headed toward the first
future and need to do something about it before it’s too late. It doesn’t help that the paths toward each
future start out looking deceptively similar—both involve today’s solar PV panels surging in
popularity over the next decade or two—so it’s not obvious which path the world is on right now.

Blissfully unaware of the two futures, countries around the world are jubilant at the arrival of
cheap solar PV panels and focused today on installing them as fast as they can. They installed 50
percent more solar capacity in 2016 than in the prior year. And even though solar PV still supplied
less than 2 percent of the world’s electricity through 2016, that rapid growth has convinced
governments that solar is on track to solve their most intractable problems.

They will be sorely disappointed if the first future materializes and solar’s early growth hits a
wall down the road. Whenever I’ve visited burgeoning solar markets—in Asia, the Middle East, or
Latin America—I’ve left feeling unsettled about the gulf between the hopes that the first future would
dash and the rewards that the second future would bestow.

New Delhi, India
We sipped chai on a verandah overlooking the expansive gardens of an ornate colonial relic, New
Delhi’s Imperial Hotel. Dressed in an immaculate pinstripe suit, complete with Hermès tie and a
matching pocket square, my interlocutor explained his plan to meet India’s rising energy demand with
solar power. He radiated confidence as he remarked that his firm’s track record of working with the
government would guarantee it a slice of the growing solar pie. Left unspoken was the pedigree that
backed Rahul Munjal, the scion of the Hero motorcycle empire that manufactures the dominant brand
of two-wheelers in India.

Munjal isn’t the only industrialist to venture into solar power; producers of everything from
textiles to tractors have all made forays into the entirely unrelated solar power sector in India.16,17

What’s more, India’s solar sector has attracted deep-pocketed foreign players as well, including the
Japanese conglomerate Softbank.18 These firms and investors are drawn by the prospect of powering
India’s expanding economy and by the Indian government’s all-in bet on solar.

Prime Minister Narendra Modi has hailed solar as the “ultimate solution to India’s energy
problems.”19 As soon as he entered office in 2014, he announced an audacious target for solar power:
by 2022, India would install 100 gigawatts (GW; a measure of how much electricity a power plant
can pump out every second) of solar to provide roughly 10 percent of its electricity use. Starting from
basically nothing, Modi was pledging to install in India more than half as many solar panels as



existed in the entire world. He didn’t waste time getting started. A year after he took office, annual
deployment of solar PV in India more than doubled.

Modi is betting that the tumbling costs of solar PV—which fell by three-quarters between 2010
and 2017—will enable India to keep installing more of it. And his government plans to harness the
versatility of PV installations—which can take the form of one panel or a million—to solve a whole
range of pressing problems.

As figure 1.1 illustrates, India’s 100-GW target breaks down into three categories. Most of the
planned solar expansion will be in the form of utility-scale solar projects—massive solar farms sited
in the sunniest areas—that are cheapest to build thanks to economies of scale. But over a third of the
target is reserved for rooftop solar panels, distributed across India’s crowded cities. A last sliver of
the target is small, off-grid setups in rural villages having limited or no connectivity to the main
power grid.20

Figure 1.1
India’s solar targets for 2022 and its electric power capacity mix in 2016. The chart on the left plots the Modi government’s
target for 100 GW of solar power generation capacity by 2022. The pie chart on the right breaks down India’s electric power–generating
capacity by source in 2016.
Source: Sivaram, Shrimali, and Reicher (2015), International Energy Agency.

One of the fastest-growing major economies in the world, India is hungry for power. As the
population grows, farmers move to the cities, and a swelling middle class chases the energy-intensive
trappings of a modern lifestyle, India could use four times as much power by 2040 as it does today.
The government is betting that solar PV could displace coal power as its main engine of growth, and
it has scrapped plans for new coal power plants.21

That’s not all. The government has also pinned its hopes on solar to clear India’s air. Beyond
utility-scale solar plants substituting for polluting coal plants, rooftop solar panels are meant to
replace household diesel power generators that cause urban smog. And Modi hopes to stamp out
energy poverty with off-grid systems. That is long overdue in a country where nearly 300 million
people lack any access to electricity and many more suffer from unreliable access.

Finally, the Modi government is banking on solar to meet India’s international commitments as
well. India is increasingly in the international spotlight because of its rising contribution to climate
change. By mid-century, India could vault above China and the United States to become the world’s



biggest emitter of greenhouse gases. In response, the Modi government’s 100-GW solar power target
is the most ambitious part, by far, of its climate pledge under the 2015 Paris Agreement.

The problem is that Modi’s wide-ranging wish list for solar—to power economic growth, clean
the air, deliver energy access, and curb climate change—depends on a wildly optimistic extrapolation
of solar’s future growth. From 2012 to 2016, roughly 100,000 households gained access to electricity
thanks to off-grid solar systems—but over 50 million households remained in the dark.22,23 In 2016,
total solar power capacity doubled, but coal still generated over 50 times as much electricity as did
solar PV.24 Even if India managed to achieve Modi’s audacious 100-GW solar target, fossil fuels
would still produce most of India’s electricity. For solar to deliver what the government expects out
of it, today’s red-hot market will have to continue to grow for decades to come.

But that market could very well cool down. India has historically struggled to maintain its ailing
power grid. If that trend continues, the grid may not be up to the task of transmitting power from
faraway solar farms to growing cities or absorbing the swells and sags of unreliable solar power.
And after an initial surge in solar PV installations, India might find little use for adding more;
additional panels will not solve the problem of meeting electricity demand that peaks in the evenings.
As a result, the nation might be left scrambling in search of other sources of cheap power to sustain
its economic growth. That need might prompt it to double down on tried-and-true coal power, which
would continue to foul India’s air and drive its carbon emissions higher.25 And outside of the
electricity sector, other uses of fossil fuels could worsen air pollution in India’s cities, with more
petroleum-fueled scooters, cars, and lorries on track to crowd the streets while electric vehicles
remain comparatively marginal.

The first future would be disastrous for India. And the stakes couldn’t be higher for the planet. As
the world’s fastest-growing source of carbon emissions, India could make or break the quest to
contain climate change.

Rokkasho, Aomori Prefecture, Japan
The northern tip of Honshu, the main island of Japan, is known for its picturesque peaks and hot
springs. So it’s a jarring change of scenery to emerge from the rolling countryside to find the
forbidding gates of the Rokkasho Reprocessing Plant. The facility is designed to convert depleted fuel
from Japan’s nuclear reactors into fresh fuel to reduce the need for uranium imports. I’d been invited
by the Japanese government to tour the plant, and although I wasn’t allowed to take pictures, I still
vividly remember the sprawling complex of chemical towers, labyrinthine pipework, and hulking
centrifuges. It’s an engineering marvel. After three decades and $25 billion in construction costs,
Rokkasho is finally set to open in 2018.

Rokkasho is a symbol of a Japanese obsession: energy security. An island nation with negligible
domestic energy resources, Japan has fretted about its energy security ever since the oil shocks of the
1970s. And for most of the last half-century, nuclear power has anchored its strategy to seize control
of its energy supply. Yet even as Rokkasho prepares to start recycling nuclear fuel to end Japan’s
dependence on imports, most of its nuclear reactors have been shuttered. As a result, a desperate
Japan is now looking to urgently ramp up its supply of solar power to achieve energy self-sufficiency.

Less than a decade ago, solar wasn’t even on the table. In 2010, Japanese policymakers unveiled
an ambitious plan to secure 70 percent of the country’s energy needs from domestic sources by
2030.26 The centerpiece of that plan was building enough nuclear reactors to supply half of Japan’s



power.
Disaster struck just a year later. In 2011, an earthquake and resulting tsunami caused three nuclear

reactor meltdowns at Fukushima-Daiichi and the release of some radioactive material, forcing
164,000 residents to evacuate and deeply traumatizing the country.27 Immediately, Japan shut down its
entire fleet of nuclear reactors. Whereas nearly 40 percent of its power needs were met by local
sources before the accident, that figure plunged to 12 percent in the aftermath of Fukushima (figure
1.2).28 Now, to restart its nuclear plants, Japan must subject each reactor to a rigorous review process
and withstand grassroots legal challenges—through the end of 2016, it had managed to restart only
four of nearly fifty reactors.29

Figure 1.2
Japan’s electricity mix before and after Fukushima. The bar on the left breaks down the sources of Japan’s electricity in 2010,
before the 2011 Fukushima disaster. The middle bar shows the mix of sources after the disaster in 2014. Finally, the bar on the right
displays Japan’s targeted electricity mix for 2030.
Source: Institute of Energy Economics, Japan.

To fill the void, the government has turned to renewables, such as solar and wind power. Thanks
to generous public subsidies, Japan’s solar market ballooned to become the third-biggest in the world
in 2016.30 By then, the cost of solar had fallen so steeply that the government was able to yank most of
its subsidies and still expect healthy solar growth—it is aiming for solar power to supply 7 percent of
its electricity by 2030. Some analysts are more bullish, anticipating that solar will actually hit 12
percent by 2030.31 That would be remarkable, given that before Fukushima, Japan got less than 1
percent of its power from solar.

But even 12 percent won’t be nearly enough to meet Japan’s ultimate goal of securing most of its
energy from domestic sources. That’s because the government’s forecast for nuclear power is
probably wildly optimistic. The government faces stiff resistance from judges and the court of public
opinion over restarting reactors. Building brand new ones, which will be needed to replace reactors
at the end of their useful lives, is a political nonstarter. So, nuclear power might fall short of
providing even 10 percent of Japan’s electricity needs in coming decades.32

In the first future, solar power would slow down well before it could deliver meaningful energy
security to Japan. Already, Japan’s power utilities have warned that its balkanized grid may not be up
to the task of integrating large quantities of intermittent solar power, and that the need for storage is
growing.33



Still, Japan is taking baby steps toward realizing the second future. The government is third in the
world in its funding for research and development (R&D) of advanced solar energy technologies.34

And Japan is enthusiastic about setting up a nationwide hydrogen economy to slash fossil fuel imports
and instead run its industries and vehicles off a fuel that could one day be produced from sunlight.

The symbolism was all around me as I left Rokkasho. Just as the nuclear reprocessing plant was
now behind me, the era of rapid nuclear power expansion is probably behind Japan, for better or
worse. A couple of minutes later, on the highway, I found, on my right, an array of storage tanks—a
strategic petroleum reserve to protect Japan from foreign oil disruptions—and on my left, a solar
farm. Those tableaus represent the two possible futures for Japan. The first would leave Japan at the
mercy of foreign energy imports. But if Japan can invest in the innovation needed to realize the
second future, the island nation can finally achieve the self-sufficiency that has long eluded it.

Mexico City, Mexico
Nervously clutching the conference room table in the Ministry of Energy, I hesitated before trying out
the Spanish vocabulary I’d studied on the plane ride over. My host, the undersecretary of energy,
patiently listened as I mangled my question: “How did Mexico manage to contract for some of the
lowest-cost solar power in the world?”

Of course, he then answered in impeccable English, “We did it without government sweeteners.
We ran an open auction, and solar beat out every other source including natural gas, plain and
simple.”

Cheap solar PV is sweeping through Latin America. Mexico’s 2016 announcement of ultra-low
solar prices came on the heels of similar announcements in Chile and Peru. This trend is prompting
countries to breathe a sigh of relief, for the arrival of solar power could cushion Latin America from
the ravages of climate change.

To see why, consider that Latin America, more than any other part of the world, depends on
hydropower. Overall, hydropower supplies a majority of the region’s power needs; the dependence
rises to as much as 70 percent in some countries, such as Brazil. Yet climate change is inflicting
droughts that are depleting reservoirs from Santiago to Sao Paolo; it’s also melting the Andean
glaciers that supply the mighty rivers of the Amazon.35 As a result, the region faces chronic shortages
of hydropower in the future.

As PV prices plummet, countries have seized the opportunity to make up the shortfall in
hydropower with an equally clean and increasingly cheap power source. Now Latin America has
emerged as one of the hottest solar markets around the world, poised to reach 10 percent of global
solar PV demand by 2021, up from zero a decade earlier.36

Yet there are already warning signs that solar PV will face challenges in the region as more of it is
deployed. For example, in Chile, a boom in solar PV installations led to a glut of power in the
afternoon. As a result, the price that PV plants could fetch in the marketplace for the power that they
produced was literally zero during those times.37 And giving power away for free makes it
impossible to repay the cost of constructing a solar PV plant, no matter how cheap that cost is.

Chile is a harbinger for what could happen across Latin America in the coming decades. Despite
solar’s rosy growth prospects today, its value to prospective electricity customers could sharply
deteriorate as more of it comes online. And if solar’s growth stalls in Latin America, consistent with
the first future, the region could suffer from chronic power shortages as climate change wreaks havoc



on hydropower plants.
For now, most in the region are simply content to ride the wave of cheap solar, although I did get

the sense that a wary few are waiting for the other shoe to drop. Later in my day of meetings in
Mexico City, another official remarked to me in Spanish, “When the charity is so great, even a saint
wouldn’t believe it.” I had to look that one up—it turned out he was calling Mexico’s solar boom too
good to be true.

Dubai, United Arab Emirates
I arrived in Dubai all charged up. The Middle East Electricity Summit had invited me to give a
keynote address about the future of solar power, so I’d prepared a detailed slideshow to share my
vision. But once I got on stage, slide after slide detailing solar coatings on skyscrapers, slower rates
of climate change, and cheap power for the developing world were met with yawns from the
audience. I noticed several members fiddling with their headsets. Perhaps the live translation had
stopped. Perhaps the electronics were more interesting than my speech.

Then, in unison, everyone perked up. I was making what I thought was just a minor point: in the
near term, solar PV could offer Middle Eastern countries—notably Saudi Arabia—a way to burn less
oil and gas at home and sell more of it abroad. Obviously, this wasn’t part of my long-term vision:
down the road, new solar technologies are supposed to replace fossil fuels.

But the crowd wanted to hear about how solar PV could goose fossil fuel profits (never mind the
irony). The people who approached me after my talk were all businessmen with interests in Saudi
Arabia, Kuwait, and Qatar. Those three are wealthy petrostates whose economies depend mostly on
revenues from oil and gas. But they currently squander much of that oil and gas to generate power and
sell it at a deep discount to domestic customers, encouraging wasteful consumption at home and
foregoing export revenue abroad. Therefore, all three countries have launched ambitious solar
programs to free up oil and gas for international sale at more lucrative prices.

In particular, Saudi Arabia has big plans for solar PV. In April 2017, the country announced an
ambitious renewable energy program—a central component of its grand campaign to diversify its
economy.38 Following through on its solar plans could be crucial to keeping the country afloat. The
kingdom consumes over one-quarter of the oil that it produces to generate electricity at home, limiting
the amount that it can export abroad.39 Constrained exports and sustained low oil prices have
conspired to create yawning budget deficits for Saudi Arabia.

Whereas the rest of the world will be worse off in the first future, Saudi Arabia might be just fine.
Even if it just derived a small fraction of its electricity from solar PV, the oil export revenue that it
would gain might enable it to continue its lavish spending habits. Most important, in the first future,
the world would remain addicted to oil—good news for the kingdom’s coffers. Nevertheless, even
Saudi Arabia would enjoy some benefits in the second future. Less extreme climate change would
spare it from deadly heat waves, and improved solar technologies could make a transition to clean
energy much cheaper at home, offsetting some of the pain from slowing global demand for Saudi oil.

Indeed, it is striking that even Saudi Arabia could find a silver lining in the second future, in
which solar power would challenge fossil fuel dominance. In either future, there will be winners and
losers. But there will be far more winners and many more prizes to go around if the world can realize
the second future, not the first.



We’ve Seen This Movie Before

This isn’t the first time that countries have pinned their hopes on a revolutionary clean energy
technology to solve a range of their problems. The world would be wise to keep the nuclear
industry’s experience in mind as it tries to bridge the gap between solar’s promise and today’s
realities.

Way back in 1954, Lewis Strauss, chairman of the U.S. Atomic Energy Commission, predicted that
within a generation, nuclear power would be “too cheap to meter.”40 One of his successors, Glenn
Seaborg, went further, predicting in 1969 that abundant nuclear power would alleviate water and
food scarcity, power automated factories, and enable everyone to work a twenty-hour week.41

Yet those predictions would go unfulfilled. Nuclear did have a good run, rising rapidly in the
second half of the twentieth century and achieving a 17.6 percent share of the world’s power in 1996.
But it would never surpass that figure. Ever since, nuclear’s share of global electricity has steadily
declined; it stood at around 10 percent in 2016.

What went wrong? One explanation is that accidents, activists, and ascending costs have plagued
nuclear, stymying plans for new reactors across the developed world. From this perspective, the
history of nuclear power has very little to do with how the future of solar power might unfold. It’s
hard to imagine a solar farm melting down and inciting a political backlash, and the costs of solar PV
have steadily fallen and look set to continue doing so.

But there is a deeper reason that nuclear power may provide a cautionary tale for solar power. It
is well documented that the technology in commercial nuclear reactors has stagnated. For over a half-
century, nearly every nuclear plant built around the world has been a light-water reactor, a design that
in rare instances, like Chernobyl or Fukushima, can allow a meltdown. Advanced designs that could
be cheaper, more efficient, and meltdown-proof have remained on the drawing board for decades.42

Solar power might experience a similar technological stagnation. Nearly every single solar PV
panel sold around the world is made of silicon. Over the last half-century, researchers and companies
have brought silicon PV panels near their theoretical performance limits, in some cases converting
over 20 percent of the sun’s energy to electricity. Yes, every year solar panels get cheaper, but the
gains are wrung from incremental optimization of manufacturing lines and supply chains, not
breakthroughs in the lab.43 At the same time, there is worryingly little investment in innovation.
Massive firms in Asia, which dominate the industry, invest less than a penny from every dollar of
revenue into R&D of new technologies.

If the technology stagnates, solar power is in danger of following in nuclear’s footsteps, as occurs
in the first vision of the future. Solar could also halt its expansion if countries (particularly those in
the developing world) fail to build out their power grids and otherwise invest in ways to
accommodate a rising share of power from solar. In those countries, the rise of solar could hit a
ceiling sooner rather than later.

That vision of solar stalling is by no means a sure thing. Many argue that solar power will keep
getting cheaper as more of it is produced and installed. What’s more, the cost of batteries to store that
power is falling in parallel, thanks in part to demand for electric vehicles. Some analysts even predict
that the combined cost of solar panels and batteries might be cheaper than any fossil fuel alternative
by 2030.44 If that happens, they argue, neither technological change nor beefed-up power grids will be
necessary for solar to continue growing.



But what if they’re wrong? After the nuclear false start, the world is running out of time to switch
over to clean energy. It doesn’t help that global energy transitions take a very long time. As the energy
scholar Vaclav Smil has pointed out, global energy transitions—for example, from wood to coal to
oil—have each taken roughly a half-century.45 If the world can zero out its carbon emissions within a
half-century, then it stands a chance of avoiding catastrophic climate change.46 But if the transition
toward solar energy sputters by midcentury, there will be no opportunity for another do-over.

A particularly rosy 2016 study suggested that a clean energy transition could happen much faster—
in just a decade or two—with the right support from policymakers.47 And some argue that more
sensible climate policies than the ones we have today are inevitable. Surely, they contend, the ravages
of climate change will soon persuade governments around the world to enact regulations that put a
price on carbon emissions. Such policies would improve the economic competitiveness of solar
power even further and fuel its continued rise.

But do not bank on a carbon price coming to the rescue. So far, the few places that have instituted
one, such as the European Union and California, have set the amount too low to matter.48 Any push to
set much higher prices on emissions could run into fierce political opposition from powerful entities
like fossil fuel companies. Although several oil companies have come out in favor of a modest carbon
price, they are unlikely to accede to a price high enough to seriously dent their bottom lines.

Switching Tracks

Policymakers can nonetheless help the world to switch tracks from the first future to the second.
Targeted policy interventions to promote innovation are politically tractable and would yield outsize
returns. But every year that the world dithers, diverting to the second track becomes much more
expensive. Absent a decision to lay the groundwork needed to reach the second future now, the ride to
a solar future could run out of steam.

The rest of this book will explore the promise of solar energy innovation and how to advance it.
The remaining chapters in part I will set the stage, first by chronicling how far solar power has come,
especially in the last decade. No longer a cottage industry, the solar industry is rapidly growing. Still,
the barriers that solar PV has overcome to nip at the heels of fossil fuels are very different from the
obstacles that stand in the way of solar energy upending fossil fuel supremacy. Achieving the latter
will require three types of innovation.

As part II explains, firms can apply financial and business model innovation to do more with
existing solar PV technology. Today, solar PV still struggles to woo the colossal investors who
regularly finance fossil-fuel projects. With some financial engineering, the solar industry could gain
access to massive pools of low-cost investment to deploy solar on an unprecedented scale. Similarly,
even though villagers in Africa or India are willing to pay for solar power, off-grid solar has been
slow to take off. Now, a new crop of entrepreneurs are deftly combining mobile phones, big data, and
conventional PV panels to reach these customers and make a profit doing so. Prospects are rosy for
these innovative financial and business models to fuel rapid solar deployment over the next decade.

Beyond that time horizon, technological innovation will be critical to continue solar’s expansion,
and part III reviews exciting advances in scientific labs around the world. Researchers are making
progress on developing solar PV coatings, concentrated solar power plants, and generators of fuels
from sunlight. These advances still face an uphill road to commercial success. Without much more



support from the public and private sectors, academic researchers will struggle to bring their
technologies to market.

Finally, part IV introduces systemic innovation that would refashion the world’s energy systems to
fully take advantage of abundant, but unreliable, solar PV output. Although doing so may be cost-
effective, it will require shaking up sluggish industries and marshalling political courage. For
example, change-averse power utilities need to be reformed before they will proactively equip
electricity grids to cope with fluctuating solar power. And countries will need to be willing to take
unpopular but prudent steps to support reliable generators, like nuclear reactors, that produce zero
emissions while also compensating for intermittent solar power.

Public policy around the world can accelerate all three types of innovation. This book concludes
by focusing on how the United States can provide global leadership through farsighted policies.
Above all, U.S. policymakers should take steps to advance technological and systemic innovation,
which are not proceeding as quickly as financial and business model innovation. In particular, they
should sharply increase funding for the development of new technologies and investment in a more
flexible power system.

Unfortunately, support for innovation in the United States has stagnated in recent decades, and
funding for energy innovation in particular is in the crosshairs under President Donald J. Trump. The
one solar policy likely to be enacted by the Trump administration, at the time of writing, was the
erection of sweeping trade barriers to protect domestic manufacturers of solar cells and panels; but
that policy would likely fail to encourage innovation and instead would dampen the U.S. solar market
and probably incite trade retaliation from China. And on the international stage, the president will
further damage U.S. credibility on energy and climate issues—and isolate America diplomatically—
if he fulfills his pledge to withdraw the United States from the Paris Climate Change Agreement in
2020.

Abandoning a leadership role in making the transition to clean energy would be a grave mistake—
especially when it comes to supporting innovation. Even though some investments—such as R&D into
futuristic solar materials—may not pay off for years, the work has to be done now to ensure that the
technology is ready when it is needed. What’s more, failing to invest in innovation—and instead
building walls to limit free trade—could cause the United States to get shut out of the rapidly
expanding global solar market and forego a massive economic opportunity.

If, on the other hand, the United States acts now and inspires partners around the world to follow
suit, its leadership could unlock the most abundant source of energy on Earth for generations to come.
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Chapter 2    Coming of Age

In the fall of 2007, I was torn between two offers I couldn’t pass up. One was to attend Stanford
University, my dream school as far back as I could remember. The other offer was to stay on as a
process engineer at a Silicon Valley start-up called Nanosolar that was going to change the world.
The chief executive officer, a visionary entrepreneur from Germany named Martin Roscheisen, put his
arm around me and told me in his booming voice, “Varun, it’ll be just like Xerox PARC.” He was
referring to the legendary Palo Alto research park where the modern computer was invented.

Nanosolar had set out to commercialize a technology that it knew was just as revolutionary. The
company had invented an alternative to the silicon solar panel: its idea was to use an inkjet printer to
deposit a solar photovoltaic (PV) coating right onto unrolling spools of aluminum foil. The resulting
solar foil would be flexible, lightweight, and cheap. At the time, silicon solar panels—in addition to
their hefty weight, rigid shape, and ugly aesthetics—were expensive, making the cost of their
electricity more than twice that from the grid.1 Silicon was a costly commodity, and the process for
manufacturing solar cells was adapted from that for producing expensive microchips. Roscheisen,
formerly an Internet entrepreneur, planned to apply Silicon Valley’s model of disruptive innovation to
upend the lumbering solar industry.

It was an exhilarating time to be in solar. Al Gore’s documentary An Inconvenient Truth had
captivated the country. Investors were juiced at the prospect of red-hot market growth, running up the
stock market valuations of early solar companies. At Nanosolar, the culture was infectiously
optimistic. Around team lunches, we would dream about shipping cheap solar coatings to every
corner of the developing world and carpeting remote deserts. We pulled all-nighters to prep prototype
products for the CEO to show off to investors, reporters, and dignitaries, all of whom lapped up our
vision. I reluctantly left the company to go to Stanford, but I eagerly kept tabs on the fundraising
progress. In 2008, Nanosolar landed a $300 million venture capital round—the biggest of any
company in Silicon Valley save Facebook.2 The sky was the limit for next-generation solar
technology.

Then the sky came crashing down. The price of PV panels plunged—between 2008 and 2013, it
fell 80 percent—and a flood of cheap Chinese silicon panels washed away nearly the entire crop of
American start-ups. To be sure, Silicon Valley shouldered part of the blame, as companies made
questionable business decisions and investors lost patience in their portfolios. In Nanosolar’s case,
the firm scaled up manufacturing before it ironed out the kinks in its technology, and when the deluge
of Chinese panels arrived, Nanosolar was in no position to compete. In 2013, it went belly up, selling
off its assets piecemeal, for pennies on the dollar.

Amid the upheaval, though, something remarkable happened. Solar came of age. Two winners
emerged from the brief and brutal price war that destroyed most solar producers across the United
States and Europe. One was China, which established unchallenged dominance in the production of
solar panels; it also became the world’s largest market for their deployment. The other was silicon—
long considered a stand-in material waiting to be replaced by a superior one. It surprised industry



insiders by remaining the preeminent solar technology and pushing aside all other rivals. This
partnership between China and silicon transformed the solar industry into a global powerhouse. In
2016, investors sank $116 billion into solar projects around the world, more than for any other power
source, clean or dirty.3

It’s about time. Humanity has dreamed of tapping the sun’s potential for thousands of years, and the
development of photovoltaics in the twentieth century offered a way to do just that. Solar initially
took a back seat to nuclear energy, the poster child of the postwar era and focus of U.S. government
support. That left early solar firms to hone PV technology in remote and exotic applications, like
powering offshore oil platforms in the Gulf of Mexico, phone towers in the Australian Outback, and
satellites out in space. Then, as Japan and Germany took the lead from the United States in supporting
their domestic solar industries, solar PV started to gain traction in the early years of the twenty-first
century. China’s solar industry had modest beginnings, but when it finally got going, its competitors
stood no chance.

Even though the solar industry is finally in the ascendant, it lost a vital element when Silicon
Valley’s start-ups failed. The surviving firms harbor no illusion that solar technology might change
fundamentally. Rather, in each segment of the industry, all the way from upstream manufacturing to
downstream deployment, firms are laser-focused on cutting costs rather than disrupting the current
order. This approach looks set to fuel continued growth in the coming years, but it is not at all
conducive to the innovation the industry needs to pursue to brighten solar’s long-term prospects.

Three Millennia to Get Going

The abruptness of solar’s recent rise is all the more pronounced given humankind’s long history of
trying, but not quite figuring out how, to turn it into a mainstream energy source. For most of that
history, the focus was on the sun as an energy source for heating water rather than generating
electricity. Although the silicon solar panel was invented more than sixty years ago, it is a newcomer
in the context of humanity’s millennia-old quest to harness the sun’s energy.

Over 3,000 years ago, the Chinese used yangsui, or “burning mirrors,” to focus sunlight to kindle
a fire—the oldest-known human use of solar energy. In the seventh century BCE, the Chinese
pioneered solar architecture, designing houses that faced south to admit light and heat from the sun
during the winter months, whereas roof eaves kept out the higher sun in the summer months to
moderate the temperature in hot weather. Solar architecture also flourished in the Mediterranean:
Socrates delivered lectures on the subject in Greece in the fifth century BCE, and in the first century
BCE, the Romans invented the heliocaminus, a glass room that used the greenhouse effect to warm
public baths.4

Solar energy appealed to ancient civilizations for many of the same reasons it does now.
Inhabitants of the Greek island Delos used solar architecture to minimize their energy use and
improve their energy security in the event that they had trouble importing needed timber. And by the
fourth century BCE, Chinese city-dwellers, who had deforested most of their surroundings and thus
lacked firewood, turned to solar architecture to conserve energy and in turn preserve the environment.
This reasoning was not confined to antiquity. After World War I, solar architecture became popular in
Germany as a way to limit fuel dependence after the Allies occupied the coal-rich Ruhr district.5

The next level of sophistication in harnessing solar energy was to convert sunlight into mechanical



work. In the first century CE, Hero of Alexandria built a solar siphon that heated air, which expanded
to propel water from one chamber to another. Most other inventors focused on using sunlight to heat
water instead to then perform mechanical work. A particularly audacious example was a 4-mile-long
mirror designed by Leonardo da Vinci to heat a factory’s boiler (he started building it but never
finished).

Augustin Mouchot, a French mathematics professor, made the most impressive leaps forward in
putting solar to work. He envisioned three uses of solar power that are still actively being developed
today: driving a heat engine, generating electricity, and producing portable fuels. In 1874, he built the
world’s first solar engine in Tours, France, using an 8-foot conical mirror to focus the sun’s energy on
a boiler that drove a 1/2 horsepower engine (for reference, that’s roughly enough to run some power
tools in a modern woodworking shop). Then, in 1879, he figured out how to convert solar radiation
into electricity by reflecting sunlight to heat the junction of two metals soldered together, generating
an electric current. He used this electricity to split water into its constituent atoms—oxygen and
hydrogen—intending to store the hydrogen as fuel. None of these three applications was cost-
effective, though, and Mouchot soon abandoned his research—but he succeeded in inspiring modern
uses of solar energy.6

The first form of solar energy to gain commercial traction was solar water heating. Around the
turn of the twentieth century, solar water heaters proliferated in southern California, offering
homeowners substantial savings over using coal or gas to heat their water. California would remain
an important market, and by 1977, 60 percent of the state’s pools would be heated by solar energy. In
1979, President Jimmy Carter installed a solar water heating system on the White House roof.7

International markets grew rapidly as well. By 1986, 60 percent of the population of Israel had
adopted solar water heaters, as the government strongly encouraged energy conservation to limit the
country’s dependence on imported fuel. Similarly, the Japanese enthusiastically adopted solar water
heaters, in some cases using them to heat popular public baths. But it is the Chinese who have fueled
the most recent and pronounced boom; by 2010, China accounted for 70 percent of all solar water
heaters worldwide. Around the world, the technology generates over 1 percent of all energy used for
heating.8

Although solar water heating has experienced a respectable rise over the last century, it has been
eclipsed by the explosive growth of solar-generated electricity—that is, solar power. (Note: The term
“power” is often used interchangeably with “electricity.” Its technical definition, however, is the
amount of energy transferred per unit time.) There are two modern methods of transforming sunlight
into electricity. First, concentrated solar power plants focus the sun’s rays to heat water or another
medium such as molten salts to ultimately produce steam that drives a generator. Second, solar PV
panels, typically made of silicon, directly convert sunlight into electricity. Although both methods
have roots in the late nineteenth century, major advances in the twentieth century enabled their
commercialization.

Following Mouchot’s invention of a solar engine, U.S. inventors made several advances that
would ultimately underpin today’s concentrated solar power plants. Around the turn of the twentieth
century, American entrepreneurs went to great lengths to demonstrate new collector designs that
concentrated sunlight to generate heat efficiently. In 1901, a bowl-shaped reflector, hooked up to a
fifteen-horsepower engine, debuted at an ostrich farm in Pasadena, California. (The contraption was
billed as an oddity among oddities.) Then, in 1911, Frank Shuman raised venture capital to build



rows of U-shaped solar collectors in the Egyptian desert to drive irrigation systems. Decades later, in
the 1970s, an American patented a scheme in which circular arrangements of heliostat mirrors would
focus sunlight at a single point atop a central power tower.

Another advance was to store some of the heat for use when the sun went down. In 1904, a solar
installation in Needles, Arizona, managed to power an engine 24/7 by storing some of the hot water
for later. Together, progress in converting solar energy into heat and storing that heat inspired the
concentrated solar power industry. Nowadays, new solar thermal plants increasingly use the power
tower configuration and have built-in heat storage so that the plant can generate electricity around the
clock.9

Still, because solar PV panels have recently fallen in cost much faster than concentrated solar
power plants have, adoption of the former has accelerated, while adoption of the latter has slowed to
a trickle. By the end of 2016, just 5 gigawatts (GW) of concentrated solar power capacity was online
around the world, compared with over 300 GW of PV capacity.10,11 The development of
photovoltaics, which took place on a parallel track that also reached back into the nineteenth century,
set the stage for the global solar industry as we know it today.

From Selenium to Silicon

The story of solar PV power starts in 1839, when the French physicist Edmond Becquerel discovered
the photovoltaic effect. He immersed silver chloride in an acidic solution, illuminated it, and
connected it to two electrodes, between which an electric voltage developed. Becquerel also noticed
that his best results came from using blue or ultraviolet light, a phenomenon that he couldn’t explain.

Forty years later, an English engineer, Willoughby Smith, discovered that selenium, a material
known today as a semiconductor, became more conductive when exposed to light. Researchers at
King’s College London tested this discovery by exposing selenium to candlelight and then abruptly
screening the candle; because the selenium’s conductivity dropped immediately, they concluded that
fast-moving light, rather than slow-acting heat, was the cause of the electrical activity. This behavior
was entirely mysterious to scientists at the time, but that didn’t stop an American inventor, Charles
Fritts, from building the first solar panels out of selenium and installing them on a New York City roof
in 1884.12

It was two more decades before Albert Einstein finally solved the mystery and explained how
light was turning into electricity. In a 1905 paper that in time would win him the Nobel Prize in
Physics, Einstein posited that light was composed of tiny packets—or photons—of energy.13

Sometimes, he explained, a photon had enough energy to knock an electron out of its customary orbit
around the nucleus of an atom in a metal or semiconductor, and that electron could then move freely.
By freeing enough electrons, a stream of photons could generate an electric current.

Einstein’s theory elegantly solved the pesky question of why only some colors of light produced an
electric current. The energy of a photon depends on its color. Blue and violet photons have the highest
energies in the rainbow; red photons have the lowest. Only some colors are energetic enough to kick
electrons out of their orbits. Photons of the other colors sail right through a PV material. Which colors
are absorbed rather than transmitted depends on the material.

But even though the theory had caught up with experimental reality, photovoltaics would remain a
curious oddity for the next half-century. Writing in 1935, an executive at the American firm



Westinghouse wrote presciently that selenium devices, which converted only 0.5 percent of the sun’s
energy into electricity, would need to get fifty times more efficient to become practical.14 As it
happens, today’s state-of-the-art silicon PV cells are 26 percent efficient, roughly fifty times better
than their selenium predecessors. (A solar PV cell is simply the basic building block of a solar panel.
Cells can range in size from that of your fingernail to that of your hand. The former are typically
research devices, whereas the latter are used in commercial solar panels. Panels are somewhat less
efficient than individual cells because wiring cells together to make a panel can lead to various
power losses.)

The first silicon cells weren’t this efficient, of course. In 1953, Gerald Pearson and Calvin Fuller
—researchers at Bell Laboratories who had helped invent the silicon transistor, the building block of
the modern computer—realized that their device was highly sensitive to light. So they recruited Daryl
Chapin, who was looking for a way to power remote telephone installations, and the trio built the first
silicon solar PV cell. Although their first device was just 2.3 percent efficient, that blew selenium out
of the water.15 Chapin then doggedly worked to improve the silicon solar cell. The next year, in 1954,
he unveiled a 6 percent efficient PV cell to great fanfare; the New York Times reported that the
advance could lead to “the harnessing of the almost limitless energy of the sun for the uses of
civilization.”16

Peddler on the Roof

Unfortunately, the timing couldn’t have been worse. The advent of silicon solar technology would be
overshadowed by an even more heralded clean energy technology: nuclear power. That would leave
the nascent solar industry to scour remote settings on and off the planet, peddling its wares. Indeed,
the industry has been on something of a roller coaster ever since.

In 1953, President Dwight D. Eisenhower delivered his “Atoms for Peace” speech to the United
Nations General Assembly, laying out his vision for “universal, efficient, and economic usage” of
nuclear power.17 This vision would captivate popular imagination about—and monopolize
government support for—nuclear technology, eclipsing solar power. A sign of the stark contrast was
the pageantry of the 1955 Atomic Conference in Geneva, which attracted heads of state. In
comparison, the low-profile inaugural World Symposium on Applied Solar Energy, held three months
later in Phoenix, Arizona, barely attracted media coverage.

At the time, solar PV technology was still prohibitively expensive—a 1-watt cell cost $286 to
produce, implying a cost of $1.4 million for solar panels to power a single American home.18 But the
research and development (R&D) funding necessary to drive the cost down was not forthcoming
because all eyes were on nuclear. During the 1950s, U.S. government funding for solar R&D was
limited to $100,000 per year, whereas nuclear power received over $1 billion a year.19 As a result,
the use of solar PV technology for commercial power generation languished while nuclear power
boomed—a reversal of modern trends.

But even as President Eisenhower pulled the rug out from under the fledgling solar industry with
Atoms for Peace, just two years later, in 1955, he gave it new hope by announcing America’s
intentions to launch a satellite, kicking off the space race. Solar power quickly emerged as the only
solution to keep satellites operating indefinitely—onboard batteries or fuel would run out after
several days of use. The Soviets were first into space with their Sputnik satellites, but when the



United States launched its Vanguard I satellite in 1958, its solar-powered radio lasted far longer.
Over the next decade, as the space program ballooned, it provided a steady stream of orders for

solar panels, sustaining a $5–10 million market.20 These crumbs enabled a few firms to invest in
developing increasingly efficient solar panels because it was crucial to extract as much energy as
possible from the limited number of panels that could be sent into space. Thanks to the space race, the
fledgling solar industry slowly grew in size and sophistication.

The early applications of solar power on Earth itself were far from civilization. An advantage of
solar over petroleum fuels or batteries was its low maintenance—you could leave a solar panel out
for a decade or more and it could be trusted to generate power every day. That made it attractive for
settings where routine maintenance was impractical. Thus, Australia used solar panels to power
telecommunications repeaters and distant phone systems across the Outback; and Exxon financed its
own company, the Solar Power Corporation, to deploy solar systems on its offshore oil rigs in the
Gulf of Mexico in the 1970s.21,22

In fact, in an ironic twist, oil companies invested substantially in solar power at its outset. In
addition to Exxon, the U.S. oil firms Mobil, Arco, and Amoco all had solar divisions. Arco made the
biggest bet, investing over $200 million and building the first solar factory with an annual capacity
greater than 1 megawatt (MW) in 1980; by 1988, it was the world’s largest solar producer.

Oil companies had entered the space for a variety of reasons: Solar could be useful to their
business operations by powering offshore platforms or service stations; the firms’ versatile engineers
were well suited to advancing the technology; and in Arco’s case, the company’s commitment to
environmental stewardship drew it to solar.

But the American oil companies divested their solar portfolios by the 1990s, just as European oil
producers started looking for a piece of the action. By the 1990s, British Petroleum (BP) and Royal
Dutch Shell had cracked the list of the top four solar producers.23 Yet ultimately, American companies
—and, eventually, European companies by the 2000s—decided that solar was too far afield of their
core business interests. Many also lost money on it, and nearly every firm left the sector. Today,
however, as solar market forecasts predict rapid growth, some oil producers are expressing interest
once again. Indeed, in 2011 a French oil major, Total, acquired a majority stake in a notable solar
manufacturer and project developer, SunPower.

The solar industry got a big boost in the 1970s from the U.S. government as America reeled from
spiking oil prices. Indeed, for a decade, the United States would build a commanding global lead in
solar power. Following the Arab oil embargo of 1973, the price of oil quadrupled in the United
States, and it tripled again by 1979 when the Iranian Revolution spooked world oil markets.

Facing gasoline shortages and economic malaise, the Carter administration shepherded incentives
for solar power through Congress. These included increased support for R&D, tax credits of up to 30
percent to install solar panels and water heaters, and regulations requiring power utilities to purchase
power from independent generators like solar farms. By 1980, Congress had authorized over $1
billion per year for solar incentives, including $150 million for solar PV R&D.24 And the
government’s solar push established the preeminence of the American solar PV industry, which by the
1980s accounted for 85 percent of global PV sales.25

But U.S. dominance of both the solar panel production industry and the installation market was
short-lived. The combination of the incoming Reagan administration’s ideology and a crash in oil
prices in the 1980s led U.S. government support for solar to plunge. In 1985, Carter’s solar tax



credits lapsed, and by 1988, President Ronald Reagan and his administration had led Congress to
slash R&D funding for photovoltaics by 75 percent compared with its 1980 peak.26 President Reagan
was partial to nuclear power, allergic to subsidies for uncompetitive energy sources like solar, and
ideologically committed to funding only basic science research, rather than the applied R&D and
demonstration projects supported by his predecessor.27 Unfortunately, instead of making way for U.S.
companies to privately fund applied R&D themselves, the withdrawal of government support simply
drove American companies out of the market. For example, Mobil and Arco sold their solar divisions
to German firms in the early 1990s.

In the vacuum created by the U.S. retreat from solar, Japan and Germany seized the opportunity to
lead. In the 1990s, the Japanese government launched its own incentive programs—for example, to
install 10,000 solar roofs around the country—and beefed up its R&D support. Thanks to the resulting
strong domestic market and innovation, Japanese firms such as Kyocera, Sanyo, and Sharp surged to
become leading global solar producers in the 1990s.28

By the 2000s, Germany had created the largest market in the world for the installation of solar
power, and its firms challenged Japan’s for dominance in solar PV production. In 2000, Germany
passed landmark legislation that offered substantial incentives for new solar installations—a
guaranteed premium price, or feed-in tariff, for which the owner of the installation could sell solar
power to a utility over the next twenty years. Thus began Germany’s Energiewende (energy
transition). Over the next ten years, Germany’s generous policy support would make it the world’s
largest solar market and almost singlehandedly underwrite the global PV manufacturing industry’s
growth.29 By 2010, Germany accounted for nearly half of the global market for solar deployment.30 As
a result, solar panel production by Siemens, Q-Cells, and other German companies boomed to meet
domestic demand.

Throughout the 1990s and 2000s, U.S. firms struggled to compete, squeezed by limited government
support at home to improve solar PV technology or deploy more solar power. Nevertheless, thanks to
Japan and Germany, solar grew into a multibillion dollar industry. Yet it was about to have an identity
crisis.

Sunburned in Silicon Valley

The global solar industry had grown on the back of a single technology: the silicon solar panel. Yet
for decades, scientists and entrepreneurs had been scouring the periodic table for alternative
materials to silicon that could make solar power an even more compelling proposition. This schism
set up a showdown between old and new technologies.

Scientists had long considered silicon a less than ideal material for a solar cell that was in use
mostly out of convenience. Recall that the Bell Labs researchers who invented the modern solar cell
used silicon because of the recent discovery of the silicon transistor—it was simple to repurpose that
device, which the researchers had already designed equipment to produce, to act as a solar cell
instead of a transistor. But silicon was known to be a weak absorber of light—that is, a particularly
thick chunk of silicon is needed to absorb the same amount of light that a thin slice of other materials
can absorb. On top of this, silicon absorbs more colors of light than other materials, but this broad
absorption sacrifices much of the energy contained in blue and ultraviolet photons. Hence, silicon can
never be as efficient as other materials that absorb fewer colors but harvest more of the energy from



high-energy photons. Finally, producing high-purity silicon, in which the atoms are arranged in
perfect, crystalline order and are thus most efficient in converting sunlight to electricity, requires
expensive equipment, wastes a lot of silicon, and results in brittle wafers that break easily.

Recognizing these theoretical deficiencies, researchers hunted for alternatives. One of their
earliest discoveries, in 1967, was not a different material, but rather a different form of silicon known
as “amorphous silicon,” which could be used to make flexible, thin photovoltaic films.31 Making the
films was cheaper and wasted less of the valuable silicon feedstock, but the resulting cells were often
half as efficient as traditional crystalline cells. Ironically, they also tended to get worse during the
first six months of exposure to sunlight before stabilizing—an unfortunate defect for a solar material!
As a result, amorphous silicon solar never took off the way its backers had hoped, although it did
carve out a niche as the material of choice for flexible or portable applications such as pocket
calculators.

Another solar material that found a small market niche but struggled to achieve mainstream
commercial success was gallium arsenide (GaAs), which is more efficient than crystalline silicon but
quite expensive to produce. In 1970, Soviet scientists made the first highly efficient GaAs solar cells,
and GaAs ultimately surpassed silicon as the material of choice for space applications by the 1990s
because of its high efficiency. Because GaAs comes from a family of materials that are easy to stack
on top of one another to harvest different colors of light most efficiently, the highest-performance
solar cells today use GaAs and its cousins in multijunction solar cells—in the lab, these can exceed
40 percent efficiency. This is the technology that, for example, has powered NASA’s rovers on Mars.
Still, multijunction cells did not make much of a commercial impact on the terrestrial solar market
because of their high production cost.

The most serious competition to silicon came from two thin-film materials—cadmium telluride
(CdTe) and copper indium gallium (di)selenide (CIGS)—that stood out for their strong ability to
absorb sunlight, the potential low cost of their manufacture, and the theoretically high efficiencies that
they could achieve. Through the 1990s, these technologies waited in the wings while silicon
continued to dominate the market. Researchers in the lab slowly pushed up thin-film efficiencies, but
companies had little success selling panels in the marketplace. Finally, in the early 2000s, the
American firm First Solar managed to rapidly ramp up production of CdTe panels, which were less
efficient than silicon but also less costly to produce.

By 2006, it appeared as though thin films had arrived. When First Solar went public, it was
valued at a (then) eye-popping $400 million. A Silicon Valley gold rush ensued, as venture capitalists
poured money into start-ups developing thin-film solar that promised to drive down the cost of
material inputs compared with that of expensive silicon solar cells. That’s when Nanosolar—the
company I worked for—took off, raising hundreds of millions of dollars to inkjet print thin-film solar
on rolls of aluminum foil. Even more exotically, Solyndra planned to transform flat solar panels into
cylindrical tubes that could absorb light from every direction. That vision earned it a whopping $1
billion in private investment, along with a $500 million loan guarantee in 2008 from the Barack
Obama administration.

Many of the investors and entrepreneurs who drove the boom in solar start-ups had previously
worked in Silicon Valley’s venerated semiconductor industry. There, they had pioneered the
equipment and technology to make highly complex silicon microchips for electronics. These
semiconductor veterans saw the solar industry as a backwater—one that had simply borrowed



decades-old equipment from semiconductor production lines to make mediocre solar panels.
One of these pioneers was my father. In 2008, high on Silicon Valley hubris, he left the

semiconductor industry to start a new solar venture, Twin Creeks Technologies. Rather than choose an
entirely new material, he opted to stick with silicon but try to use it more efficiently. So he and his
team raised several hundred million dollars and built an awe-inspiring ion cannon—as big as a house
—that could peel thin slices off silicon wafers and reuse the precious material more efficiently. The
New York Times hailed the technology as “radical.”32

Then silicon suddenly stopped being precious. A glut of production capacity in China plunged the
price of polysilicon, the raw material input for silicon solar cells, from over $400 per kilogram (kg)
in 2008 to $50/kg in 2010.33 As a result, it was no longer necessary to economize on material costs
with thin-film or thinner-silicon technologies.

Stuck with a product that cost $6.29 per watt to manufacture but only earned $3.42 per watt in the
marketplace, Solyndra filed for bankruptcy in 2011, leaving taxpayers on the hook to cover a half-
billion dollars of debt.34 In 2012, Republican presidential nominee Mitt Romney assailed President
Obama’s bet on Solyndra as “a symbol of gross waste.”35 Over the next two years, both Twin Creeks
Technologies and Nanosolar also ran out of money, as did nearly every other American solar start-up.
Bruised venture capitalists slashed their cleantech portfolios, and solar became a dirty word in
Silicon Valley. As for my father, he left solar behind to rejoin the semiconductor industry, where
innovation was alive and well.

External shocks like falling silicon prices weren’t the only reasons that the solar start-up bubble
burst. As I’ve written with my colleagues Ben Gaddy and Frank O’Sullivan, investor expectations for
these companies were likely unrealistic from the beginning. The start-ups had to develop new
materials, customize the machinery to make those materials, design a new solar product, and cultivate
a market for that product. And they had to do it all within three to five years because of the way that
venture capital funds were structured to pay back their investors.36 As a result, start-ups made costly
mistakes, like racing to build expensive factories to mass-manufacture thin-film solar cells before
they could reliably produce small batches of efficient cells.

Today, thin films limp along, accounting for less than 10 percent of the total market. Most of that is
made by U.S.-headquartered First Solar. But even as Silicon Valley’s technology revolution fizzled,
the solar industry would experience a true coming of age, courtesy of China and its prodigious
production of silicon solar panels.

China and Silicon: The Dream Team

In a curious twist, China’s rise to dominance in the solar industry has its roots in the work of a
scientist out in Australia. That scientist, Professor Martin Green of the University of New South
Wales, is fondly regarded as the father of photovoltaics. In the 1970s, while the United States poured
funding into PV research, Green salvaged equipment made to process semiconductors “from the scrap
heap” in Australia to begin developing high-efficiency silicon solar cells.37 When U.S. funding for
solar dried up during the Reagan administration, Green’s Australian research operation emerged as
one of the best labs in the world. The scientific advances that he later made in the 1980s laid out the
architecture for modern silicon solar panels. And Green’s students would take that technology with
them and create the Chinese solar companies that would take over the global industry.



Still, a quarter-century ago, Green’s was a lonely voice arguing that silicon solar panels were the
future. Writing in 1993, he remarked:
Since silicon introduced the photovoltaic era over 40 years ago, silicon solar cells have been the “workhorse” of the photovoltaic industry.
Many, including the present author, have assumed that this has been a stop-gap measure while the photovoltaic community, with widely
different levels of patience, awaited the arrival of a more ideal material.

… rather than being a stop-gap, silicon has the potential to become the ultimate photovoltaic solution … [Silicon’s] strengths lie in the
presently established market position, the on-going improvements to the technology, and the remaining scope for future improvement and
the sustainability of silicon-based technology.38

In contrast to the accelerated timelines of Silicon Valley start-ups that tried to perfect thin film
technologies in just a few years, silicon technology matured over several decades. In the 1970s, the
U.S. satellite company COMSAT figured out how to carve microscopic pyramids on the surface of
silicon solar cells to ensure that incoming light rays bounced around instead of being reflected away
and were ultimately absorbed. These cells were known as “black cells” because they absorbed all
visible light and could thus achieve efficiencies in excess of 17 percent.39

Then Professor Green took over. Starting in the 1980s, his lab unveiled a remarkable series of
improvements to silicon solar cells, pushing them to over 25 percent efficiency by the turn of the
twenty-first century (see figure 2.1).40,41 Even today, top silicon manufacturers are switching their
production lines over to replicate Green’s cell architecture—a design known as PERC—to boost
their efficiencies.42

Figure 2.1
Efficiencies of various solar PV technologies. In the last half-century, scientists have progressively increased the efficiencies—or
the percentage of the energy delivered by the sun at high noon that can be converted into electricity—of solar cells constructed and
tested in the laboratory. This chart plots the increase over time in the efficiencies of silicon and GaAs, which are traditional wafer
technologies; CIGS and CdTe, which are thin films; and perovskite, an emerging solar technology (this technology is discussed in detail in
chapter 6).
Source: National Renewable Energy Laboratory (NREL).

In parallel, private firms also made important advances. For example, firms boosted the reliability
of silicon panels, improving their economics. In 1982, Arco offered a five-year warranty for its solar
panels; by the 1990s, BP was offering a twenty-year warranty.43 Quadrupling the lifetime of a solar



panel meant that the panel’s power could be sold for many more years, making it easier to ultimately
pay back the panel’s up-front cost. This effect was just as powerful for the competitiveness of solar
PV as increasing the efficiency of converting sunlight to electricity.

There was even a Silicon Valley solar success story a decade before the thin films debacle. As
industry pioneer Dick Swanson tells the story, in 2001 he was ready to commercialize the highly
efficient silicon solar panels that his start-up, SunPower, had developed. But for several years, nary
an investor had showed any interest in funding solar power. So the company was about to run out of
money and was preparing to lay off half the company. Then Swanson reconnected with an old
Stanford classmate: T. J. Rodgers, CEO of Cypress Semiconductor, a well-known chipmaker in the
Valley. On hearing Swanson’s pitch, Rodgers wrote SunPower a personal check for $750,000 to
prevent the layoffs. Cypress went on to acquire SunPower, supplying the investment and
manufacturing expertise to scale up production. As of 2016, SunPower still manufactures the most
efficient silicon solar panels on the market.

Building on this progress—including improvements to silicon cell technology in the laboratory
and the accumulation of expertise and equipment in the global solar industry—Chinese companies
entered the sector. Students from Professor Green’s lab fanned out across China to start or join silicon
solar firms. One former doctoral student, Shi Zhengrong, founded Suntech, which became the world’s
largest manufacturer of solar cells.44 And other students from Green’s lab went on to become
executives at every major Chinese solar producer. In addition to importing technical knowledge,
Chinese companies took advantage of foreign equipment to set up their factories. From the late
twentieth century through the early 2000s, they bought turnkey solar production lines from American
and Canadian semiconductor firms and later sourced equipment from Germany and South Korea.45

And through joint ventures with foreign companies, some Chinese firms honed their factories to
produce reliable and long-lived solar panels.46 Not all of China’s contributions to solar were
borrowed from abroad, though. Chinese producers invested heavily in making their factories more
efficient than foreign facilities and wringing every last cent out of their supply chains.

In 2005, China was still a minor player in the solar industry, accounting for just 11 percent of
global solar production. The Chinese government considered solar too expensive for widespread
domestic use and minimally supported its deployment. But over the next five years, it enthusiastically
supported the expansion of its fledgling manufacturing industry. Subsidies poured in from the central
and provincial governments to depress the cost of raw materials, energy, land, and components.47 And
Chinese firms enjoyed a free-flowing stream of low- to no-cost loans to scale up production and
defer any need for profits.48,49

China also benefited heavily from subsidies in the developed world. As domestic solar panel
production boomed, over 90 percent was exported between 2005 and 2010, mostly to European
countries with generous deployment incentives. In addition to Germany’s feed-in tariff, Spain and
Italy offered abundant incentives. In Spain, incentives sometimes covered half the cost of a solar
installation, and by 2009, the share of solar in Spain’s power mix was the highest in the world. By
2010, Chinese companies produced nearly half the world’s solar panels, and only 6 percent were
sold to its own sluggish domestic market.50

But by then, there were already warning signs that China could not continue to expand its domestic
manufacturing capacity at the expense of the developed world indefinitely. Thanks in part to
government subsidies for domestic solar factories, China built up massive production overcapacity



all along the solar supply chain, from the raw polysilicon through the finished solar panel.51 On top of
this, European countries reeling from the Great Recession yanked their solar subsidies. Germany’s
target for solar deployment in 2020 sank by a factor of ten; Spain slashed its incentives by nearly
half.52

Combined, overcapacity and subsidy cuts drove solar producers in China and elsewhere to wage
an all-out price war to win scarce customer demand. As a result, panel prices dropped 30 percent
just from 2009 to 2010; they fell by half again by 2013.53 In response, the Chinese government
scrambled to create a market for the domestic industry that it had created.54 (Helping out domestic
producers probably is not the only reason for China’s push to deploy solar at home; others include its
desire to cut down on air pollution in its cities.) As a result, China has shifted the focus of its public
policies away from subsidizing the production of solar panels to funding their deployment at home. In
2013, China dethroned Germany as the largest market for solar panels in the world, and by 2016, it
accounted for nearly half of global panel sales (figure 2.2).55

Figure 2.2
Chinese share of solar PV production and deployment. Comparison of China’s rising domestic share of global PV panel production
(panels are also known as “modules,” and production quantities are measured in gigawatts of power-generating capacity) with its more
recently rising domestic share of global solar PV installations (also measured in gigawatts of power-generating capacity). Note that
Chinese production statistics include Taiwanese production, which accounted for roughly 12 percent of global solar PV cell and panel
production in 2016. Chinese firms have shifted substantial manufacturing activities off the mainland, including to Taiwan and Malaysia, to
avoid U.S. and E.U. anti-dumping tariffs.
Source: Center for Study of Science, Technology and Policy; Fraunhofer Institute.

The precipitous decline in panel prices upended the global solar industry, wiping out not only the
crop of Silicon Valley upstarts but also established solar producers across the developed world.
Whereas in 2007, solar PV production was somewhat evenly divided among China, Japan, Germany,
and the rest of the world, over 80 percent of solar production was happening in Asia a decade later,
mostly in China.56

In particular, 2011 saw an industry shakeout that crippled the U.S. and European industries.
Several American and European solar producers went bankrupt between 2010 and 2012, unable to
compete with the flood of cheap Chinese panels. Belatedly, both the United States and the European
Union sued China for violating international trade laws by dumping its panels below cost on global
markets. But the punitive tariffs that they imposed on Chinese imports were too little and too late to



revive failed Western solar firms.
Chinese firms suffered as well, booking negative profit margins as they tried to ride out the glut in

production capacity. The extension of $47 billion in lines of credit from the China Development Bank
in 2010–2011 helped keep many Chinese manufacturers afloat.57 But the largesse didn’t last, as the
Chinese government pivoted to providing incentives for deploying solar rather than producing it,
causing major Chinese firms to go bust or merge with competitors. For example, Suntech, once the
world’s largest solar producer, went bankrupt in 2013.58 When the dust settled from the global
industry upheaval, China had emerged as the world’s largest producer and consumer of solar PV,
almost all of which is made of silicon. That dominance is unlikely to be challenged anytime soon.

State of the Industry

Now that the solar industry has come of age, it is poised to continue growing rapidly. In the face of
relentlessly falling costs and declining public subsidies, companies are just trying to stay afloat while
expanding quickly enough to keep up with global market growth. This dynamic implies that the basic
structure of the industry should stay relatively stable because firms are making minimal investments in
revolutionary technologies. (See box 2.1 for an overview of terms and concepts used in today’s solar
industry.)

Box 2.1
Solar Photovoltaic Power 101

At the heart of a solar PV power system is the solar panel (also referred to in the industry as a solar module). Figure 2.3 breaks
out the components of a solar panel. Sandwiched between layers of glass and polymers is an array of solar cells, which are
typically made of silicon and convert sunlight into electricity.

Figure 2.3
Components of a typical solar PV panel.
Source: DuPont.

Next, figure 2.4 depicts a typical residential solar system. Solar panels mounted on a roof absorb sunlight and convert it to
direct current (DC) electricity. However, because the grid runs on alternating current (AC) electricity, the output from the solar
panels runs through a device called an inverter that changes DC to AC. Some of that AC electricity now can power appliances
in the home. And if the solar panels produce more electricity than the home needs at any given moment, the excess can be sold
to the main grid.



Figure 2.4
How a residential solar PV system connects to the grid.
Source: New York State Energy Research and Development Agency.

The amount of energy per second that a solar panel can produce when the sun is directly overhead is called its power
generating capacity, measured in watts (W) of electric power. A single panel can typically produce 250–350 W. And the average
U.S. home solar system is roughly rated at 5,000 W, or 5 kilowatts (kW). [Note: a megawatt (MW) is 1 million watts, and a
gigawatt (GW) is 1 billion watts.] Residential systems are just one use of solar power. As figure 2.5 illustrates, there are four
major markets, divided by the typical size of a solar system:

Utility-scale installations range from several to several hundred megawatts of generation capacity.
Commercial and industrial installations typically are smaller than 2 MW.
Residential installations are typically below 50 kW.
Off-grid installations, which are deployed where the central power grid does not reach, can be as small as a single panel.

Figure 2.5
Solar PV upstream production and downstream markets.
Source: Images from Wikimedia Commons.

As figure 2.5 shows, the solar power sector can be divided into the downstream deployment of solar panels in these four
markets and their upstream manufacturing. Manufacturing a solar panel starts with mining and refining polysilicon, which is then
melted into long, cylindrical ingots and sliced into thin wafers. These wafers of high-purity silicon are then turned into solar cells,
which convert sunlight into electricity. Finally, solar cells are arranged in an array and sealed together into a solar panel.

The solar industry comprises a diverse set of firms. One important category is upstream producers (or, interchangeably,
manufacturers) of solar equipment, components, and panels. Another category is downstream developers that shepherd a solar
project through its various stages of design, financing, construction, and operation. Some vertically integrated firms perform
multiple upstream steps and even have divisions that deploy solar panels into downstream markets as well.

The cost of solar power has fallen substantially in recent years and looks set to continue doing so. The simplest way to
measure cost is to divide the up-front cost of a solar installation by its rated capacity in watts. The top chart in figure 2.6 plots the



cost per watt of solar installations in the United States (excluding any government subsidies). The larger the solar installation, the
lower the cost per watt, thanks in part to economies of scale.

Figure 2.6
The falling cost of solar PV. Projections exclude potential 2018 U.S. tariffs.
Source: GTM Research (2017).

The bottom chart focuses on the cheapest segment—utility-scale solar—and breaks out its projected costs through 2020. By
the end of the decade, the cost of a utility-scale solar installation is forecast to be less than $1/W, and the solar panel itself will
account for less than half of the total cost. The rest of the cost will come from associated hardware, like inverters that connect
panels to the grid, electronics, and mounting system, as well as labor costs and other soft costs, like securing permits and
financing.59

Still, the cost per watt of capacity is not a useful measure to assess the cost competitiveness of solar power. Whereas fossil-
fueled power plants can produce power at their rated capacity indefinitely, a solar panel can produce close to its rated wattage
only under peak sunlight, around midday. Because on average there is much less sunlight over the course of each day, solar
installations produce much less power on average than their rated capacity. A residential solar system in the United States
typically produces only a fifth of the energy over the course of a year that it would if it continuously produced at its rated power.
That figure can rise to over one-third for some utility-scale systems if their solar panels are equipped with single-axis trackers,
which follow the sun as it moves throughout the day. Increasingly, developers are opting for this configuration.

A better way to assess the economics of solar power is to compare the cost of the electric energy, rather than power, that it
produces with the cost of the same amount of energy from other sources. Electric energy is measured by the kilowatt-hour
(kWh), a kilowatt of power output sustained for one hour [1,000 kWh amount to a megawatt-hour (MWh)]. Calculating this cost
entails spreading out the up-front cost of a solar installation over the energy that it produces over its lifetime, taking into account
the time value of money. The investment bank Lazard calculated that the cost of utility-scale solar was in some cases lower than
$50 per MWh in 2016, comparable with the cost of electricity from the cheapest fossil fuel (natural gas).60 Still, as chapter 3
explains, even a low cost per kilowatt-hour can fall short of making solar competitive if the cost of solar exceeds the value that it
provides.

Throughout all the upheaval, bankruptcies, and price swings of recent decades, the solar industry
and market has grown consistently and rapidly. Over the two decades leading up to 2016, global
annual PV production grew at an annual pace of roughly 40 percent. Solar now supplies more than 2
percent of global electricity demand. And despite short-term swings, long-term solar panel costs have
regularly fallen as total solar production has risen—by roughly 20 percent for every doubling of
cumulative production.61 This regular reduction has been dubbed “Swanson’s Law” (although Dick
Swanson, founder of SunPower, will tell anyone who will listen that Paul Maycock at the U.S.



Department of Energy (DOE) noticed this trend first, and Swanson just popularized it later).
From 1980 to 2001, while Professor Green was churning out new and improved solar cell

designs, improvements in PV efficiency drove cost declines. But since then, performance
improvements have stopped driving declining costs. Rather, those declines have happened because
firms have achieved economies of scale from mass production, and they have learned to wring costs
out of their manufacturing processes and supply chains.62 On top of this, the costs of deploying
thousands of solar panels in the desert or a dozen of them on a roof have also fallen regularly, as
installers and developers around the world have gained experience and devised clever ways to
install solar more cheaply. As solar becomes more widespread, these trends should continue to drive
down the installed cost of solar.

At the same time, competition will only get fiercer across the entire solar value chain. In the early
2000s, the most lucrative segments of the solar industry were upstream, especially in the production
of polysilicon. But when the glut of Chinese factories producing polysilicon, cells, and panels came
online, prices for all of these products plunged, squeezing profits out of the entire upstream value
chain.63

Now profits for firms in the downstream deployment of solar are being squeezed as well, partly
from intensifying competition and partly because of a global decline in incentive payments for solar
power. Historically, governments have supported the deployment of solar in three major ways. One,
they have used mandates to require utilities to procure a certain share of their power from renewable
sources such as solar power. Two, they have subsidized the construction of solar installations, for
example through tax credits that reduce solar’s up-front cost. And three, they have paid for the energy
that solar produces at a premium rate. For example, through feed-in tariffs or another policy known as
“net metering,” homes and businesses sell power to the grid, often at higher rates than the power
would fetch on the open market.

Feed-in tariffs in particular have been central to spurring the deployment of solar power, and in
2015, they were the most popular policy instrument to promote renewable energy in the world.64 But
around the world, countries are replacing feed-in tariffs, which guarantee the same, high payments to
every supplier of solar electricity, with reverse auctions, in which developers bid against one another
to offer the lowest price for which they will agree to sell solar power for the next fifteen to twenty
years. By pitting firms against one another, this policy shift has dramatically reduced the contract
price for which developers can sell their power, squeezing their profits.65 Even Germany, which
pioneered feed-in tariffs, has switched to reverse auctions, which is fiscally prudent for Germany, but
disastrous for the profit margins of solar developers.

Even as profits are being squeezed across the solar value chain, global prospects for solar
deployment around the world have never been stronger. A string of record-low prices for solar
projects around the world has encouraged governments to set ever-more-ambitious deployment
targets. Beginning in Dubai in 2015, with a then-unheard-of bid by a Saudi developer to build a
project and sell power for 6 cents per kilowatt-hour (kWh), subsequent government tenders in Peru,
Mexico, and Chile plunged prices below 3 cents/kWh. Then, in late 2016, Abu Dhabi seized the title
of cheapest solar at 2.4 cents/kWh (figure 2.7).66 Then, in late 2017, the kingdom of Saudi Arabia
seized the crown for cheapest solar at 1.79 cents/kWh (possibly with the aid of incentives).



Figure 2.7
Recent prices for solar PV power purchase agreements (PPAs) around the world. Each circle represents the price for which a
developer of a utility-scale solar project has agreed to sell electricity through a PPA contract with a customer (for example, a utility that
will buy the electricity and distribute it to homes and businesses). The size of each circle represents the power-generating capacity, in
megawatts or gigawatts, of that particular solar installation. The shading of each circle denotes the region of the world where the project
has been, or will be, built. The dashed line approximates the average downward trend of PPA prices over time.
Source: GTM Research (2017).

Recognizing ongoing cost declines, market analysts are bullish about solar’s deployment prospects
on every continent save Antarctica. Bloomberg New Energy Finance projects that by 2040, the cost of
solar PV will plummet by two-thirds, and as a result, solar will account for 17 percent of total
electricity generation (see figure 2.8). This would be especially impressive, given that electricity
demand is projected to grow rapidly in emerging economies, driven by urbanization, economic
growth, and the rise of new sources of demand such as electric vehicles. So, if Bloomberg’s forecast
is right, solar will grow by more than 1,500 percent through 2040, and more than 40 percent of that
growth will occur in China and India, which are poised for explosions in solar PV deployment.
Strikingly, these installations will come in all sizes, not just in the form of massive solar farms. The
4,500 GW of solar in 2040 is projected to break down 70–30 between utility-scale solar farms and
distributed solar installations that span off-grid projects and residential and commercial rooftops.67



Figure 2.8
Projections for global solar deployment. This chart plots the expected growth in the installed solar PV capacity (measured in
gigawatts) in major countries and regions around the world between 2016 and 2040.
Source: Bloomberg New Energy Finance (2017).

Still, the scarcity of profits and recent upheaval in the industry has instilled in firms a
conservative, low-risk approach to the future. Indeed, the solar industry today is a far cry from the
vision that Martin Roscheisen sold me on when he put his arm around me at Nanosolar and spoke
glowingly of the coming technology revolution. Today, barely any investment is flowing toward post-
silicon solar materials, as the existing industry structure, organized around silicon, crystallizes.
Polysilicon producers are focused on maximizing the purity of silicon. Ingot and wafer manufacturers
then ensure that no scrap is left unused as they deliver increasingly thin silicon wafers down the
chain. And cell and panel manufacturers are intent on nudging up the efficiency of their products
while minimizing the expense of the materials and factory operations that go into making them.

Downstream, developers and financiers of solar installations fixated on meeting falling cost
targets will trust only existing silicon technology that has been thoroughly vetted. Solar industry
associations trumpet their road map for a steady upward march of solar panel efficiency as a sign of
the industry’s innovative zeal.68 But the reality is that the average efficiency of a silicon solar panel
will increase each year for the next decade simply as more producers switch from low- to high-purity
silicon and to more efficient cell architectures that have already been invented.

To be sure, the industry will continue to see incremental innovation. Inverters, which connect solar
panels to the grid, will get smarter and less expensive. Project developers will devise ingenious
configurations for how to lay out and mount solar panels to minimize wiring costs and electrical
losses. Companies are already using drones to aerially monitor the operations of solar farms and cut
down on labor costs.

Yet the fact remains that the industry spends on average just 1 percent of its annual revenues on
R&D—a measly sum in comparison with most advanced industries. In 2017, researchers at Stanford
University reported that Chinese solar companies are beginning to spend more on R&D
collaborations with Western researchers and coinvesting with the Chinese government in new
technologies. But it is still the case that most of these firms’ R&D expenses remain targeted at
incrementally improving existing silicon technology. Technology disruption is simply not the
aspiration for most Chinese firms. Rather, their preferred route to a better market position has been



vertical or horizontal consolidation.69

It’s clear, now that China and silicon have won the day, that the solar industry plans to steer clear
of disruptive innovation. The industry has come of age. Yet, that dearth of innovation should be
deeply worrying to anyone hoping for a solar-powered future.
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Chapter 3    Blocking the Sun

At 9:45 a.m. on March 20, 2015, electricity grid operators in Germany scanned the heavens, praying
for clouds. To their dismay, they had an unobstructed view as the moon inexorably drifted toward the
sun. Because of the good weather, solar panels all over the country were already pumping out
electricity. But over the next two hours, more than 70 percent of Germany’s solar power installations,
which ordinarily would provide a quarter of the country’s peak daytime power, would be knocked
offline by a total solar eclipse before rushing right back online.1 Grid operators braced to maintain a
consistent electricity supply across the country and avoid blackouts.

It didn’t have to be this way. In Italy, where the level of solar power has soared in recent years,
operators disconnected all major solar installations from the grid before the eclipse hit, to prevent a
sudden loss of, and subsequent surge in, solar power from wreaking havoc on the grid. But Germany
was determined to confront the eclipse. Leaving its vast solar fleet operational would represent a
high-profile test of the Energiewende. So, with typical German rigor, grid operators prepared for
months to recruit every manner of generator—coal, natural gas, biomass, nuclear, and hydroelectric
power plants—assembling a backup fleet with twice as much reserve capacity as normal. And they
coordinated plans with neighboring countries so that Germany could rely on resources outside its
borders to compensate for the sudden dip in solar production.2,3

Two hours later, German grid operators were popping champagne—their preparations had paid
off, and the grid had sailed through the eclipse without any noticeable blip felt by consumers. TenneT,
a company that operates a part of the southern German grid with the highest solar penetration,
triumphantly tweeted, “Energiewende: 1, Solar Eclipse: 0.”4 News outlets around the world hailed
Germany’s success as a harbinger for solar’s inevitable rise and a smooth transition to clean energy.

But very few noticed the much more telling remark by the head of TenneT’s control system, Peter
Hoffman, who would have to manage the grid long after the media moved on from celebrating
Germany’s triumph over the eclipse. Peering into his crystal ball, Hoffman mused, “What we see as a
crisis [today] will be a daily phenomenon in 10 years.”5

That’s because much more solar is on the way, bringing with it wild swings in power output that
could increase the risk of blackouts. In 2016, there were enough solar photovoltaic (PV) panels to
supply a quarter of Germany’s power if all the panels produced at full output simultaneously. But
taking into account the parts of the day when solar produces little or no power, solar panels accounted
for less than 7 percent of Germany’s annual electricity. In the future that German politicians envision,
the share of electricity generated by solar PV will more than quadruple to 30 percent by midcentury.6
That increase would lead to huge fluctuations in the instantaneous power supply to the grid whenever
clouds happen to roll in—shifts as volatile as the weather.

That volatility would bear out Hoffman’s ominous prediction that crisis today could be
commonplace tomorrow. If, in the future, solar were to supply Germany with nearly a third of its
electricity over the year, that would mean it would account for virtually all of Germany’s power on
most sunny afternoons. In that case, sudden clouds would reduce the flow of electricity to the grid



much more than the 2015 eclipse did. And whereas Germany’s grid operators had months to prepare
for the 2015 eclipse, they’ll have to respond to clouds within hours, if not minutes. The extensive
preparation that it took for Germany to sail through the eclipse should be a warning sign that managing
the rise of solar could be expensive for utilities and fraught with peril.

Looking past Germany’s momentary victory over the eclipse, the costs of renewable energy’s
increasing share are coming into focus. As more and more solar and wind generators have come
online, their output has upended power markets, crashing the price at which power companies can
sell electricity to the grid and putting financial strain on those firms that own fossil-fueled and nuclear
power plants. To compensate for the rise in fluctuating renewable energy, Germany has invested in a
fleet of expensive backup plants to maintain grid reliability.7 Over the next five years, consumers will
foot the bill as Germany invests $20 billion in building transmission lines, upgrading local
distribution grids, and installing smart grid technology, partly to accommodate even more renewable
energy.8

Given the sophistication of its grid and its ability to invest in grid upgrades, Germany is better
equipped than less wealthy countries, such as India, to confront the challenges inherent in rapidly
adding solar capacity. Still, rich or poor, countries will confront dizzying costs and complexity if they
seek to ramp up their levels of solar power. They have no choice but to try, however. To limit
catastrophic climate change, the world is likely going to need solar power to provide at least a third
of all electricity by midcentury. That expansion, though, will lead to challenges even more daunting
than those of the past.

Already, countries around the world are abandoning subsidy-driven models of financing solar
power, like the feed-in tariffs in the early years of Germany’s Energiewende. Instead, they will need
to unlock vast pools of private capital to ramp up solar deployment. The trouble is, the world’s
biggest investors have so far ignored solar power; if they don’t reach into their deep pockets, solar’s
advance could stall.

Even if an investment surge accelerates the construction of new solar capacity, though, solar PV’s
rise could be its own undoing. As the cost of generating solar power steadily falls, the value of
consuming that electricity could fall even faster as more of it connects to the grid. The value could
drop both because additional solar panels would supply power in excess of customer demand in the
middle of the day and because high levels of solar power would strain power grids around the world,
requiring costly solutions. This so-called “value deflation” could plunge solar’s value below the
gently falling cost of producing it, thereby undermining the economic benefits of adding more solar
power. Then solar’s current economic appeal would turn out to be a mere illusion—a poor predictor
of solar’s future prospects.

Innovation offers a way forward, and as box 3.1 elaborates below, it comes in many different
flavors. Financial and business model innovation can unlock massive amounts of capital to continue
deploying solar power around the world over the next decade or two. In addition, technological
innovation can enable the cost of solar power to fall much more quickly than it has been dropping,
allowing solar to remain competitive even as its value tumbles. Finally, broader, systemic innovation
can boost the value that solar provides. Altogether, the three types of innovation can safeguard solar’s
economic appeal indefinitely. What’s more, they can enable solar to serve needs outside those
traditionally met by electricity, which is an essential step toward harnessing the sun to satisfy a
majority of humanity’s energy needs sometime this century.



Box 3.1
Introduction to Innovation

According to the Austrian economist Josef Schumpeter (1883–1950), an innovation is a technological product or process that
has been commercialized, or brought to market, for the first time.a He distinguished innovation from invention, which is the first
development of a technology. Therefore, even if a firm does not invent a technology, it can innovate by successfully introducing
that technology into the marketplace. (In addition to referring to a technology that has been commercialized, the term innovation
can refer to the act of innovating.)

Schumpeter’s definition of innovation might today be called technological innovation. More recently, scholars have
introduced other types of innovation. These uses retain the core definition that innovation means the introduction of something
that is adopted in a real-world context for the first time. Examples include:

Financial innovation: Popularization of financial instruments, institutions, or markets that are new to a particular sector.b
Business model innovation: Introduction of product offerings, revenue models, or operational practices that are new to a
particular sector.c
Systemic innovation: Implementation of novel approaches to designing a particular system. An energy system includes
physical infrastructure (e.g., the power grid), economic markets (e.g., wholesale power markets), and public policies (e.g.,
regulations that govern power utilities).d

Notes

a. Adam B. Jaffe, Richard G. Newell, and Robert N. Stavins, “Technological Change and the Environment,” in K-G Maler and
J. R. Vincent (eds.), Handbook of Environmental Economics, Volume 1 (Amsterdam, Netherlands: Elsevier Science B.V.,
2003): 461–516.
b. This is based on the Financial Times Lexicon definition of financial innovation, http://lexicon.ft.com/Term?term=financial-inno
vation.
c. See Karan Girotra and Serguei Netessine, “Four Paths to Business Model Innovation,” Harvard Business Review
(July/August 2014): https://hbr.org/2014/07/four-paths-to-business-model-innovation.
d. See Theocharis D. Tsoutsos and Yeoryios A. Stamboulis, “The Sustainable Diffusion of Renewable Energy Technologies as
an Example of an Innovation-Focused Policy,” Technovation 25 (2005): doi:10.1016/j.technovation.2003.12.003.

How Much Solar Does the World Really Need?

In 2015, Tesla founder and CEO Elon Musk quipped, “We have this handy fusion reactor in the sky
called the sun. You don’t have to do anything. It just works. It shows up every day and produces
ridiculous amounts of power.”9

Indeed, the sun is far and away the most potent energy source available for human use, and the
world will need to harness much more of it than it currently does to transition away from fossil fuels.
Our star produces 2 billion times as much energy as the sliver of light that eventually reaches the
Earth, yet that sliver delivers over 10,000 times the power that the world needs. For the United
States, that means that in theory, solar panels covering just 1 percent of the land area in Texas could
supply all domestic power demand. Yet solar accounted for about 1 percent of total U.S. electricity
generation in 2016.10 Globally, solar accounted for only around 1.5 percent of all electricity in 2016.
Clearly the sun’s abundant energy is vastly underutilized.

Of course, the world’s existing energy mix does not ignore the sun—quite the contrary. Fossil fuels
like oil, gas, and coal—which supply over 80 percent of the world’s primary energy—are ancient
stores of solar energy. They are the remnants of organisms such as plankton that used photosynthesis
to store solar energy as chemical bonds. Eons of crushing and heating below layers of rock

http://lexicon.ft.com/Term?term=financial-innovation
https://hbr.org/2014/07/four-paths-to-business-model-innovation


transformed them into the energy-dense fuels that we use today.
Another 10 percent of the world’s energy comes from burning biomass like wood or manure that

exists thanks to sunlight, photosynthesis, and the food chain. The sun is also responsible for wind
energy, heating up the Earth’s atmosphere and causing air currents, which wind turbines then can
convert to power. And the sun’s heat drives the hydrological cycle, evaporating water that falls as
rain into rivers and lakes and can spin hydroelectric turbines to produce electricity. Three other
energy sources don’t come from the sun. Of these, two sources—tidal energy caused by the moon’s
gravity and heat energy from the Earth’s hot and radioactive core and sliding tectonic plates—are
difficult to harness and have largely been ignored. The remaining source, the nuclear energy in atoms
of uranium created from the explosions of distant stars, accounts for a few percent of global primary
energy demand. So nearly all of the energy that the world uses today comes from the sun in some form
or another.

But direct use of solar energy will need to increase rapidly to enable a transition from fossil fuels.
The first priority is to increase the amount of electricity generated by solar power. This increase is
needed because scientists who study the possible pathways to limiting climate change firmly agree
that carbon emissions from the electric power sector must fall by between 80 and 100 percent by the
middle of the century. This goal is known as “deep decarbonization” of the power sector.11 And
renewable solar and wind power are the most promising options to do most of the heavy lifting,
taking into account economic and political considerations.

Decarbonizing the electricity sector first makes sense for other reasons as well. For one,
economical sources of clean electricity exist already, whereas it is wickedly difficult to replace the
fossil fuels that run other sectors. In the industrial sector, for instance, affordable options are very
limited for replacing the coal and natural gas that are burned to provide process heat for plants and
refineries. And in the transportation sector, oil exerts a vice grip, accounting for over 90 percent of
the energy that cars, trucks, planes, and ships use. Currently, few alternative fuels for those uses are
commercially viable.

The tiny but growing electric vehicle fleet suggests that electricity might be a viable alternative
fuel for transportation sector. So, not only is decarbonizing electricity the least difficult way to start
reducing global emissions from energy, it may also be a way to reduce emissions from other sectors
that have not traditionally used electricity.

Another reason to decarbonize electricity is that demand for it is expected to grow rapidly.
Economies around the world are starting to use electricity for activities that historically have relied
on other energy carriers (for example, electric engines displace petroleum fuel in vehicle propulsion;
electric heat pumps displace natural gas in the heating of homes and businesses; and electric arc
furnaces displace coal in the production of iron and steel). On top of this, population growth and
urbanization will lead to more people demanding access to modern energy. By midcentury, the
International Energy Agency (IEA) forecasts that demand for electricity could double. Even in a best-
case scenario, in which the world steeply ramps up energy efficiency measures, electricity demand
would rise by 80 percent.12

Zero-carbon power sources will be needed to supply all or nearly all the world’s growing power
demand by 2050. But how much of that could solar power provide? Some estimates in the academic
literature are extremely optimistic, arguing that nearly 100 percent of global electricity can feasibly
and cost-effectively come from solar and wind power by midcentury.13 This projection is probably a



fantasy, and other studies argue forcefully that the costs of relying entirely on intermittent renewable
energy would be astronomical.14,15

On the other end of the spectrum, the IEA is much more conservative about prospects for solar and
wind power. In its projection of what the global electricity mix needs to look like in 2050 to give the
world a chance at limiting global warming to 2°C, solar power—a combination of solar PV and
concentrated solar power (CSP) plants—would provide just 20 percent of the world’s electricity.
Adding the contribution from wind power would bring the total share of solar and wind to a little
over one-third of the global electricity mix by midcentury. Although this projection is more
conservative than others in the literature, it would still increase the share of solar and wind
contributed in 2016 by a factor of more than six (figure 3.1).16

Figure 3.1
Current global electricity mix and one proposal to decarbonize it. The left pie chart displays the world’s electricity mix in 2016.
The right chart displays the IEA’s projection for the mix in 2050, in a scenario that keeps the world on track to limit global warming to
2°C. The combination of solar PV and concentrated solar power (CSP) represents the share of global electricity that solar energy is
projected to contribute. “CCS” refers to carbon capture and sequestration from fossil-fuel power plants.
Source: International Energy Agency (IEA), U.S. Energy Information Administration, World Energy Council.

Many other sources of power would also be in the IEA’s recommended mix. Two assumptions
stand out: One, the world will be able to build over three times as much nuclear capacity as currently
exists; and two, every coal-fired power plant that doesn’t get shut down will be retrofitted with
equipment to capture and store its carbon emissions. On its face, this plan seems sound in that it is
based on a diversified portfolio of zero-carbon resources. Also, because both nuclear and fossil
plants are widely used in today’s power sector, building them into the future electricity mix would be
least disruptive to the status quo.

But it would be very risky to bet on this route to decarbonizing the power sector. Tripling nuclear
capacity could be tough, given that nuclear power’s share of global electricity supply actually
declined over the last decade as a result of high costs and political opposition.17 Betting that carbon
capture and storage from fossil plants can take off is even riskier; only a handful of demonstrations
exist around the world—most of them very expensive. The risks, however, do not make it acceptable
to give up on these sources. Both nuclear and fossil plants with carbon capture and storage could
provide reliable power that would make it easier and cheaper to supplement the intermittent output
from wind and solar.

A wise approach would be to plan for the worst case, in which these two sources do not get
scaled up rapidly. One way to do so would be to plan for solar and wind to collectively contribute a



majority of the world’s electricity supply by midcentury. Across a range of different assumptions
about how technology costs will evolve—and under the assumption that nuclear power and carbon
capture cannot be meaningfully scaled up—the most economical way to decarbonize the power sector
is for solar power to contribute at least one-third (and, under some assumptions, over one-half) of
global electricity by 2050.18

A global target for solar to provide one-third of the electricity mix is roughly equal in percentage
terms to Germany’s midcentury target. Yet achieving the target on a global scale will be far harder.
Whereas Germany needs to quadruple its solar penetration to hit its target, the rest of the world would
have to boost its solar penetration from below 2 percent in 2016 to upward of 30 percent by 2050.
And solar power will have to expand its slice of the global electricity pie while at the same time
keeping up with a growing pie that could double by midcentury. Finally, to achieve a one-third solar
penetration on average around the world, some regions will need to achieve even more than that
proportion to make up for other regions that underperform.

Recognizing the magnitude of the challenge, one might ask why it’s a good idea to plan for a future
that could require multiplying global solar capacity thirtyfold or more. Wouldn’t just tripling nuclear
capacity be an easier route to decarbonization? Quite possibly, from a technical perspective. But
solar power has two advantages that argue strongly in its favor. One, its cost continues to decline
substantially—by contrast, nuclear reactors have barely fallen in cost in recent decades and, in some
places, have even gotten more expensive.19 Two, solar power does not face the stiff political
obstacles that obstruct nuclear power. In fact, a growing political constituency enthusiastically
supports deploying more solar power.

As ambitious as the midcentury target for solar to supply one-third of the world’s electricity is, the
ultimate potential for solar energy to meet humanity’s energy needs is even grander because it is far
and away the most abundant energy source on Earth. Estimates of solar’s technical potential, or how
much sunlight could feasibly be converted to energy, subject to environmental, geographic, and
technical constraints, can vary by a factor of over 100.20 But even so, solar is in a league of its own,
with the technical capacity to supply the world’s power needs many times over.21

So sometime in the second half of the 21st century, the most logical goal is for solar to become the
world’s primary energy source, accounting for a majority of its energy demand.22 Getting there will
necessarily entail much more than solar PV panels that convert sunlight to energy. It will require ways
to convert sunlight to portable fuels and to heat. And it will demand reimagined energy systems,
configured to connect the sun’s energy with the world’s energy needs.

Achieving this vision may sound daunting, but Elon Musk is confident that the world will get there.
His prophecy: “The primary means of energy generation is going to be solar. It will at least be a
plurality, and probably be a slight majority in the long term.”

Capital Crunch

The most immediate obstacle to the continued rise of solar is that the world’s biggest investors have
so far passed it over as a major investment opportunity. This trend is worrying because almost the
entire cost of a solar project comes up front, whereas the revenues trickle in through sales of power.
Solar power can’t become a mainstream power source, rising over an order of magnitude from its
current level of providing less than 2 percent of the world’s electricity, without tapping into vast



pools of private capital to finance its up-front costs.
In the developed world, private investment is important because even though taxpayers may have

assented to (or failed to notice) generous solar subsidies when solar was a niche energy source, they
will be loath to underwrite solar at a much larger scale. For example, the subsidy-driven model of
Germany’s Energiewende successfully incubated the fledgling solar industry, but today over a quarter
of an average German household’s power bill is a surcharge to subsidize renewable energy, up from
5 percent a decade ago.23 Consumers are unlikely to tolerate paying much more, and the government
has already slashed subsidies for new solar projects. In the developing world, where government
assistance is scarce to begin with, unsubsidized private investment is crucial for solar to take off in
those markets from the get-go.

This capital gap isn’t readily apparent from statistics of the rise in funding for solar power. In
2016, the most funding for any power generation technology, clean or dirty, went to solar, to the tune
of $116 billion.24,25 The investment drove the installation of over 70 gigawatts (GW) of solar capacity
globally that year (up 20 percent from 2015), as solar continued to drop in cost to become the
cheapest source of generation—below wind, coal, and gas—in emerging economies, including China,
India, and Brazil.26 From the numbers, it certainly sounds like solar investment is booming.

But the magnitude of funding available from the sources that have brought solar to where it is
today pales in comparison to what solar will need in coming decades. Investment will need to be
almost double what it is currently on pace to reach by 2040 if the world is to limit global warming to
2°C, according to Bloomberg New Energy Finance (BNEF). In other words, more than $2.5 trillion
of additional investment will be needed for solar power over and above what it looks like investors
are prepared to plow into the sector. Compounding this challenge, as interest rates creep up in the
United States and elsewhere, cheap money could become less abundant.27

Existing sources of capital may provide only up to a third of the funds that solar will need by
2040.28 In the United States, most solar projects are financed in an arcane way known as tax equity
finance. In essence, because the federal government offers a 30 percent tax credit for solar
installations, big banks and other corporations that pay billions of dollars in taxes agree to invest in
solar power projects and use government incentives to reduce their tax bill. The tax credit is set to
ramp down starting in 2020. And the possibility of corporate tax reform under the Trump
administration could reduce investor appetite for the tax credits still further. Thus, tax equity
investors, who have financed the bulk of the 25 GW of solar in the United States, will likely be
unwilling to up the ante and fund the next several hundred gigawatts.

In Europe, public incentives have also underpinned solar financing, encouraging utilities, private
equity investors, and infrastructure funds to inject capital into solar projects.29 But such public
incentives are drying up in Europe, even while countries target achieving a manyfold increase in solar
capacity.

Across the developing world, both national and international development banks have been
crucial in infusing capital to jump-start investment in solar energy.30 Yet, development bank resources
are inadequate to support the next phase of solar’s growth, which will require an influx of capital in
the developing world. For example, in 2016, the Asian Development Bank agreed to spend a half-
billion dollars to help India finance rooftop solar power, a major, multi-year deal.31 India, however,
is going to need roughly 200 times that amount of money—$100 billion—to meet its goal of 100 GW
of solar capacity by 2022. Its hunger for capital will not end there, given that its 2030 target is 250



GW of installed solar nationally. The Climate Policy Initiative (CPI) projects, however, that without
new sources of capital, India will miss its 2022 funding target by roughly 30 percent.32

The only investors with pockets deep enough to bankroll the next phase of solar’s growth are
institutional investors. These investors include pension funds, insurance funds, and sovereign wealth
funds, and they collectively manage over $100 trillion.33 For them, the few trillion dollars needed for
solar to explode on the world energy scene is small change. The problem is that currently only 1
percent of that gargantuan sum is invested in infrastructure globally, and even less supports low-
carbon infrastructure. Indeed, just 2.5 percent of all clean energy assets were financed by institutional
investors from 2004 to 2011.34

A casual observer might wonder why institutional investors haven’t already piled into solar
power projects. These investors have a strong demand for long-dated, yield-oriented investments—
that is, ways to park their money for long periods of time and receive healthy, recurring payments for
doing so. Solar power projects appear to fit that investment profile. They have historically been safe
bets. Investors could sign long-term contracts to sell electricity at a locked-in rate to local utilities
and enjoy preferential treatment in electricity markets thanks to favorable public policy. What’s more,
once a solar power plant is built, it just sits there, harnessing sunlight and generating income by
selling electricity. Very little can go wrong with it, in comparison with more complicated power
plants like fossil-fueled or nuclear plants.

The problem is that institutional investors find it difficult to invest directly in solar power
projects. Rather, they end up having to invest through intermediaries, such as private equity funds. But
these funds are set up to make riskier bets and realize higher returns than the lower-risk, lower-return
proposition of a boring solar project. This constraint limits the number of solar projects that private
equity funds will invest in and, in turn, limits the investment that institutional investors can make in
solar projects through intermediaries.

Even though many solar projects are in theory ideal investment opportunities for institutional
investors, practical hang-ups prevent them from investing their capital directly in those projects.
These colossal investors have two stipulations when assembling their portfolios, both of which solar
currently violates. The first is liquidity—that is, the ability to buy and sell their investments quickly
on the market. Liquidity enables an investor to make an investment without paying a significant
premium over the market price and to sell off an investment without having to offer a significant
discount below the market price. The second stipulation is that institutional investors want to invest
large chunks of money at one time, rather than having to make many small investments. They work this
way because they have the capacity to scrutinize only a limited number of investments.

The easiest way to satisfy both stipulations is to invest in listed securities, that is, stocks and
bonds listed on public exchanges. This approach offers liquidity—it is straightforward to buy or sell
securities on large exchanges—and it is possible to invest large sums in a diversified portfolio. To
avoid having to perform due diligence on every stock or bond in which an investor has exposure,
investors can invest in index funds, which themselves are listed securities that aggregate lots of
individual stocks or bonds. Overall, institutional investors invest 80–90 percent of their portfolios in
listed securities.35

For the most part, solar power projects fail to meet either of the criteria that institutional investors
demand. There is no way to buy or sell solar power projects, similar to trading stocks on a public
exchange, so an investment in a solar power project can be illiquid for years or even decades. And



institutional investors often employ too few staff to justify conducting extensive diligence on
individual projects, each of which may require only tens of millions of dollars of investment.

Despite the challenges, institutional investors are not uninterested in investing in renewable
energy. In fact, some are getting creative in finding investment opportunities in the sector. For
example, Abu Dhabi’s sovereign wealth fund invested hundreds of millions of dollars in Renew
Power, India’s biggest solar company. And investors from the University of California’s endowment
to the New Zealand pension fund have pooled resources to invest in clean energy companies around
the world.36,37 By and large, though, these promising investments are drops in the bucket—nowhere
near the trillions that will be needed to scale up solar.

Although most of the investment needs are for grid-connected solar systems, capital is also badly
needed to scale up off-grid solar systems to deliver electricity to some of the more than 1 billion
people around the world who lack it. Right now, most investors perceive off-grid solar for poor, rural
populations as a high-risk, low-reward opportunity. As a result, the few projects that do receive
private financing get it on unfavorable terms, with high interest rates for loans that must be paid back
in short order.38

So far, international institutions such as the World Bank and nonprofit philanthropies have
valiantly funded off-grid projects to supplement the dearth of private capital. As a result, more than
120 million people worldwide enjoy some sort of solar energy—mostly solar-powered lanterns, but
also systems of solar panels and batteries to provide such basic energy needs as lighting and cell-
phone charging. To realize the full potential of off-grid solar systems to reduce energy poverty,
though, investment must surge by a factor of 250, from just $200 million today to over $50 billion
annually.39 If institutional investors were wary of investing on a per-project basis in solar farms, they
certainly will want no part of investing in individual rural solar home systems.

Whether on-grid or off-grid, scaling up solar power in the coming years will require massive
investment. The approaches that have turned solar into a $100 billion annual market will not be
enough going forward; the leap to trillions of dollars of investment will require fresh ideas and new
players. Fortunately, progress on that front is accelerating. The industry is devising new ways to make
solar investments liquid and painless for institutional investors, and entrepreneurs are introducing
business models to connect unelectrified populations with investors looking for healthy returns. The
good news is that these developments could propel solar power to overcome its impending capital
crunch. The bad news, however, is that even bigger obstacles stand in the way of solar’s continued
rise.

Undone by Success

In 2013, Chile looked like an ideal match for solar power. The country’s economy was booming on
the back of its expanding mining industry, which supplied a third of the world’s copper. But mining is
electricity-intensive, and Chile has no domestic oil, gas, or coal with which to generate power. To
make matters worse, since 2004, neighboring Argentina has periodically throttled natural gas exports
to Chile. In the absence of power from fossil fuels, the mines turned to hydropower to meet most of
their needs.40,41 But droughts started to dry up Chile’s existing hydropower reservoirs, and new dams
ran into strong public opposition.42,43 Amid all these woes, solar power in the sun-drenched Atacama
Desert stood out as an abundant source of electricity, right next to the mines.



The value proposition looked so strong that solar developers in Chile made an audacious bet to
offer solar power into the electricity market with no long-term price guarantee at all. This move
bucked conventional wisdom in the industry. In standard practice around the world, a solar developer
signs a power-purchase agreement with a customer, such as a utility or an industrial power user.
Under this agreement, that customer, called an “offtaker,” agrees to purchase power from the solar
plant at an agreed-upon price for several years (often fifteen or more). The developer benefits from
the guarantee of cash flows for many years into the future, and the guarantee also makes it easier to
raise capital from lenders and investors to foot the up-front bill. The customer benefits from locking
in a long-term power price, even as other sources of electricity are likely to get more expensive over
time. To abandon the power-purchase agreement and instead operate a solar farm as a “merchant
plant,” which sells its power at a price that fluctuates every hour in the marketplace (known as the
“wholesale power market”), was solar heresy.

But in Chile, developers reasoned that power prices were virtually guaranteed to stay high, given
the host of challenges confronting other power sources. And the copper industry, a mainstay of the
Chilean economy, wasn’t going anywhere. So when miners balked at signing long-term power-
purchase agreements, developers still managed to raise capital for merchant solar projects to sell into
Chilean power markets, where electricity prices were steep.

Then those prices crashed. Worldwide, the commodity boom contracted, and copper prices halved
between 2013 and 2016, reducing the demand for electricity.44 Over the same period, droughts spared
Chile, so its hydropower plants ran at full capacity, oversupplying electricity markets. On top of this,
the rush to add solar—including over 1 GW in 2015—added even more supply to markets facing
shrinking demand.45

As a result, Chile literally gave power away, with prices hitting zero in the afternoon (when solar
production was highest) on a majority of days in 2015 and 2016.46 That slashed revenues for merchant
solar plants, whose developers scurried to find customers to sign power-purchase agreements to
provide income security. Developers of new projects have signed long-term contracts at any cost to
avoid the calamity that befell merchant plants. In August 2016, a Spanish developer agreed to a long-
term contract to supply Chilean utilities with power for just 2.9 cents per kilowatt-hour, setting a new
world record (although that record would last just a month before an auction in Abu Dhabi went still
lower).47

Chile offers a window into the economic woes that solar could face as more of it comes online.
Because the power output from a solar panel cannot be controlled (in power system parlance, solar is
known as a “nondispatchable” resource), all the solar panels in the same geographical area will
produce power when the sun is overhead, flooding the market. In Chile, it took a demand-reducing
economic downturn on top of a solar supply glut to bring prices to zero. But at higher penetrations of
solar power, excess supply alone will be enough to make solar power worthless. This value deflation
problem could halt solar’s rise down the road. It’s a counterintuitive penalty that the industry will
incur for being too successful at adding solar capacity.

Not so fast, retort skeptics of this prediction. They rightly point out that the Chilean trend of
merchant solar power is a global aberration, and elsewhere in the world the power-purchase
agreement contract structure has protected solar from fluctuating power prices.48 For example, in
Germany, rising levels of solar electricity have hurt the bottom lines of fossil and nuclear reactors
rather than undercutting solar revenues. Just as in Chile, Germany’s wholesale power prices have



fallen by two-thirds since 2008 as more renewable energy has come online. Sometimes when there is
an oversupply of solar and wind power, power prices even go negative.

On its face, the skeptics’ argument appears convincing—indeed, in Germany, solar’s rise is hurting
every other generator, but not solar itself. Although power markets are complex systems, a 2016 study
unambiguously concluded that the rise in renewable energy is the largest driver of the plunge in
wholesale power prices.49 This drop is disastrous for other power plants that rely on higher power
prices to pay for fuel (coal and gas plants) and to pay down tremendous capital costs (nuclear plants).
But solar power is protected in the German power market by incentives that boost solar income even
as revenues from wholesale power markets fall. As a result, German power utilities, which have
traditionally owned fossil-fueled and nuclear plants, have experienced major financial distress. In
2015, one of the two major utilities, E.ON, reported its largest loss ever, at $8 billion.50 Both E.ON
and RWE, another major German utility, have attempted to cut their losses by splitting off their fossil-
fueled and nuclear plants, retaining the more lucrative renewable energy portfolios.51 The lesson from
this, some have argued, is that even though solar will upend power markets as it becomes ubiquitous,
its profitability will remain unscathed as other types of generators suffer.

Yet this argument is myopic. Even if subsidy regimes protect solar today, they are unlikely to last
as higher solar penetration makes them more expensive. Already, Germany has enacted reforms that
sometimes reduce the price that solar generators are paid if wholesale prices are low.52

Fundamentally, rising solar penetrations degrade the value that solar offers to the electricity grid,
regardless of the revenue that a particular policy paradigm guarantees solar owners.

This value deflation will reduce solar’s economic competitiveness in the long run. If power-
purchase agreements persist as the dominant way to finance solar, the long-term price that new solar
projects will be able to secure from offtakers will fall. If long-term contracts give way to merchant
arrangements, as happened in Chile, solar’s profits could evaporate even faster. The market is
already moving in this direction; some utilities in the United States are pushing to reduce the duration
of the power-purchase agreements that they sign.

Regardless of the near-term effects of the contracting arrangement, the profitability of solar power
in the long term will be dictated by its underlying economic value in markets around the world. And
that value will fall as more solar connects to the grid, following simple principles of supply and
demand.

Shayle Kann at GTM Research and I have surveyed the early evidence of value deflation around
the world, as well as various economic models of how bad it could get as solar’s penetration
increases toward the target of supplying one-third of global power demand.53 In figure 3.2, we plot
the power market prices that solar generators would receive in California, Texas, and Germany if
they were not protected by long-term contracts or subsidies. This approach measures the deflating
economic value that solar offers the grid as its penetration rises. The results are stark. When a grid
relies on solar power for 15 percent of its total energy needs, the value of solar falls by more than
half. At 30 percent solar power, solar’s value declines by more than two-thirds in a simulation of
California’s power market.



Figure 3.2
Solar PV value deflation. Panel (a) displays the results of three different simulations of power grids in different parts of the world that
forecast the falling value of electricity produced by solar PV projects as the penetration of solar PV increases. (Penetration is measured
as the percentage of the annual demand for electric energy, measured in kilowatt-hours, supplied by solar PV.) Panel (b) plots solar PV
value deflation at 15 percent and 30 percent solar PV penetration, compared with no penetration.
Source: Figure reprinted with permission from Sivaram and Kann (2016).

Because solar generates most of its energy during just a few hours of the day, even if it accounts
for a moderate share of the power grid’s annual energy—say 20 percent—it can account for an
enormous share of the instantaneous power in the middle of the day (in some cases, up to 100
percent). That high share magnifies the value deflation effect during those hours.

This phenomenon is not restricted to the three markets displayed in figure 3.2. For example, in
Italy, where solar penetration approached 10 percent in 2016, peak power prices have shifted from
daytime to nighttime. There, gas generators, which are dispatchable and can run whenever demand is
highest, can take advantage of higher prices and actually increase their value to the grid. But
nondispatchable solar has become less and less valuable.54 That solar is more vulnerable to value
deflation than dispatchable generators is an important insight. All power generators—even fossil-
fueled ones—will suffer from lower profits if too many of them are added to the grid and bring
excess electricity online at all hours. But solar PV will experience much more severe value deflation
for every additional increment of electricity that it generates because its power output cannot be
shifted to another part of the day. Therefore, a glut of solar supply can build up rapidly in the middle
of the day.

Still, most parts of the world may not experience solar value deflation for several years. That
delay makes it especially dangerous because the seeds of value deflation are unwittingly being sown
today, whereas its effects will become stark only down the road. So, even as rapid solar deployment
today invites breathless projections of exponential growth, it is worth noting that solar’s trajectory is
also consistent with logistic growth (known colloquially as an “S-curve”). In this kind of trajectory,
solar’s rise would peter out in a couple of decades as it hits a penetration ceiling well before
reaching the midcentury target of powering a third of global demand. Panel (a) in figure 3.3 plots one
study’s grim scenario of logistic growth, in which the combined capacity of solar and wind power
level off after 2030, so that they contribute only around 10 percent of the world’s electricity needs.



Figure 3.3
Exponential and logistic growth for renewable energy. In panel (a), the plotted points through 2017 represent the actual installed
capacity, in gigawatts, of global wind and solar power installations. The dashed lines are exponential and logistic extrapolations of the
trend that best fit the existing data. Both extrapolations pass through the value in 2020 that was the average prediction from a group of
experts. Panel (b) displays the share of electricity from solar PV in the five countries with the highest solar penetrations over the decade
from 2006 to 2016.
Source: Panel (a) adapted from Hansen et al. (2017); panel (b) generated from data in BP Statistical Review 2017 and compiled by Keith
Pickering.

Panel (b) shows that of the five countries with the largest shares of electricity from solar PV, four
—Italy, Greece, Germany, and Spain—have already seen their shares stop rising after they reached
5–10 percent. (The fifth country, Japan, did not experience a slowdown in solar growth in 2016,
though it had reached only 5 percent solar penetration. The clearest exception to the trend of slowing
solar growth is California—a country-sized economy—where solar has broken through the 10 percent
barrier to supply nearly 14 percent of the state’s electricity in 2016.55 Nevertheless, warning signs
that solar’s rise may be unsustainable are emerging even in California, as the next section details.) If
countries, especially in the developing world, experience a slowdown in solar growth similar to that
in Europe, then the world’s slim window to decarbonize the power sector will slam shut.

If It Quacks Like a Duck …

Oversupplying electricity markets is just one way that a surfeit of solar could sink its value. Adding
more solar PV to the grid could force other generators to pick up a greater amount of the slack at
times when solar stops producing. It could also destabilize the power grid, which is normally self-
correcting. The hidden costs of maintaining the power system’s reliability as the contribution of solar
rises further tarnish the economic appeal of solar power. The state of California is already finding
this out the hard way.

In 2013, the state, which had raced to a nationwide head start in installing solar power, started to
ring alarm bells. The California Independent System Operator (CAISO), which operates the state’s
transmission grid, published a vivid chart displaying the evolution of the demands that the grid would
face in the future (see figure 3.4). Each year, a new curve graphed the power that Californian
consumers would expect the grid to deliver after they had consumed all of the solar power generated
in the middle of the day. Plotted together, the various curves took on the unmistakable shape of … a
duck. Excited to have boiled a complex concept down to a tractable bath toy, CAISO adopted the
“duck curve” as the mascot of its campaign to educate the public about the difficulties of the



renewable energy transition.

Figure 3.4
California’s duck curve. This is an updated version of the original figure created by the California grid operator (CAISO) to predict the
increasing strain on California’s grid as the penetration of solar power increased. CAISO’s original projection of a more than 1,000
MW/h ramp requirement in 2020 arrived three years ahead of schedule. By 2026, the requirement could be more than 4,000 MW/h.
Sources: GTM Research, CAISO, and Wood Mackenzie.

In 2012, when less than 3,000 megawatts (MW) of solar capacity existed in California, that curve
had some gentle bumps, reflecting variations within the day of how much energy consumers use. Then,
in 2013, the state nearly doubled its solar capacity. Because solar matched up well with consumer
demand for power, it soaked up the usual rise in power consumption through midday and left a flat
daytime demand profile for the rest of the generators serving California’s grid to supply.56

But then, CAISO predicted, more solar on the grid would produce increasing amounts of power
during the day, reducing the net daytime demand. That reduction would form the duck’s belly.
Especially on a cool spring day in April—too brisk for air conditioning but sunny enough for solar
panels to churn out power—the duck’s belly would deepen at midday. But then the sun would set, just
as millions of Californians returned home from work. And at the same time in the evening, solar
power production would plunge as power demand would surge, forming the duck’s head. Altogether,
by 2020 CAISO predicted that this would result in a mammoth “ramp,” or change in output from all
the other, nonsolar generators of more than 13,000 MW in the evening.

As it turned out, CAISO’s projection came true—but in 2017, rather than in 2020—and it’s only
getting worse. The reason that grid operators obsess over the duck curve is that it places onerous,
destructive demands on the nonsolar generators serving the grid. Meeting the ramp requirement from
the duck’s belly to its head requires an army of power plants—mostly fueled by natural gas—that are
idling until the late afternoon, when they all have to start rapidly injecting power into the grid. This
inefficient use of resources is expensive, entailing paying a fleet of generators to wait around until
they are needed. And repeating this cycle every day induces wear and tear in power plants that are
much happier if they are producing a steadier output with gentle changes.57 None of these costs show
up in the sticker price of solar panels, but solar imposes them on the grid nevertheless. Several
studies have aimed to quantify these costs, and a typical estimate is that solar becomes up to 50
percent more expensive when the additional costs of integrating it onto the grid are taken into



account.58

Other problems emerge as the duck gets fatter and taller. When the duck’s belly—the remaining
load after using up all the produced solar energy—dips below a certain level, other power plants that
are much less flexible than natural gas plants need to be turned off. California has few of these other
plants to worry about because the state is heavily reliant on natural gas plants, barely uses any energy
generated by coal power, and is on track to shut down its last nuclear reactor. But elsewhere, power
grids often rely on coal and nuclear plants for a large chunk of dependable, “baseload” power—it is
expensive and disruptive to stop and restart those plants to accommodate excess solar energy on the
grid.

Sometimes the pain that solar inflicts on other generators can rebound on solar itself. If it proves
impossible or uneconomic to shut down baseload plants, grid operators may be forced to curtail, or
throw away, excess solar power, often with no compensation. In 2017, this problem struck in
California when the state got hit by a perfect storm, so to speak. After an extended drought, torrential
downpours caused state reservoirs to overflow and run hydroelectric turbines at full tilt. This
increase in hydropower combined with the surplus of solar power to produce so much oversupply
that CAISO warned it might have to throw away electricity from a third of California’s solar panels.59

California’s solar generators get paid even when the power they produce goes unused. In China,
by contrast, solar generators traditionally have not been paid when the grid operator curtails their
output. Nearly 10 percent of all solar power in China was curtailed in 2016, and the proportion
exceeded 30 percent in some provinces.60 Things are getting a little better in China, where in 2016,
the government ordered its utilities to compensate solar owners at least partially for curtailment. But
in Europe, solar could be in trouble. Previously, solar and wind generators enjoyed an advantage
known as “priority dispatch,” under which other generators had to shut down first if the grid
experienced excess power supply. But in 2016, the European Union announced new rules eliminating
this special status for renewables and opening them up to curtailment.61 Those rules did not decide the
issue of whether solar owners will get paid if they are curtailed. Regardless of who foots the bill,
curtailment creates costs, and the situation worsens as solar’s penetration rises.

In addition to imposing costs on the grid, rising solar penetration could make the grid less reliable.
California already faces challenges integrating intermittent renewable energy, but at 60 percent
penetration of wind and solar power, CAISO frets that the whole grid could shut down if one of its
conventional fossil-fueled power plants malfunctions. The 60 percent level may seem a long way off,
but California’s goal is for 50 percent renewable energy by 2030, and 60 percent soon thereafter—at
least half of which would likely come from solar power.62

Historically, the grid has achieved reliability through a characteristic called “inertia.”
Conventional power plants all basically operate via the same principle—the heat from burning fossil
fuels (or fission of nuclear fuels) is used to spin a shaft that runs an electrical generator. All the
conventional generators connected to the grid have heavy masses spinning at the exact same speed,
keeping the frequency of the power flowing through the grid very close to 60 Hz. When one generator
breaks down, threatening to drag down the frequency of the grid, the inertia of the rest of the spinning
generators pulls the frequency back up and gives grid operators time to ramp up a backup plant to fill
the generation gap. But solar power has no moving parts. In other words, it has no inertia. So a grid
dominated by solar could be at heightened risk of blackout owing to the lack of the built-in safety
mechanism that the traditional grid’s inertia offered.



Rising levels of solar can inflict still more problems on the grid, both at the local and global
scales. If too many homeowners in a particular neighborhood install solar on their roofs and try to
sell their power to the grid, they can overload local distribution circuits that were designed to deliver
power from the grid to consumers, not the other way around. If there happens to be a momentary
flicker in the power flows on one of these circuits, the inverters that connect rooftop solar panels to
the grid can shut off, all at once, causing a blackout from an otherwise self-correcting blip.63 At the
global scale, too much solar can lead to temporary surges that a country’s power grid can’t handle
and has to shunt across an international border. For example, Germany’s neighbors—Hungary,
Poland, the Czech Republic, and Slovakia—have all complained that unexpected surplus power from
Germany has compromised the healthy functioning of their own grids.

All of these issues are daunting headaches that are on track to accompany the rise of solar. So far,
only a few frontier markets—most notably, California and Germany—have experienced them. But if
solar is to increase its penetration around the world, it will impose economic and technical costs on
power grids everywhere.

Necessity Is the Mother of Innovation

This array of obstacles to solar’s rise might appear daunting, but none of them is intractable. What
solar energy needs to surmount each one is innovation. Financial and business model innovation can
drive massive amounts of investment in solar power, avoiding a capital crunch, and technological and
systemic innovation can ensure that the cost of solar power remains lower than the value it provides,
even as much more solar comes online.

In the near term, financial and business model innovation could expand the reach of existing solar
PV technology. New financing techniques—likely borrowed from other sectors, but novel to
renewable energy projects—could make it easier for institutional investors to plow vast sums of
capital into solar power. And new business models, especially in the poorest parts of the world,
could enable solar power to reach places that the traditional power grid has missed.

As more investment results in greater deployment of solar power projects around the world, an
important knock-on effect will be continued declines in the cost of producing solar power. Rising
solar deployment will drive demand for greater production of solar panels, which should reduce their
cost of production. As figure 3.5 illustrates, solar panels have gotten cheaper as more of them have
been produced worldwide, enabling panel producers to shave their costs by harnessing economies of
scale and honing their production processes. And as more solar power projects are deployed in a
particular region, it will become cheaper to bring the next one online because local firms will learn
to reduce the costs of installing and permitting new projects.64 So, if an influx of investment can
support the deployment of solar power around the world, solar’s costs should continue to fall. And by
making it easier for the world’s biggest investors to invest in solar power, financial and business
model innovation could unlock a virtuous cycle. Greater investment flows into the sector would drive
down the cost of solar power, which in turn would make investing in solar even more attractive.



Figure 3.5
Historical and projected solar PV panel price declines . This chart displays the falling price of solar PV panels over time (the y-axis
is logarithmic, so a straight line is actually an exponential decrease in cost over time). From 1975 to 2015, the price per watt of a solar
PV panel fell approximately 18 percent for every doubling of cumulative production. Extrapolating the line that best fits the historical data
through 2015 suggests that a solar PV panel could fall below $0.25/W after roughly 10,000 GW of panels have been cumulatively
produced.
Source: Figure reprinted with permission from Sivaram and Kann (2016).

But that may not be enough. Making today’s silicon solar PV technology cheaper by deploying
more of it will result in important progress toward a midcentury target for solar to supply one-third of
the world’s electricity. In isolation, however, the cost of solar power is a meaningless quantity when
it comes to determining whether it is economical to install more of it. As panel (1) on the left of figure
3.6 illustrates, even if the cost of solar falls as a result of increasing deployment, its value might fall
even faster. That’s because the more solar that is installed, the less that the electricity it generates in
the middle of the day is needed. On top of this, higher levels of solar power strain the rest of the
electricity system, imposing costs or, equivalently, reducing solar’s value.

Figure 3.6
How three types of innovation can preserve solar’s economic appeal. These three schematic graphs illustrate the effect of
innovation on the global average cost and value of the next unit of electricity from solar PV panels as the total installed solar PV capacity
increases worldwide.



At some point, it may not make sense to install another solar project because the electricity that it
would generate would be worth less than the cost to deploy the project in the first place. Shayle Kann
and I published a rough calculation suggesting that if solar PV met 30 percent of electricity demand,
then the cost of a fully installed, utility-scale solar PV farm would need to plunge to 25 cents per watt
to remain economical. We concluded that projects based on silicon solar PV panels are unlikely to
achieve that target.65 I do not mean to imply that existing technology has no chance of meeting this
target. Bloomberg projects that the cost of solar power could fall by two-thirds by 2040, which is
within striking distance of the three-quarters decline that we forecast solar will need to achieve. But
the best available evidence today suggests a strong likelihood that the cost of electricity from existing
solar PV technology will not be able to fall fast enough to stay below its value as PV penetration
rises.

Here is where technological innovation comes in. Already, in laboratories around the world,
scientists are making advances in developing highly efficient PV coatings made out of very
inexpensive elements. Not only could such coatings be cheaper than solar panels based on existing
silicon technology, but they could also reduce the land, equipment, labor, and other associated costs
of installation. As panel (2) of figure 3.6 illustrates, if such PV technologies gain traction in the
marketplace, they could sharply reduce the cost of electricity from solar projects. Then, the pace of
solar cost reductions would be much faster than the gentle declines from rising deployment of existing
technology. As a result, much more solar could be installed before the falling value caught up with the
falling cost.

Yet, even superior solar PV technologies would generate electricity only based on how much
sunlight there was—so the value of the electricity would still fall rapidly as a function of increasing
solar deployment. Fortunately, other novel technologies, as well as a third type of innovation,
systemic innovation, could arrest solar’s declining value. Panel (3) shows the combined effect of all
three types of innovation on the cost and value of electricity from solar installations. In addition to the
faster cost declines carried over from panel (2), the value in panel (3) falls less quickly, such that
cost remains below value no matter how much solar is deployed. In that case, solar’s economic
appeal remains strong even as its penetration rises. Importantly, note that the new, gently sloping line
denoting solar’s value in panel (3) would still intersect with the original cost line from panel (1) if
enough solar capacity were installed. In other words, systemic innovation alone, without
technological innovation, is insufficient. The lesson is that all three types of innovation are needed to
make costs fall faster and value fall slower, thereby ensuring that cost remains below value as solar
penetration rises.

How might it be possible to beat back value deflation even as more solar is installed? First, in
addition to cheap PV coatings, technological innovation can serve up new solar technologies that
feature built-in energy storage to turn intermittent sunlight into a reliable source of energy. For
example, the next generation of concentrated solar power plants that convert the sun’s rays into heat
could store that heat throughout the night to generate electricity 24/7 efficiently and cheaply. Other
technologies could store sunlight in the form of fuels to displace fossil fuels in activities that do not
use electricity. Doing so will be essential to meeting the long-term target of supplying a majority of
humanity’s energy needs with solar energy sometime this century.

Still, intermittent solar PV will probably remain the leading method of harnessing sunlight for the
foreseeable future. And that means that systemic innovation—refashioning the systems in which solar



PV is embedded—will be essential to preventing solar’s value from nose-diving as its penetration
rises. This innovation has to start with power grids, which today are ill equipped to handle the
fluctuating output from solar PV. Much larger power grids would have an easier time of matching
volatile solar supply with diverse sources of demand, and a glut of solar on one part of the grid could
be shipped to another time zone when it was in higher demand. And smarter grids could alert
electricity consumers to continually tailor the consumption of their homes and businesses to better
match with solar output.

To shore up the deteriorating value of solar photovoltaics, this revamped power grid will need to
be connected to a diverse mix of power plants and energy storage resources. Solar itself will need to
become a better citizen of the grid, and smart inverters—the electronic devices that connect solar
power to the grid—could re-create the inertia that today’s solar panels fail to supply to the grid.66 On
top of this, reliable, zero-carbon power plants like nuclear reactors and fossil-fueled plants that
capture and store their carbon emissions could adjust their power output to compensate for swings in
solar power. Deploying nuclear and fossil-fueled plants could face political, economic, and technical
obstacles, though, so solar PV will also depend on various technologies, like batteries and
hydroelectric reservoirs, to store its energy for when it is needed most.

A final element of systemic innovation to countervail value deflation is the integration of sectors
that traditionally have not used electricity—such as the transportation and heating sectors—altering
those sectors so that they derive some of their needs from electricity instead of from burning fossil
fuels.67 For example, fleets of electric vehicles plugging into the grid could actually serve as mobile
batteries to store solar power and slim down the fattening duck curve.68 The possibilities don’t end
there. Indeed, as freshwater becomes increasingly scarce as a result of climate change, solar-
powered desalination could kill two birds with one stone—providing fresh water and storing excess
solar power in the form of water.

All these examples of systemic innovation could prop up the value of electricity from increasingly
abundant solar PV. But none of them is a silver bullet. For instance, despite all the hype around the
falling cost of lithium-ion batteries (the same ones used in power cell phones and electric vehicles
and which are now increasingly being used to back up the power grid), battery storage still makes up
roughly 1 percent of the total energy storage on grids around the world. The rest is mostly in the form
of hydropower facilities that have existed for decades and store energy by pumping water uphill.69

Moreover, batteries are great for buffering short-term variations in the output of solar power, but their
economics and functionality are ill suited to store energy for periods much longer than a few hours—
and solar’s output varies strongly by season. So although the use of batteries may grow rapidly,
they’ll be only part of the solution to combatting solar value deflation.

Systemic innovation is also limited in how much it can preserve solar’s value. One study set out to
find the limits of strategies to fight value deflation by forecasting California’s future grid with rose-
tinted glasses. The study’s extremely ambitious scenario assumed that the cost of storage would fall
80 percent faster than expected by 2030, and that consumers would respond like robots to instantly
changing power prices set by utilities to better align electricity demand with fluctuating solar supply.
The researchers found that less than half of the value deflation caused by high solar penetration would
disappear.70 So without technological innovation to make solar PV much cheaper, systemic innovation
may not be enough to prevent solar’s value from falling below its costs.

The safest strategy, then, is to bet on all three types of innovation, recognizing that each has an



important role to play in decreasing the costs of solar power, preserving its value, and ensuring that
its rise continues uninterrupted. The good news is that financial and business model innovation
appears to be proceeding rapidly, so chances are good that massive pools of new investment will
help push existing technology to its limits. That achievement could also benefit new technologies,
which—once they mature and can be commercialized—could enjoy ready access to sophisticated
markets and investors.

But the bad news is that technological and systemic innovation is lagging. This is particularly true
of technological innovation, which needs far more investment from both governments and private
firms in order to flourish. Systemic innovation also requires policymakers around the world to take
action, for example by investing in upgrading power grids and reworking regulations to encourage a
diverse set of zero-carbon sources to complement solar power. If they can muster the political will to
invest in all three forms of innovation, a bright future awaits, in which solar becomes humanity’s
primary energy source.
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PART II    TEACHING AN OLD TECHNOLOGY NEW TRICKS

Highlights

The expanding deployment of existing solar photovoltaic (PV) panels could hit a ceiling, falling
short of the midcentury target of supplying a third of global power needs. But for the next decade,
while new technologies emerge and scale up, existing ones could make substantial progress toward
the target, supplying a double-digit percentage share of global electricity demand. Financial and
business model innovations are on track to make this possible.
For installed solar PV capacity to grow by an order of magnitude, it will need massive amounts of
new capital investment, on the scale of many trillions of dollars. Those sums are pocket change for
deep-pocketed institutional investors, like pension or insurance funds. Chapter 4, “Chasing
Capital,” reports on how the solar industry is starting to apply the financial engineering used to fund
cars, homes, or oil pipelines to finance solar projects of every size. And large companies that have
historically owned fossil-fueled power plants are reorienting their business models to target solar,
serving as conduits that direct abundant investor capital toward the right projects. Public policy can
speed these activities up through providing judicious incentives or assurances to skittish investors,
but governments should avoid creating long-term dependencies.
In addition, existing solar technologies are poised to make progress on one of the most intractable
challenges obstructing economic development: energy access. Across sub-Saharan Africa and South
Asia, more than a billion people still lack access to electricity. But entrepreneurs are scaling up
innovative business models that harness cheaper PV panels, more energy-efficient appliances, and
virtually ubiquitous cell phones to sign up droves of new electricity customers. Chapter 5, “From
Charity Case to Business Case,” profiles some of the nimble start-ups, from East Africa to India,
marketing off-grid solar power that rural villagers can pay for by cell phone. In some cases, off-
grid solar PV is powering microgrids, which connect whole communities and one day could link up
with the main grid—if it ever arrives. Again, policymakers should take care not to create
dependencies on public policy; the first order of business is actually for the government to get out of
the way of vibrant private innovation.



 



Chapter 4    Chasing Capital

Through the first half of 2015, SunEdison looked unstoppable. A developer of massive, utility-scale
solar projects, the company was surfing a wave of expansion in renewable energy markets around the
world. Over the past decade, the global installed capacity of solar had risen from just 4 gigawatts
(GW) to nearly 200 GW. And yet solar had just breached the 1 percent threshold as a share of the
world’s electricity, implying decades worth of growth to come.1

Recognizing the market’s inexorable growth, SunEdison signed contracts around the world, from
Asia to Africa to Latin America, to build massive solar farms. It also went on a buying binge between
2014 and 2015, spending nearly $5 billion on acquiring a global wind energy developer and a major
U.S. installer of rooftop solar. Financial analysts parroted SunEdison’s executives, who called the
company the next energy “supermajor.”2 That characterization was speculative, but not wildly so: in
July of that year, the company’s market value would peak at over $9 billion.3 CEO Ahmad Chatila had
Exxon, the world’s biggest oil company, in his sights, remarking: “Their market cap is around $400
billion. That’s what we’re going after.”4

That spring, I invited Chatila to share his grand vision for the future at a lunch roundtable at the
Council on Foreign Relations. He gave an optimistic and inspiring talk. Afterward, as we debriefed, I
asked why he had moved the company away from developing solar technology to instead financing
and building projects with off-the-shelf solar panels. Chatila’s response surprised me, given that he
was an engineer by training, with decades of experience in Silicon Valley’s research-intensive
microchip industry. Exiting the solar manufacturing business was the best decision he had ever made,
he assured me, because the engineering behind solar panels wasn’t where the value lay.

The future of the industry, he contended, was the development of ingenious ways to raise the
necessary up-front capital to construct new solar projects. In fact, in the early 2000s, SunEdison had
invented the “solar-as-a-service” business model, in which the company would take out loans to
construct large solar installations for its commercial clients, who would then pay for the generated
power for decades to come. Now SunEdison would pin its strategy for the future on a new financial
innovation: the YieldCo.

The YieldCo was a seductive idea. Simply put, it is a collection of renewable energy projects
packaged into a company that is publicly listed. By selling shares on the stock market, this company
then can raise capital to purchase new renewable energy projects. A liquid investment that any retail
or institutional investor can trade, YieldCos offered the tantalizing prospect of deepening the capital
pool available to fund solar power.

What’s more, SunEdison realized that by creating a YieldCo, it would create a customer that
would purchase the solar projects SunEdison developed and supply the funds to build even more
projects. Enamored by the model, SunEdison actually created two YieldCos—one focused on
projects in the United States and another that would buy up projects across the developing world—
and it aggressively advertised shares in these new companies to stock market investors. Investors
gobbled up the shares, wooed by SunEdison’s promises of soaring stock prices and fat dividends. A



few market analysts wondered aloud if the YieldCo model was too good to be true, but most ignored
the naysayers; SunEdison assumed that its YieldCos would supply the cash it needed to continue its
breakneck growth.5

As it turned out, the model was indeed too good to be true. Just a year after I hosted its triumphant
CEO, SunEdison completed an astonishingly fast fall from grace, declaring bankruptcy under the
crushing weight of its $16 billion debt load (figure 4.1). Spooked by a perfect storm of unfortunate
events—including a crash in the price of oil and rumblings from the U.S. Federal Reserve about an
interest rate hike—investors had dumped their YieldCo holdings. The share prices of SunEdison’s
two YieldCos tumbled, undercutting the YieldCos’ ability to purchase projects from their parent.
SunEdison would later face lawsuits for plundering the remaining cash of the ostensibly independent
YieldCos to make its debt payments.6 Once the cash flows from the YieldCos dried up, SunEdison
was left with no option but to fold.

Figure 4.1
SunEdison’s market value crushed by mounting debt. The left y-axis measures SunEdison’s market value (filled circles), which
peaked at nearly $10 billion in 2015 before the company declared bankruptcy in April 2016. The right y-axis measures the company debt
burden (filled squares), which soared to more than $16 billion as SunEdison acquired companies and expanded its project pipeline around
the world.
Source: Bloomberg.

In the wake of SunEdison’s collapse, analysts scrambled to determine what went wrong. Was this
the end of financial engineering in solar? Was it simply unrealistic to expect that a solar energy
supermajor might rise up to challenge conventional fossil fuel supermajors? The right answer to both
questions is no. SunEdison flopped because of its overly aggressive growth strategy, questionable
governance of its YieldCos, and rash accumulation of debt.

But Chatila was not wrong in his conviction that financial innovation could enable the solar
industry to rapidly scale up the deployment of existing solar panel technology. SunEdison’s mistakes
were its own, but they do not contradict the broader wisdom of finding ways to enable new investors
to fund solar projects that line up well with their investment criteria. And although its failure is a
setback for the industry, SunEdison will not be the last ascendant solar company with the potential to
rival the oil majors.



In fact, although a rapidly growing solar sector needs more funding than its current investors can
provide, there is reason to be optimistic that financial and business model innovation will deliver
trillions of dollars of new investment in the coming decades. Fundamentally, projects based on
existing solar technology are remarkably safe investments. Today’s solar photovoltaic (PV)
installations are simple infrastructure projects that, once built, produce power for decades. And
solar’s costs are falling predictably, making the business case increasingly compelling. Given these
characteristics, solar power lines up well with the needs of deep-pocketed institutional investors
around the world. All of this suggests that it is only a matter of time before new approaches
dramatically expand the pool of capital available to fund solar power.

The financial innovation needed to expand this pool of capital does not require reinventing the
wheel. Under Schumpeter’s paradigm (see box 3.1 in chapter 3), an innovation is an invention that
has been brought to market. So adapting novel financial instruments from other sectors and
popularizing them for the first time in the solar sector exemplifies financial innovation. According to
New York’s energy czar, Richard Kauffman, there is plenty of inspiration to be drawn from other
sectors of the economy to augment funding sources for solar projects:
Projects in the [United States] rely upon an old-fashioned and anachronistic form of financing that is different than how other parts of the
U.S. economy are financed. Rather than use bond or stock markets, projects depend on non-capital market sources of so-called tax
equity, bank debt, and private equity where rates of return can approach typical private equity rates of return of 12–15 percent. [New
strategies] … don’t require going to the lab; they involve applying financing techniques that have already been invented and are used
widely in other parts of the economy, but have not yet been applied to this sector.7

Kauffman is suggesting that by tapping public capital markets, the solar industry can finance
projects at a lower cost of capital—the rate of return demanded by the investors who provide the
capital—than it can using funds from its existing, private sources.

To deploy solar projects, the industry needs to recruit two types of capital: equity capital and debt
capital. Investors provide equity capital to a company in return for an ownership stake, and they
provide debt capital in return for a promise to be paid back at a later date with interest. The cheapest
equity capital can be raised on public stock markets, through which investors purchase stakes in listed
companies and earn returns through increases in share prices or dividend payouts. And even more
than equity, the industry needs debt capital, which tends to be cheaper than equity capital and
therefore represents the majority of infrastructure funding. The cheapest debt capital can be raised on
public bond markets, through which investors can make loans for a predetermined period and receive
interest payments in the meantime. Accessing these two public capital markets would connect the
solar industry to a broad range of investors, including deep-pocketed institutional investors hungry to
fund infrastructure.

To tap public stock markets, the industry can emulate a strategy applied by the oil and gas industry
to raise public equity capital for infrastructure projects, such as transcontinental pipelines. Indeed, the
YieldCo was originally modeled after a common financial vehicle from the oil and gas industry.
Clearly, this imitation was not entirely successful, but the industry is already working on tweaks to
attract capital for solar projects without running the risk of another SunEdison-esque implosion. To
access public bond markets, especially to fund small, distributed solar projects through debt capital,
the industry can employ the strategy that the real estate and automobile industries use to make owning
a home or driving a car affordable to millions of Americans: bundle a diverse portfolio of consumer
loans into a tradable security attractive to investors. Ironically, that strategy, known as



“securitization,” was the culprit behind the Great Recession of 2009. But by meticulously collecting
and analyzing data from solar projects to ensure that investors can accurately assess the risk they
won’t be paid back, the industry can safely and profitably take advantage of securitization.

But it will take more than deep-pocketed investors to speed the deployment of solar PV projects.
The oil and gas industry benefits from supermajors who use their substantial balance sheets to
identify and develop new projects. Similarly, large corporations will need to undertake the initial risk
of developing solar installations and serving as a conduit to direct capital from wealthy investors to
worthy projects. The power sector has such behemoths, but only some of them are in a position to
embrace solar. In the United States, regulated electric utilities—which own and operate the grid and
are subject to strict government scrutiny—are often fixated on the potential threat from distributed
solar power. By contrast, unregulated power companies in the United States and abroad are
aggressively seeking investment opportunities in solar, most in utility-scale projects. And even
corporations outside the energy sector, including technology giants such as Google and Microsoft, are
beginning to invest in solar power in a big way.

The private sector must be front and center in financing solar power. But the public sector has an
important role to play as well. If governments intelligently deploy their resources—which are scarce
compared to solar’s capital needs—they can mobilize much more funding from the private sector.
State and local governments have already unveiled a variety of innovative approaches to encourage
private investment flows, for example by marshalling public borrowing power to direct capital
toward solar. National governments around the world are also rolling out initiatives to attract capital,
such as by helping foreign investors hedge against the risk of local currency depreciation. And
multinational institutions, including the World Bank, are deploying credit enhancement mechanisms,
which make the terms of investing in solar power more attractive. Importantly, governments should
avoid indiscriminate incentives that make solar power dependent on public funds. Only if solar
projects have the potential to be profitable will financial engineering and public incentives succeed
in unlocking large flows of private capital.

The proliferation of innovative approaches for directing capital toward solar power is a
promising start. Perhaps from the ashes of SunEdison’s flameout will emerge a genuine solar
supermajor.

Toward YieldCo 2.0

The example from the oil and gas industry that inspired renewable energy YieldCos was a decades-
old financial vehicle known as the “Master Limited Partnership (MLP).” An MLP pools together a
diversified portfolio of oil and gas infrastructure assets, such as pipelines and processing facilities.
Investors then can buy shares of MLPs on the stock market. MLPs get special treatment under the U.S.
tax code: they pay no corporate tax and can distribute the revenue generated by their oil and gas
assets directly to shareholders as dividends. MLPs are hugely popular because they are liquid (i.e.,
investors can readily trade their shares on the stock market), they diversify risk through pooling many
assets, and shareholders can expect reliable dividends. In 2016, publicly listed MLPs were worth
roughly a half-trillion dollars.8

If solar power projects could be bundled together into MLPs and listed on public stock markets,
the industry would be able to tap into nearly limitless pools of equity capital, just as the oil and gas



industry has. That’s because the world’s largest investors are hungry for new opportunities to invest
in infrastructure—so much so that from 2013 to 2017, the number of institutional investors holding
infrastructure assets more than doubled.9 Investors that are even more active, such as private equity
funds, are also looking for stable infrastructure investments (witness a $40 billion partnership in
2017 between the Public Investment Fund, a Saudi Arabian sovereign wealth fund, and Blackstone, a
private equity investor, that is structured for long-term infrastructure holdings.10)

Infrastructure investors seek opportunities to park their capital and harvest reliable income for
several years or even decades without having to worry about reinvesting their money in new assets.
Solar PV projects fit the bill. Yet they can’t be bundled into MLPs because of U.S. tax code
restrictions enacted thirty years ago, well before it became clear that investors would have much
appetite for including solar power projects in their portfolios. After oil and gas companies formed the
first MLPs in the 1980s, the practice caught on in unrelated sectors—the Boston Celtics even became
an MLP—because of the resulting tax benefits. Seeking to block tax evasion but also encourage some
forms of investment, in 1987, Congress restricted the scope of MLP income to activities such as the
production and transportation of depletable natural resources. More recently, as renewable energy
has grown in importance, lawmakers have tried in vain to amend the U.S. tax code. In 2012, Senators
Chris Coons (D-DE) and Jerry Moran (R-KS) introduced a bipartisan bill, the MLP Parity Act, to
allow MLPs to include renewable energy assets, but the legislation never passed.11

Undeterred, some energy companies devised the YieldCo structure as a way to approximate an
MLP. In 2013, the American power company NRG listed the first public YieldCo, NRG Yield, setting
off a wave of fifteen U.S. and European YieldCo offerings over the next two years.12 They all
followed the basic MLP model by bundling together a diverse portfolio of renewable energy projects,
listing on the stock market, and paying quarterly dividends to shareholders. Most YieldCos held a
portfolio of large, utility-scale solar and wind energy projects, although some ventured into owning
smaller, rooftop solar installations as well.

Soon the European and American YieldCos began to diverge in their approaches. European
YieldCos were basically holding companies, offering investors little more than a convenient way to
invest in a bundle of renewable energy projects. But American companies had ambitious plans for the
YieldCos that they created. Some of those firms, such as NRG and Nextera, owned conventional
power plants and saw solar and wind projects as an attractive way to diversify their assets. Others
were pure-play solar developers, such as SunEdison, SunPower, and First Solar, who wanted to stake
out their share of a growing solar market. Both kinds of firms saw their YieldCos not only as a way to
bring more capital into the solar industry, but also as a way to goose their own growth.

This motivation led to a clever partnership between parent sponsors (such as NRG or SunEdison)
and their YieldCo children. Here’s how it worked. The sponsor would create a publicly listed
YieldCo—advertised as an independent company—but retain some degree of control over its
operations, such as through a majority ownership stake or board seats. Then the sponsor and the
YieldCo would split up the low- and high-risk aspects of developing a renewable energy project. The
sponsor would take on high-risk activities, like obtaining land and government permits, building a
solar farm, and finding a long-term buyer for the power. The YieldCo, by contrast, would undertake
the lower-risk activities of owning and operating a diverse portfolio of projects.

This separation of high- and low-risk activities, then, would allow both sponsor and YieldCo to
make money when the YieldCo purchased a project from its parent. The sponsor would sell newly



constructed projects at a high-enough price tag to return its investors a healthy premium for the risk
that they had assumed. But the YieldCo would view the same price tag as affordable because its
shareholders would not demand hefty returns on a low-risk investment. In fact, shareholders saw the
reliable dividends—payouts from the sale of solar power produced by the projects that YieldCos
owned—as a terrific alternative to the near-zero returns from U.S. government bonds and other safe
investments.13

So far, so good. But sponsors oversold the potential of their YieldCos to investors—a tactic that
ultimately doomed the model. No sponsor went as far as SunEdison in spinning the fantasy that
YieldCos would mint money for their investors. Not only could shareholders in its first YieldCo
expect reliable dividends, SunEdison promised, but they could also look forward to surging growth in
those dividends—north of 30 percent a year.14

How could such gains be achieved, given that the dividends should have merely reflected the
stable revenue streams of the underlying solar projects? Well, SunEdison insisted, it was possible
because its YieldCos would continue to buy new projects, which would generate new revenues.
SunEdison assured investors that those new projects would be “accretive”—that is, they would
increase the YieldCos’ value, boosting share prices and enabling the YieldCos to raise even more
cheap money on public markets to buy more projects. The model was a frenetic upward spiral—a
virtuous cycle that guaranteed that everyone would make money.15

Investors lapped it all up. Most of them were major investors in oil and gas MLPs and salivated at
the prospect of a familiar investment vehicle with jaw-dropping growth prospects. By the summer of
2015, they had bid up YieldCo market values to a collective $28 billion, over double their market
debut.16 But the euphoria didn’t last long: Just as YieldCo values spiraled upward, so too were they
vulnerable to a vicious downward cycle. If their share prices dropped, the dividend yields would
necessarily rise, and the YieldCo no longer could afford to buy expensive solar projects from the
parent developer and still pay their shareholders the expected dividends. This stagnation would
depress share prices further and continue the downward spiral.

That the transition from upward to downward spiral happened in July 2015 was a matter of
happenstance—a confluence of random events that by themselves should not have had much of an
effect on the solar industry. Nevertheless, it was the perfect storm. Oil prices crashed by 20 percent,
spooking the MLP investors who had piled into YieldCos; panicked, they sold off both the MLPs and
YieldCos. This sell-off may not have been totally rational—after all, solar projects produce
electricity, and oil fuels vehicles. The two do not often compete, and they basically never do in the
United States (although some countries, such as Saudi Arabia, do use oil to generate power).

Investors were also spooked by statements from U.S. Federal Reserve policymakers who all but
guaranteed an imminent hike in interest rates. A rate hike would mean that YieldCos would face
competition from government bonds and other safe investments, whose returns suddenly would be
more attractive. On top of all this, four YieldCos issued shares worth $2 billion in June and July,
pumping a new supply of YieldCo stock into the market just as skittish investors did not want it
anymore. As a result, YieldCo share prices plunged (figure 4.2). Both of SunEdison’s YieldCos
would lose over 80 percent of their market value over the next six months. SunEdison’s demise
followed shortly thereafter, when it could no longer service the mountain of debt that it had taken on
to build solar projects that its YieldCos no longer could afford to buy.17



Figure 4.2
Crash in 2015 oil prices and U.S. YieldCo market values. The left y-axis measures a weighted average of YieldCo share prices on
the stock market, which increased by 15 percent in the first half of 2015 before shedding half their value later that year. The right y-axis
measures the price of oil in the United States, which increased above $60 per barrel in April 2015 before crashing to less than $40 per
barrel.
Source: Sivaram (2016).

Ironically, throughout this period of upheaval, solar power projects remained fundamentally
attractive investments because falling costs made them even more economically competitive. But, by
pursuing rapid growth, U.S. YieldCos managed to nullify this basic advantage of a portfolio of solar
projects as being a safe haven from the volatile stock market. By relying on the growth-driven upward
spiral, YieldCo sponsors baked rising share prices into the YieldCo business model. In doing so, they
made the success of a YieldCo more dependent on whether the rest of the market was rising or falling.
By one estimate, this additional risk added a hefty 2 percentage points to the cost of YieldCo equity,
making it harder for them to raise low-cost capital.18

Sponsors also managed to convert another potential YieldCo strength into a weakness by exerting
their control over YieldCo business decisions. In theory, YieldCos should be low-risk vehicles that
own and operate existing projects, isolated from the higher risk that project developers assume. But
some sponsors, such as SunEdison, forced their YieldCos to guarantee that they would purchase
projects before they were complete, thus transferring the associated construction risk. Moreover,
when times got tough for SunEdison, it tried to raid the cash holdings of its global YieldCo. When the
YieldCo’s management protested, SunEdison overhauled the YieldCo’s board of directors. Magically,
the new board immediately agreed to transfer $150 million to SunEdison.19 But by tying its YieldCos
to its own volatile fortunes, SunEdison further swelled the risk of what should have been a boring,
independent holding company.

Since the bubble burst, the share prices of surviving American YieldCos have become much more
comparable to their European cousins, which have steadily maintained modest valuations. In
particular, YieldCos in the United Kingdom have followed a much less ambitious model that could
serve as a more stable vehicle for use around the world. U.K. YieldCos tend not to be affiliated with
a particular sponsor, insulating them from external meddling. And they are designed to grow very
modestly, in line with inflation, rather than to gobble up new projects to fuel share price and dividend
growth. Finally, they rely less heavily on debt than their U.S. counterparts did, further reducing risk.

Not everything is perfect about these vehicles. In particular, U.K. YieldCos tend to have limited
diversity in the projects that they own. Still, the general contours of the U.K. YieldCo—a modest



holding company that offers a liquid investment opportunity in safe renewable energy assets—are
promising. And the model is not confined just to the developed world. For example, in India, firms
are looking to publicly list infrastructure investment trusts that could house solar projects, among
other assets. Having learned from the U.S. YieldCo crash, Indian regulators are imposing rules that
would prevent a single sponsor from exerting too much control over these vehicles.20

Some analysts have proposed taking a step further to create a YieldCo 2.0 that would solve all the
problems of the initial U.S. version. The Climate Policy Initiative calls such a financial vehicle a
“Clean Energy Investment Trust.” It would largely resemble a European YieldCo, but it would bundle
together a much broader pool of renewable energy projects (probably across international borders
and from multiple different developers) to build a diversified portfolio without reliance on a single
sponsor. Deep-pocketed institutional investors would be involved from the earliest stages of forming
this vehicle to ensure that it would have low management fees, would distribute all the revenues from
the underlying projects back to investors, and would be forbidden from adding new projects and
chasing growth.21

In the future, publicly traded vehicles (the moniker “YieldCo” may go out of fashion, but the
underlying concept should endure) might raise cheap equity capital for a diverse range of solar assets,
not just utility-scale solar farms. Although the first generation of such vehicles largely focused on
raising equity capital for large-scale projects, the strategy of bundling assets into a holding company
in which stock market investors can buy ownership stakes works just as well for smaller, distributed
assets, such as rooftop solar. And if they proliferate, YieldCos may also specialize, each one catering
to a different market niche.22

The bright side of the YieldCo 1.0 fiasco is that the solar industry has learned its lesson and is
moving toward financial vehicles that could attract new investors without adding undesirable risks to
the sector. And back in the United States, in addition to redesigning the YieldCo model, solar firms
are redoubling their efforts to convince Congress to alter the tax code to make it legal for renewable
energy projects to be housed within MLPs. They are also lobbying lawmakers to make it legal to
include renewable energy projects in real estate investment trusts (REITs). Both of these moves
would enable tried-and-true financial vehicles to be used to direct capital toward solar power.23

The solar industry is maturing after a tumultuous boom-and-bust cycle. As it contemplates revising
its strategy to tap public markets for equity capital, it now appears to be on track to balance financial
innovation with a lower risk appetite, which is promising. But what about debt capital? SunEdison
found itself crushed under its mounting debt load. Can the broader solar industry avoid the perils of
too much leverage while still using financial engineering to expand the available pool of capital?

Securitization Blanket

At first blush, it might be unsettling that the financial trick that some solar companies are using to
attract cheaper debt capital is the same maneuver that helped cause the Great Recession. Investment
banks used that trick, securitization, to bundle, slice, and dice subprime mortgage loans from around
the country. They managed to hoodwink the ratings agencies into certifying that the resulting high-risk
derivatives were low-risk, but no amount of financial engineering could take garbage in and spit
anything but garbage out. When this reality became clear, the global economy collapsed.

But there is good reason to be optimistic that securitization won’t end in disaster when it comes to



financing distributed solar installations on the roofs of homes and businesses. There’s nothing
intrinsically wrong with securitization, which is a general term that just refers to pooling many assets
together to create securities that investors can then buy and trade. In fact, the process of bundling
together a diverse portfolio of loans is a tried-and-true way to reduce risk. By carefully vetting each
of the underlying loans, one can be confident that they won’t all go bad at once.

Beginning in the 1970s, banks began to securitize mortgage loans, bundling them together to create
mortgage-backed securities, which investors then could purchase. In subsequent decades, these
securities gave rise to the more general category of asset-backed securities, which offer investors an
opportunity to invest in everything from auto and student loans to Domino’s Pizza franchise royalties.

In the run-up to the financial crisis, Wall Street abused securitization by packaging subprime
mortgage-backed securities together into an arcane entity known as a “collateralized debt obligation.”
But since the crash, federal regulators have reined in these abuses, and asset-backed security markets
are thriving again. Today, the U.S. mortgage-backed security market is worth about $9 trillion, and the
asset-backed security market is worth $1.4 trillion. Attracting these enormous sums of capital has
made it possible for Americans to engage in activities with an up-front cost they wouldn’t normally
be able to afford. For example, only 14 percent of consumers bought cars outright in 2015. Instead, 55
percent took out an auto loan, and a further 31 percent drove off the lot without actually owning the
car, thanks to an auto lease.24 Car companies finance loans and leases for consumers and then sell
asset-backed securities on bond markets, freeing up capital to provide even more loans and leases.
(Some analysts have warned, however, that rising subprime auto lending has inflated a dangerous auto
asset-backed security bubble, waiting to pop.25)

The auto industry’s success in promoting car leases and loans could be a model for the solar
industry—provided that it scrupulously avoids risky lending practices. Indeed, the two asset
categories are comparably valued—in 2015, the average U.S. car sold for a little more than $30,000,
and the average residential solar installation in California cost around $20,000.26,27 And as is true in
the auto industry, both leases and loans play important roles in financing distributed solar
installations. In 2016, roughly half of all residential solar in the United States was leased by
companies that, like SolarCity (now part of Tesla), retained ownership over the installations; the
other half was owned by customers, who typically took out loans to finance the up-front cost. As the
cost of solar falls, customers are increasingly choosing to own, rather than lease, their solar systems;
by 2019, two-thirds of new customers are projected to own their solar systems.28 But the capacity of
solar providers to offer loans to customers is limited by their modest balance sheets.

That’s where securitization comes in. The stable cash flow from customers making monthly
payments over multiple decades makes distributed solar investments a natural fit for institutional
investors.29 If solar providers can sell securitized loans and leases to investors, they can expand
rapidly to serve enormous untapped distributed solar markets. One meticulous 2015 study of
buildings across the United States found that rooftop solar has the technical potential to power 40
percent of national electricity demand.30 That figure is an extreme upper bound, but it gives a sense of
how much room rooftop solar has to grow from its present role supplying just a fraction of a percent
of U.S. power. And as the cost of rooftop solar has fallen, the number of U.S. homes and businesses
installing solar has risen, driving annual market growth of more than 40 percent from 2008 to 2014.31

Today, there is twice as much solar capacity on residential rooftops than on larger buildings.32 And
substantial untapped potential remains, although growth has been limited by the availability of



financing.
Outside of the United States, there is also tremendous potential to expand rooftop solar, both in the

developed and developing world. In particular, India has set an aggressive target of 40 GW of
rooftop solar by 2022. But there, too, limited access to finance remains the biggest barrier to rooftop
solar growth.33

In the United States, securitization to raise debt capital to deploy distributed solar is gaining
momentum. From 2013 to 2016, distributed solar providers, led by SolarCity, raised more than $1
billion by selling securities backed by residential solar assets on bond markets.34 In a securitization, a
solar provider bundles a diverse portfolio of loans for rooftop solar installations into a special-
purpose vehicle, which is a way to protect the loans even if the solar provider were to go bankrupt
(figure 4.3). Then the provider issues securities to fixed-income investors, who receive interest
payments funded by the cash flow from the underlying loans. And with the loans off the solar
provider’s books, the provider is free to finance new solar installations.

Figure 4.3
How solar securitization works. (Note that the ratings of the securities on the right side are aspirational—through 2016, no solar
securitization has resulted in the issuance of AA- or higher-rated bonds.)

As securitization grows in popularity, some companies, such as Mosaic Solar, are focusing
exclusively on securitizing loans for solar installed by other providers.35 A good sign that investors
are getting comfortable with securitization is the steady increase in the advance rate (the percentage
of the value of the underlying loans that investors are willing to buy in the form of securities).
Between 2013 and 2016, the advance rate for new solar securitizations climbed from 62 percent to
75 percent. At those levels, it is starting to approach the advance rates of over 90 percent for auto and
mortgage securitizations, with which investors are intimately familiar.36

Moreover, an innovative approach, called “warehousing,” has emerged to fill the capital gap to
get solar installations up and running in the first place so that securitization can then proceed. This
strategy entails raising capital from investors and donors to fund several developers to construct a
portfolio, or warehouse, of rooftop solar projects and sign contracts with customers to make monthly
loan or lease payments. Once the warehouse is assembled, it can issue securities and pay back the
warehouse investors. In 2014, Connecticut’s Green Bank helped finance such a warehouse,
demonstrating the role that the public sector can play in mobilizing private finance. Now international
development banks are looking to deploy the warehousing strategy in the developing world to raise



the capital needed to build rooftop projects and make it possible to securitize them.37

Nevertheless, there are still obstacles to more widespread use of securitization as a way of
financing distributed solar installations. As interest rates creep up in the United States, the yields on
newly issued solar securities also have risen—from 4.8 percent to 6.25 percent between 2013 and
2016. This uptick makes it more expensive to raise capital, which might dampen the growth of
distributed solar. Moreover, few companies have a large and diverse enough portfolio of solar assets
to do their own securitization. Until smaller solar providers begin to pool their assets together and
jointly securitize them, then, the market for these securities may remain small and illiquid, which is
undesirable for prospective investors.

Regulatory changes could also slow the momentum behind securitization. In most U.S. states,
owners of distributed solar power can send excess power that they don’t consume on site to the grid,
canceling out some of the power that they consume from the grid at other times, like at night. The rule
that allows this is called “net metering,” and utilities hate it. Because owners of solar power get to
reduce their bills by the amount of energy, in kilowatt-hours, that they send to the grid, the utilities
argue—correctly—that those consumers avoid paying for the construction and operation of the grid.
Yet they still depend on that grid when their solar panels produce less power than they need.

In several states, utilities have lobbied furiously to amend net metering to reduce the rate at which
excess solar power is compensated for or add charges to solar owners’ bills to cover the costs of the
grid. In some places, such as Arizona, they have succeeded, dampening the growth of residential
solar. If more states roll back net metering, consumers in those states would save less money on their
monthly utility bills by installing solar power. That reduction might make it harder for them to make
their monthly loan or lease payments, lowering the income that an asset-backed security might
generate for investors. In this way, regulatory changes might reduce the appeal of new securitizations.

A final risk facing securitization is counterintuitive: the price of solar installations actually might
be falling too fast. The price of a U.S. residential solar installation halved between 2009 and 2015,
from $8 to $4 per watt.38 If this trend continues, customers may be unwilling to continue paying loan
payments on an asset whose market value has plunged only a few years after it was installed.

Fortunately, the rise of big data may both enable securitization and prevent it from turning into a
bubble that abruptly bursts. To drive down the risk of investing in portfolios of distributed solar
projects, investors will need as much evidence as possible that the solar installations perform as
expected over their full lifetimes and that customers reliably make their monthly loan or lease
payments. Some firms are beginning to provide exactly this data. For example, kWh Analytics has
built a database of several hundred thousand operating solar projects around the United States.39 It has
then taken that database to major insurance firms, which have agreed to offer insurance against the
solar systems producing less energy than expected.

The insurance firms are happy to participate, having seen reams of data confirming that solar
projects do indeed produce as much electricity over a year as the models predict. Assured that the
solar projects will work as intended, investors in securitized solar loans need only worry about solar
owners defaulting on their loans—a risk that is straightforwardly quantified for home or auto loans
and should not unnerve bond markets or ratings agencies.

As more data become available, investors will gain access to a wealth of evidence that enables
them to correctly price the risk of solar securities without exaggerating that risk. Evidence is the best
way to ensure that solar securitization grows through responsible investing rather than speculation.



With more data, solar PV panels could transform from a niche product in need of specialty financing
to a totally normal household accessory. One firm, Sunlight Financial, thinks that one day, it could be
as easy to finance rooftop solar panels through a home equity line of credit as it is to buy furniture or
renovate your bathroom.

I have been focusing on financing for rooftop solar PV projects, but such projects are not the most
cost-effective way to deploy solar power or reduce greenhouse gas emissions. In the United States,
the average cost of a utility-scale solar plant in 2016 was $1.06 per watt, whereas that of a
residential solar project was $2.89 per watt (solar PV projects on commercial and industrial rooftops
achieve some economies of scale and are therefore cheaper than residential rooftop projects).40 Some
argue that rooftop solar power brings additional benefits to the grid, for example by reducing power
losses over transmission lines when solar produces power near where it is used, or by avoiding the
need to invest in expensive new grid infrastructure by lightening the load on the grid. These benefits
are possible in theory, but in reality, rooftop solar is often more likely to increase rather than relieve
strain on the grid. For example, one study of California determined that only if rooftop solar were
located on a specific 10 percent of the grid could it help avoid costly grid infrastructure upgrades.41

More commonly, solar can overload equipment designed to deliver power from the grid to the
consumer when a rooftop solar system feeds power back to the grid.42 This does not mean that
distributed solar systems are necessarily uneconomical. Larger distributed systems—for example
those mounted at ground-level in urban areas at the scale of a few megawatts—can enjoy economies
of scale and feed their power directly to electrical substations that can handle the influx of power
instead of overloading neighborhood circuitry.

Rooftop solar, however, often enjoys strong political support, partly because it tends to create
more local jobs than larger solar project sizes. Taking consumer preferences and political realities
into account, it is likely that rooftop solar will inevitably feature prominently in the total mix of solar
capacity as the industry grows, regardless of the theoretically optimal mix. And that optimal mix
could shift thanks to technology; future rooftop solar projects connected to the grid through smart
inverters could, for example, provide greater benefits to the grid than rooftop solar currently
provides.

Although utility-scale solar is already much cheaper than rooftop solar, the economics of utility-
scale installations could improve even further with more debt financing. And just as for rooftop solar,
the rise of data could unlock cheap debt capital for utility-scale solar as well. Utility-scale projects
are large enough that companies are able to raise project financing without bundling many projects
together. Still, the winning strategy should look similar for utility-scale solar plants as for distributed
solar projects: convince investors that the risk of a solar project is low in order to obtain low-cost
loans. If insurance companies are willing to insure the power production from a large solar
installation that is contracted to sell its power to a credible offtaker (a customer for the electricity
unlikely to renege on the contract, such as a utility that will transmit solar power to homes and
businesses), then potential investors can have high confidence that the project’s cash flows will cover
interest payments on the debt.

This scenario is analogous to how the electric power industry derisks natural gas power plants to
raise cheap debt finance. Firms will purchase financial hedges to lock in the long-term cost of input
fuel and the price of output electricity, which is basically taking out an insurance policy that the plant
will make as much profit as expected.43 That insurance allows the firm building the plant to raise



cheap debt capital from investors who are satisfied that the project has a low risk.
Beyond enabling such derisking insurance, data could reduce the cost of debt capital for a diverse

set of projects, from rooftop to utility-scale solar.44 With good enough data on how much revenue a
project in a certain region will earn, a firm might even be able to raise debt capital based on a
promise to build a solar farm on a parcel of land, similar to how the oil and gas industry can raise
capital to drill wells by convincing investors of the value of their reserves.45 Down the road, the next
step is to expand high-quality data collection to developing countries, where skittish investors need
hard data to get comfortable with plowing their capital into markets having both high growth potential
and high perceived risks.

Searching for a Supermajor

On the table in front of me lay nearly four sumptuous dumplings—nearly four because I’d managed to
steal a bite of only one. Between my clumsy grasp on the chopsticks and the torrent of questions that I
was trying to answer, I didn’t have much chance to dig into the meal. I was ensconced in a luxuriously
wood-paneled dining room of the historic Hong Kong Gentlemen’s Club, where the executive team of
China Light and Power (CLP) was grilling me about the current state of solar power markets around
the world in 2016 and their prospects for the future. My answers could influence the company’s solar
expansion plans. The mouthwatering dumplings were going to have to wait.

CLP, one of the biggest electric power businesses in Asia, with operations in several countries,
traditionally has owned power plants that run on fossil fuels, mostly coal. But as the CEO, Richard
Lancaster, was fervently arguing from across the table, times were changing thanks to the falling cost
of renewable energy and policy breakthroughs like the Paris Agreement on climate change. In 2007,
CLP made a pioneering pledge to cut its carbon intensity (i.e., the carbon emissions per unit of
generated power) by 75 percent by 2050. That’s probably the most ambitious target of any major
power company in the world. To meet it, CLP is aggressively deploying renewable energy in China,
India, and other markets, while divesting some of its fossil plants.46 Although most of its renewable
investments have been in wind power, the plummeting cost of solar had caught CLP’s attention. Hence
its interest in understanding burgeoning solar markets across Asia, and my growling stomach.

Companies with CLP’s size and reach could be as crucial to the future of solar power as the deep-
pocketed investors that solar will need to attract. CLP owns more than $25 billion worth of power
plants, but only 16 percent of them are renewable generators.47 Such companies have an enormous
balance sheet and appetite to transform their holdings in the coming years. Crucially, they are willing
to take risks to develop projects that, once constructed, turn into ripe investment opportunities where
institutional investors can park their money.

This process happens all the time in the oil and gas industry. In that sector, supermajors with big
balance sheets are able to make big bets on large infrastructure projects. Because their balance sheets
comprise debt and equity from the world’s biggest investors, the supermajors are in effect acting as
conduits for that capital, directing it to fuel the industry’s growth.48

SunEdison grew so fast, and took on so much debt, because it was trying to replicate this strategy.
Ultimately, its demise was a reminder that the company was a long way off from achieving the
necessary scale to really act as a supermajor. Perhaps another pure-play solar company will adopt a
more measured growth strategy and gradually fill that role a decade or more in the future. But right



now, large electric power companies looking to diversify from fossil fuels are the best-positioned
entities to transform their business models and don the mantle of solar supermajors.

Actually, this view applies only to some firms in the electric power sector. Electric power
companies come in two major flavors, a result of a push for deregulation around the world. For much
of the twentieth century, there was largely only one type: the vertically integrated utility. These
utilities owned both power plants and the transmission lines and distribution infrastructure to deliver
power to their customers, and they enjoyed a monopoly over a limited service territory to sell their
power. Then, around the turn of the century, markets across North America and Europe started to
deregulate—that is, they no longer awarded a monopoly to a single utility over all power-related
activities. This deregulation led to a restructuring of the industry. State-regulated utilities still
retained monopolies to own and operate the power grid in their service territory. But competitive
markets sprang up, in which private companies that owned power plants would sell their power, and
regulated utilities would buy it. These two types of firms—regulated utilities that have a monopoly
over the power grid in a limited area and unregulated companies that own power plants, often in
multiple countries—are responding to the rise of solar in very different ways.

The regulated utilities are unlikely to become solar supermajors. Their opinion of utility-scale
solar tends to be blandly positive because they can buy cheap electricity from solar farms (although
state mandates might require them to buy more than they know what to do with). They reserve their
strongest opinions for distributed solar, which they tend to view with suspicion and sometimes fear.

Regulated utilities in the United States are the ones that are lobbying to roll back net metering. One
of their fears is the so-called death spiral, in which customers install rooftop solar, reduce their bills,
and cause nonsolar customer bills to rise to cover the costs of the grid. This rise, in turn, makes solar
a more attractive proposition than buying electricity from the grid, leading to even more customers
reducing their bills and raising the bills of the remaining, dwindling pool. The prospect of fewer and
fewer customers buying electricity that flows through the grid makes utilities that own the grid view
solar as a competitive threat.

In addition to distributed solar, a new trend called “community solar” appears threatening to
utilities. In community solar, consumers can band together to collectively own or lease a larger-scale
solar installation. In many U.S. states, consumers then can use net metering to offset their power
purchases from the grid with power generated by the community solar project. But the economics of a
large-scale solar project are often much better than those of a small rooftop installation. So net
metering provides extremely generous compensation for community solar consumers, slashing their
electricity bills and accelerating the death spiral. Indeed, community solar has shot up, accounting for
nearly 5 percent of annual U.S. solar installations in 2017 from next to nothing in 2015.49

With their attention focused on stopping distributed solar from eating into their customer base,
regulated utilities are making only limited inroads into becoming players in the growing solar
industry. And, utilities that might be interested in making the leap will have a hard time doing so. In
deregulated states with competitive wholesale power markets, regulated utilities are not allowed to
develop and own large solar power projects that sell power into the wholesale market. Instead,
regulated utilities have tended to sign power purchase agreements with developers of large solar
projects, often to meet obligations under state renewable energy mandates. Moreover, it is tricky for
regulated utilities to market and install distributed solar because they might run afoul of antitrust laws
owing to their monopoly status within their service territory.50



Still, there are some models for regulated utilities to pursue business model innovation and
capture some of the value in the growing solar market. For example, utilities have reams of data on
the customers in their service territory, whereas acquiring customers is an increasing component of
the costs that distributed solar providers face.51 By partnering with solar providers and taking a cut of
their sales, utilities can make money even as more customers install distributed solar.52 They can even
make it easier for customers to pay for clean energy upgrades, such as solar panels or energy-efficient
home retrofits, in installments as part of their monthly electric bill.53

In contrast to their regulated cousins, unregulated power companies are eagerly expanding into
solar. In the United States, regulated utilities are often subsidiaries of holding companies who own
other, unregulated subsidiaries that are free to build power plants and sell power into competitive
markets. Many of these unregulated counterparts of regulated utilities—such as Duke Energy
Renewables, Southern Power, Berkshire Hathaway Energy Renewables, and NextEra Energy
Resources—are investing heavily in solar power. In fact, through 2016, half of all utility-scale solar
projects in the United States were owned by unregulated subsidiaries of utility holding companies,
and analysts forecast that they will further increase their share of the U.S. solar market.54 Many of
these companies have historically owned fossil fuel generators, but they are now piling into the
cheapest power-generation source in the United States—solar power.

Similar trends are occurring abroad. Companies that have historically owned conventional power
plants are driving a boom in solar investment. Enel, formerly Italy’s national utility, which has
expanded into a global powerhouse since Italy deregulated its power sector, bid aggressively to
develop solar projects across Latin America at record low prices.55 But it is Chinese firms—for
instance, CLP in Hong Kong and China Three Gorges Corporation on the mainland—that dominate
investments in solar around the world.56 All these power companies have enormous balance sheets,
which they are starting to use as a conduit to channel investment toward solar power.

Although electric power companies looking to diversify from fossil fuels are the most likely
candidates for solar supermajors, they are not the only corporate players tempted by solar power. A
recent entrant to the industry, the Japanese technology giant Softbank, has made an enormous bet on
solar power. Led by Japan’s richest man, Masayoshi Son, Softbank leaped into solar after Japan’s
Fukushima disaster, developing 500 MW of solar in the country and then pledging $20 billion to
invest in India. In late 2015, I sat down in New Delhi with the CEO of Softbank’s energy subsidiary,
Raman Nanda, a tall, charismatic, Oxford-educated McKinsey veteran. I remember wondering to
myself whether his blue-chip pedigree might hinder him from succeeding in the rough-and-tumble
atmosphere of India’s business world. He soon dispelled my doubts. The next day, when I arrived for
a meeting in the energy ministry, I ran into Raman, who was making the rounds before bidding in a
major government auction. A few days later, Softbank won a major contract to build a utility-scale PV
project in the Indian state of Andhra Pradesh. Within a year, Raman triumphantly sent me a Google
Earth satellite photo of three adjacent project sites. Two were barren—waiting to be built on by
slow-moving local firms—but Softbank’s site already brimmed with 350 MW of installed solar
panels.

Aside from Softbank, other global technology companies have entered the renewable energy
business. As of 2016, Apple, Google, and Amazon had all created energy subsidiaries and were
aggressively investing in powering their data centers with wind and solar power to reduce exposure
to volatile and rising electricity costs.57 Outside the tech world, MGM Resorts, which owns much of



the Las Vegas strip, defected from NV Energy, the regulated utility owned by Warren Buffett. MGM
plans to double its consumption of renewable energy now that it can go out and arrange its own
power contracts for fifteen casinos that are no longer captive utility customers.58 That trend could
accelerate—three-quarters of the Fortune 100 companies have set renewable energy or sustainability
targets. And corporations accounted for over one-fifth of renewable energy added to the U.S. grid in
2015, up from virtually none in 2012.59

Rising corporate interest could add another headache for regulated utilities, which are already
distraught over losing residential customers to distributed solar and could now face an exodus of
corporate consumers to utility-scale solar. Indeed, it is ironic that regulated utilities are a lonely
category of firms that are not cashing in on the solar boom. Aside from them, a remarkably diverse
assortment of corporations is investing in solar. Comprising unregulated power companies, tech
titans, retailers like Walmart, and industrial giants like Dow Chemical, this myriad of firms may
actually represent a new model to power the growth of solar, making the supermajor model that
worked so well for oil and gas obsolete. That a wave of corporations is willing to alter their business
models to invest in solar is a promising sign for the industry’s future.

Public-Sector Training Wheels

To date, governments and international institutions have played important roles in directing capital
toward solar power. Many argue that the public sector will continue to be integral, as the solar
industry seeks new sources of capital from new investors and firms to fuel its continued growth.
Indeed, public entities at a range of levels, from municipal governments to international development
banks, have already unveiled innovative financial tools to mobilize private funding. Although public
dollars are scarce, they can unlock much more private capital if deployed intelligently. So in the near
term, the public sector could play a substantial role in attracting new private capital. But in the longer
term, beyond five to ten years, the public sector will have been successful if it makes itself obsolete.
A truly successful solar industry will continue to grow entirely through private capital flows and
efficient markets.

The public sector has its work cut out for it on this score. It has provided roughly 15 percent of all
funding to date for renewable energy. Given the vast amounts of capital needed to finance the growth
of solar into a mainstream energy source, the proportion of public funding will certainly not increase.
More likely, in fact, it will have to decrease under the constraints of public budgets. So, somehow, the
public sector will need to do more with less, mobilizing more private capital with proportionally less
public funding.

That is a tall order. McKinsey estimates that globally, there is a $1.5 trillion annual gap between
current spending and the spending required to build the power-sector infrastructure needed to rapidly
reduce greenhouse gas emissions. Most of that gap is in emerging economies.60 But at the same time,
because institutional investors are hungry for stable, long-term cash-flow, the Organisation for
Economic Co-operation and Development (OECD) estimates that pension funds and insurance
companies could invest $2.8 trillion per year in clean energy (see figure 4.4).61 And a growing share
of the investment community is motivated by sustainability mandates. In other words, investors are
just waiting to be matched with the right projects and to get comfortable with investing in solar. The
public sector’s role is just to provide the training wheels for the private sector to ultimately drive



solar’s growth all by itself in the future.

Figure 4.4
Required investment levels in solar power to limit climate change. The top chart plots levels of investment in solar energy under
a business-as-usual (BAU) scenario and compares those levels with higher ones needed through 2040 to keep the world on track to limit
global warming to 2°C. The bottom chart provides a viable breakdown of these required investment levels by source. Currently, private
bank loans and direct equity investments by, for example, private equity funds are the most common sources of capital. But in the future,
new sources of debt and equity capital will be needed. Raising corporate balance sheet debt and asset-backed securitization are ways to
direct debt capital from public debt markets toward utility-scale and distributed solar projects. Equity capital can come from vehicles like
YieldCos that enable investors to buy shares of a portfolio of renewable energy projects on public stock markets. Finally, although deep-
pocketed institutional investors invest most of their capital in public markets, they also have substantial capacity to provide both debt and
equity capital directly, through direct loans and ownership stakes in projects.
Source: Bloomberg New Energy Finance (2016).

Multilateral development banks (MDBs) have led the way to date, and they still have some tricks
up their sleeves. MDBs like the World Bank are most effective when they reduce the risk that
investors face when investing in solar projects. One tool that they can use is to provide loan
guarantees, which reduce the concern that a private investor might have about being paid back for
supplying a loan to build a solar project. Guarantees can take various forms. One type protects
against political risks such as government expropriation of assets. Another guards against offtaker
risk, making a lender whole if a solar project goes insolvent because its customer (for example, a



utility) reneges on a contract to purchase solar power. Although MDB guarantees are common, only 4
percent of them are used to help finance renewable energy. Of that, the majority goes to hydropower
projects, and just 7 percent goes to solar, so there is plenty of room for MDBs to expand their use of
guarantees to encourage more solar investment.62

An MDB can also crowd in private investment through a strategy known as “loan syndication,” in
which the bank leads a coalition of investors to finance a solar project. These investors might have
been too wary of investing by themselves, but they are happy to do so with the security that many
other investors, led by an MDB that conducts most of the due diligence, are jointly undertaking the
risk with them. For example, in Jordan, the International Finance Corporation (IFC), an arm of the
World Bank Group, brought together a consortium of banks in 2014 to provide more than $200
million in loans to seven solar projects.63 Going forward, both loan syndication and guarantees are
promising and inexpensive approaches for MDBs to ease new institutional investors into financing
solar, especially in emerging markets.

In addition to MDBs, governments around the world are rolling out innovative ways to crowd in
private funding for clean energy. For example, the New York Green Bank offers loans at market rates
to solar projects that make economic sense but aren’t yet considered mainstream enough for private
banks to fund.

One strategy that MDBs devised but that governments soon adopted is to issue “green bonds.”64 In
essence, these are just like normal bonds that investors can buy and trade, but their proceeds must be
used for sustainable projects. Governments at every level—national, state/provincial, and municipal
—now regularly issue these bonds to raise funding at low cost that can be used for clean energy
projects. Green bonds are a good example of how the public sector can catalyze private activity that
soon becomes self-sustaining. Now utilities, corporations, and banks are all issuing green bonds. In
2016, green bonds worth over $100 billion were issued and certified to meet a set of principles
created by large banks that allow the bonds to be labeled “green.” In addition, unlabeled bonds worth
nearly $600 billion that mostly financed sustainability projects were issued.65

In the developing world in particular, the public sector will need to provide incentives or
guarantees to embolden private investors who are often unfamiliar with emerging markets and wary
of the heightened risks. But developing countries’ governments may be strapped for cash. The
incentives that they do choose must be extremely efficient at mobilizing many private dollars for
every dollar of public finance.

India provides a good example of this imperative, requiring massive infusions of capital to meet
its solar goals. To encourage domestic investors to provide loans at decent terms, the Indian
government can scale up its use of partial credit guarantees, which reduce a local bank’s exposure to
default.66 To attract foreign investors, the government has announced plans to roll out a currency-
hedging facility. Currency risk spooks foreign investors who do not want the solar projects they have
financed to become less valuable in, for example, U.S. dollars. This risk can add up to seven
percentage points to the minimum rate of return that investors will tolerate, preventing them from
investing in otherwise attractive solar projects.67 But by offering to share some of the currency risk
with foreign investors, the government could increase the number of projects that make business sense
for those investors to fund.

Other risks that chill the investment climate relate to India’s dysfunctional energy sector. Its
electricity utilities are in bad financial shape, raising fears that they might renege on contracts to



purchase power from solar projects. They also have failed to invest in upgrading the grid, which
might not be able to handle an influx of solar power. If the Indian government could successfully
reform the energy sector, possibly deregulating its utilities as much of the developed world has, it
would substantially reduce the risks facing investors in solar projects.

Those sorts of structural economic reforms, which can enable solar power projects to be
profitable even without incentives, should be the first priority of governments across the developing
world. Indeed, the appropriate role for the public sector is to provide training wheels for private
investors in solar, not to create dependence on a public crutch.

The decade ahead is a crucial one for the solar industry. To fund its rise as a mainstream energy
contender, the industry will need to tap into the largest capital pools in the world. It will take
financial engineering to coax institutional investors to trust solar with their capital, and the public
sector may have to provide training wheels for a limited period. But already the capital has started
flowing, and major corporations have begun to act as conduits to direct that capital toward solar
projects around the world. So, despite the massive scale of the need for investment in solar power
over the coming decades—on the order of trillions of dollars—there is good reason to be optimistic
that financial and business model innovation will rise to the challenge.
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Chapter 5    From Charity Case to Business Case

At the edge of Tarangire National Park, known for its elephant herds and iconic baobab trees, lies the
Tanzanian town of Babati. The town itself is picturesque, framed against the distant Mount Kwaraa
and adjacent to a lake teeming with fish (who scatter every so often when a submerged hippo surfaces
for air). Here in Babati, Grace—a young mother of three—lives with her husband, Patrick, in a one-
room brick house.

Grace dreams of sending her children to the prestigious University of Dar es Salaam, 600
kilometers to the east. There, they might train as doctors, engineers, or civil servants. But securing
admission is no small feat, so Grace takes her children every evening to the town market, where the
lights from street vendor stalls illuminate their schoolwork. When their concentration wanes amid the
chaos of the market, Grace brings them home, where they squint next to a kerosene lamp that fills the
room with soot and smoke. To afford kerosene refills, Grace carefully stockpiles roughly $8 per
month.

Around this time, Patrick tends to discover that his cell phone battery is out of charge and treks
into town to a communal charging kiosk. His small farming business demands that he stay in close
contact with vendors in the neighboring village. Aside from coordinating logistics with them at odd
hours, he constantly checks market prices and executes transactions via mobile money payments
through his cell phone. To keep his phone charged, Patrick forks over around $4 per month.

When one day a salesman knocks on the door, advertising a compact solar-powered system that
will run three LED lightbulbs and charge a phone, Grace is understandably skeptical. But the man, a
sales agent sent by the aptly named Off-Grid Electric, offers to immediately slash the family’s
monthly energy spending from $12 to $5 per month. On top of replacing the noxious kerosene fumes
and inconvenient charging trips, the solar system—a 12-watt panel hooked up to a battery and a
charge controller, plus three light-emitting diode (LED) lights—comes with free maintenance and
service for as long as the family uses the system. It goes without saying that payments are made by
mobile money. If they are not made on time, the system will shut down remotely.

Six months later, Grace and her family are hooked. They plan to upgrade to the $15 per month plan
to supersize their solar system and outfit a new room they are building with two more LED lights, a
radio, and a television. And Grace is eyeing a brand new offering—an electric sewing machine with
which she can start her own small tailoring business. For its part, Off-Grid Electric is in the red,
having spent nearly $200 on the components, distribution, and marketing of the solar system. But it
expects full payback in three years—faster if Grace and her family complete their planned upgrade to
a pricier service tier. And the company sees many more households like Grace’s in its existing
service territory in Tanzania and Rwanda, as well as in future target markets across sub-Saharan
Africa.

Started in 2011 by business school graduates from Oxford University, Off-Grid Electric soon
attracted funding from SolarCity (now part of Tesla) and its venture capital investors. SolarCity had
launched the residential solar market in the United States by offering solar systems on lease to



customers happy to pay monthly power payments rather than foot solar’s high up-front capital cost.
And Off-Grid Electric was poised to apply that same strategy in the developing world.

Through 2016, Off-Grid Electric raised more than $60 million to meet its target of bringing
electricity to 100,000 households in Africa by 2019.1 The company is not alone; a torrent of
investment in recent years has funded start-ups across Africa and Asia to deliver electricity to the
more than 1 billion people who lack it. This chapter tells the unfolding story of how innovative
business models for providing off-grid electricity to individual homes or larger communities could
enable existing solar technology to make a dent in one of the most intractable barriers to ending
extreme poverty around the world.

A remarkable confluence of trends is upending conventional wisdom about whether off-grid
solutions can improve energy access. Historically, virtually all the progress in bringing electricity to
those who have lacked it has been made through extending the reach of centralized power grids.

But, as a by-product of the rapidly growing global solar market and the falling costs of PV panels,
stand-alone solar PV systems—unconnected to the main grid—suddenly have become cost-
competitive with kerosene, diesel, and biomass, on which most of the world’s poorest populations
currently subsist. Aiding the favorable economics of solar systems are plunges in the prices of home
appliances, from lights to fans to televisions, that are ultra-energy-efficient. Simultaneously, the rise
of cell phones and mobile banking has made electricity access to charge phones even more desirable,
while at the same time offering a way for customers to pay for it.2

Lumbering national power utilities have been slow to notice these changes. But nimble
entrepreneurs, recognizing an opportunity, have flocked to off-grid solar. They are designing an
assortment of business models to offer the world’s poor their first taste of electricity while cashing in
on their untapped willingness to pay for it.

The vast majority of this entrepreneurial activity is happening in sub-Saharan Africa and South
Asia, which together encompass 95 percent of the world’s unelectrified population. But there is a
stark contrast between the evolution of the off-grid solar markets in each region. In the East African
countries of Kenya, Tanzania, and Rwanda—the epicenter of the off-grid solar boom—companies
have fanned out to remote villages without having to worry about government oversight or restrictive
regulations. They have won over customers by promising to reduce the cost of their energy while
improving its quality. And they have done so knowing the risks of operating in lawless regions where
contracts are practically worthless. Thanks to their clever use of technology—such as when they
remotely deactivate solar systems in response to delinquent mobile payments—they’ve gotten by just
fine without government oversight.

In India, by contrast, pure economics and safety are not the only factors that companies have to
consider. There, rural villagers enjoy government subsidies for purchasing kerosene, which keeps the
price of that fuel artificially low. And, until recently, federal restrictions on mobile banking meant that
Indian companies had to collect electricity payments from customers in person—a costly and
unreliable endeavor. In consequence, the inroads made by off-grid solar have been more modest.
Now that the government has relaxed those restrictions, prospects have improved for India’s off-grid
solar market to take off in the way that Africa’s markets have.

In both laissez-faire and highly regulated environments, a range of inventive business models has
flourished. Off-Grid Electric exemplifies the hottest model for enabling people at the bottom of the
economic pyramid to finance solar power: Pay-As-You-Go (PAYG). In 2016, international investors



funded PAYG start-ups to the tune of over $200 million.3 As is true of residential solar in the United
States (see chapter 4), securitization might hold the key to unlocking vast pools of capital from abroad
that can finance the up-front cost of PAYG projects.

In addition to clever financial engineering, off-grid solar providers are offering a diverse array of
products that span from systems with a single solar panel to microgrids serving hundreds of homes
and businesses. The versatility of the solar panel means that it can be used in myriad different
configurations and system sizes. In addition to serving isolated, off-grid communities, solar
microgrids could improve the quality of electricity service for those whose grid connection is
frustratingly unreliable, for example in urban areas served by a dilapidated central grid.

The public sector has important roles to play in enabling off-grid solar to improve energy access.
First, governments must take care not to impede markets, as the Indian government has done through
its kerosene subsidy and restrictions on mobile banking. Second, governments and international
financial institutions should be careful to tailor their interventions to test off-grid solar business
models that can eventually be self-sustaining, rather than create a dependency on public funds. Third,
governments should coordinate efforts to expand central grids with entrepreneurial activity to deploy
off-grid solar systems, ensuring that the grid is a complement—not a competitor—to off-grid solar.
Fourth, they should use public procurement to further drive down the cost of off-grid system
components, like energy-efficient appliances. And, finally, governments can help by developing a
trained workforce to support a thriving off-grid solar sector.



When Past Is Not Prologue

Despite its recent growth, off-grid solar is not free of controversy. Some development experts argue
that it is a distraction, diverting resources and attention from concerted efforts to extend a country’s
central grid and encourage people to move into cities where power grids make the most economic
sense. Together, these two strategies have accounted for virtually all the progress over the last century
in delivering electricity to those who did not previously have it. Because off-grid solutions have had
little success in improving energy access in the past, they contend, strategies for the future should
largely ignore off-grid solar.

The critics hold that off-grid solutions are bound to fail for two reasons. First, power from the
grid is much cheaper than power from off-grid sources because the grid benefits from economies of
scale, whereas decentralized alternatives do not.4 Todd Moss at the Center for Global Development
has argued forcefully against directing U.S. development aid in Africa toward off-grid solar projects.
He contends that for the same number of dollars ($10 billion), the United States could attract several
times as much private investment in centralized natural gas–fired power plants that would bring
electricity to 90 million people than would be invested in off-grid solar systems that would serve just
20 million.5 The right course of action is a no-brainer, according to Moss, and the hype over off-grid
solar is not only distracting, but damaging. (This analysis did cause a stir, and some have quibbled
with its methodology.6)

The second reason that many experts discount off-grid solar is that it fails to put the world’s
poorest on a ladder to modern energy access. Various programs to distribute solar-powered lanterns,
solar cookstoves, or rooftop solar panels have marginally improved quality of life. But these steps
can be dead ends, the experts say, rather than on-ramps, for integrating people at the bottom of the
pyramid into the modern economy.7 Becoming productive members of that economy, and reaping its
benefits, tend to go hand in hand with a threshold level of annual electricity consumption—on the
order of several thousand kilowatt-hours per capita, which far exceeds the amount of electricity that
simple off-grid solar systems can deliver. Morgan Bazilian at the World Bank argues that on top of
increasing the number of people with an electrical connection, it is crucial to increase the quantity of
electricity used in homes and businesses to power economic growth.8

Taking all this into account, Ted Nordhaus, Shaiyra Devi, and Alex Trembath at the Breakthrough
Institute argue that “decentralized renewable and off-grid energy technologies … cannot, however,
substitute for energy and other infrastructure necessary to support industrial-scale economic
enterprise. Microfinance, microenterprise, and microenergy are no substitute for industry,
infrastructure, and grid electricity.”9

I respect the judgment of these experts, and, through many conversations, they have certainly
convinced me that off-grid solar has played a negligible role in the tremendous progress made to date
in lifting people out of poverty in the industrializing world. But I am not convinced that past is
prologue. The confluence of trends mentioned earlier—cheaper solar photovoltaics, appliances, and
batteries; the rise of mobile phones and banking; and entrepreneurs tying it all together with
innovative business models—has enabled a new generation of off-grid solutions that are more
economical and can power a broader range of uses than earlier systems.

Considering these newer trends, one recent study concluded that off-grid solar systems could bring
meaningful electricity access to over 1 billion people by 2030. That study also concluded that the



majority of gains in energy access would still come from extending the reach of central grids. But
working in tandem, it noted, off-grid solutions and efforts to extend central grids could deliver
reliable electricity to 3 billion people by 2030, offsetting population growth to achieve near-
universal energy access.10

This outlook reconciles competing views holding either that off-grid solar is a silver bullet or that
it is a distraction. In many countries where governments have struggled to build centralized grid
infrastructure, off-grid solar can probably play an important, albeit not exclusive, role. It can provide
electricity to extremely remote areas that the grid may never reach, it can offer a stopgap during
delays in grid extension, and it can supplement grid power in areas with a grid connection but
unreliable service, as is often the case in urban outskirts. This view recognizes that to help put
countries on the path to economic prosperity, off-grid solar will need to serve as a stepping-stone, not
an impediment, to modern levels of energy access.

The scale of the energy access problem implies that solving it will take an all-of-the-above
strategy. Around the world, over 1 billion people still lack access to any electricity—and many more
lack access to reliable electricity. Figure 5.1 makes it clear that areas of limited access are
concentrated in sub-Saharan Africa and South Asia. Although the problem might appear more acute in
sub-Saharan Africa, the sheer population size in South Asia means that although three-quarters of
Indians have access to electricity, India, in fact, still accounts for the largest unelectrified population
in absolute numbers, at 263 million. Nigeria is a distant second (75 million), followed by Ethiopia
(67 million) and Bangladesh (62 million).11

Figure 5.1
Global distribution of populations without access to electricity.
Source: World Bank.

And the number of people with electricity access is on track to increase, as population growth in
unconnected areas adds to the totals, especially in sub-Saharan Africa, which (excluding South
Africa) has less generating capacity than Sweden. It might not be realistic to expect governments to
extend the grid to substantially increase energy access. For example, achieving 70 percent access to
electricity in sub-Saharan Africa would require countries to double the annual investment in their



power sectors from $7.5 billion to $15 billion in the near term; in the long run, more than $1 trillion
in investment could be needed to meet the power demands.12 Cash-strapped governments are unlikely
to pull off such a feat.

But off-grid options financed almost entirely by the private sector might play a role in filling the
gap. Contrary to received wisdom, people at the bottom of the pyramid are not necessarily too poor to
pay for energy. In fact, those without access to electricity spend about $27 billion every year just on
lighting and mobile phone charging. But their current sources of energy have clear drawbacks. In
addition to being expensive, light from kerosene lamps or candles is poor quality and causes deadly
indoor air pollution. And phone charging can often entail arduous treks, like Patrick’s, to a communal
charging station miles away. Many such customers are able and willing to pay for electricity access at
home.13

Surprisingly, they are willing to pay much more per unit of electricity than customers in a
developed country. An American might balk at power prices above 20 cents/kWh (the average U.S.
retail electricity price is about 12 cents/kWh). But that figure is meaningless to African village-
dwellers who are willing to pay over $100 per year to light their homes at night, and 20 cents for
every phone charge. That translates to a whopping $30–$50/kWh of electricity—more than 100 times
what their counterparts in developed countries are willing to pay. So even though off-grid electricity
is more expensive than power from the grid, it can still be much less than what customers are willing
to pay.14

Even so, to date off-grid systems—often set up to burn fossil fuels—have had limited traction and
been confined to niche markets. For example, on small islands in Indonesia and the Philippines,
where grid extension is not a viable option, communities continue to use portable diesel generators to
power microgrids. And the African country of Mali has deployed more than 200 isolated, diesel-
powered microgrids. (Many in the industry use “microgrid” and “minigrid” interchangeably, whereas
others assume that the latter is larger than the former. This book uses only the term “microgrid” to
mean an isolated grid of any size that is not connected to the main grid.)

Yet the appeal of off-grid systems has recently improved. With the fall in technology costs, solar
has emerged as an increasingly viable option to complement or replace diesel. This is an attractive
entry point for solar, which can piggyback on the existing infrastructure of already-built microgrids in
remote areas.15 In addition to slotting solar power into existing microgrids that were previously
served by diesel, firms have developed an array of solar systems to reach customers currently without
access to grid or off-grid electricity. These systems range in size from just a few watts—known as
“picosolar” systems—to several kilowatts and more in the form of microgrids that network together
entire communities. All these variants have started to grow rapidly. Pico-solar systems of less than 10
W might power one or two lights and perhaps charge a phone; 44 million of them had been sold as of
2015, up from basically none five years earlier.

Larger systems have recently grown even more rapidly in generation capacity. Solar home systems
(SHSs) might be as large as 300 W and combine solar panels, a battery (traditionally a lead-acid
battery like the one in your car, but increasingly it will be a lithium-ion battery as the costs fall),
electronics, and appliances to provide energy services to a single household. In addition to lighting
and phone charging, these energy services might include powering a television, ceiling fan, radio, or
even a refrigerator. The rise of the PAYG business model has boosted SHS sales in the last five years,
and by the end of 2015, over a half-million households across Africa and Asia had an SHS.16



A final off-grid segment that has experienced recent growth relies on microgrids in the range of
several kilowatts to several megawatts in size to network multiple households or businesses together.
These systems might be hybrids, in that they include not only solar power and batteries but also wind
turbines, diesel generators, and other power sources.17 These systems have begun to spread across
Africa and Asia. Overall, the rise of off-grid solar has split roughly evenly, in terms of capacity,
between the two regions.18

Already, in some countries, off-grid solar is making a real dent in the energy access problem, and
its rapid growth suggests that it will have even more of an impact in the years ahead. Nowhere is the
promise of off-grid solar more apparent than in Bangladesh. One of the world’s most densely
populated countries, Bangladesh has 163 million residents, half of which lived without power in
2003. Since then, the proportion of the population without access to electricity has plunged to just 20
percent. About two-thirds of that improvement came from efforts to connect customers to the central
grid, and the remaining third happened thanks to a dramatic increase in off-grid solar systems.19 By
2014, Bangladesh’s 3 million SHSs represented half of all the off-grid solar systems around the
world.20

To be sure, Bangladesh has not completely solved the energy access problem. It took World Bank
subsidies and government coordination to roll out this ambitious program. And households with SHSs
still have limits on the energy services that their systems are equipped to provide. But as technology
costs fall, the off-grid industry could become self-sustaining. And as appliances become more energy-
efficient, the same solar panel will be able to provide higher-quality energy services. So, the case of
Bangladesh might offer a glimpse into the future role that off-grid solar can play in improving energy
access around the world. It certainly cannot carry the entire burden of electrification alone. But past
may not be prologue, and off-grid solutions might play a much more meaningful role in the coming
decades than they have over the past century.

Paying for PAYG

The rise of Pay-As-You-Go offerings for off-grid solar home systems is finally tapping into the
willingness of those without any grid access to pay handsome sums for a small quantity of electricity.
The early success of PAYG—mostly in Africa to date, though Asia is catching up—echoes in some
ways the rise of the residential solar market in the United States in 2008. There, the advent of the
solar lease, offered to customers who would make monthly payments for solar power, tapped into
customers’ latent willingness to pay for solar power without footing the steep up-front cost of a PV
system. And just as U.S. firms had to then find ways to tap into financial markets, creative
entrepreneurs offering PAYG off-grid solar systems must also find ways to source the capital needed
to construct their projects so that their customers can pay in small installments. If they can
successfully scale up, not only could PAYG solar bring power to those who have never had it, but it
could also unlock the power of credit to transform them into modern consumers.

The PAYG model for off-grid solar traces its roots to the telecommunications sector in East
Africa. In 2007, Safaricom, Kenya’s largest mobile network operator, launched a revolutionary
mobile payment service called M-PESA. Customers eagerly used the service, which has since
become a mainstay of the economy, to transfer cash via phone for everything from salaries to taxi
rides. Then two of the executives behind M-PESA realized that the platform could enable customers



to pay for electricity, and they founded M-KOPA in 2011 to deploy and finance small SHSs.21

M-KOPA estimated that off-grid Kenyan households were spending nearly $300 a year on
kerosene-based lighting and mobile phone charging, whereas they would save $750 over the first four
years of paying 45 cents a day for an SHS.22 This value proposition has proven irresistible, and in
just four years, M-KOPA managed to reach over 300,000 households in Kenya, Tanzania, and Uganda.
Still, as the first player in the market, M-KOPA chose to offer very small systems (under 10 W) that
offer limited energy services beyond basic lighting and phone charging.

Subsequent players have gone bigger. Mobisol, which operates in Tanzania and Rwanda, markets
SHSs that are 80–200 W; it leads the market in terms of installed solar power capacity, having
deployed more than 5 MW of off-grid solar in East Africa as of 2016.23 Its systems can power a wide
range of appliances, including televisions, radios, irons, and stoves. Moreover, Mobisol’s customers
can use a larger SHS to earn a livelihood—for example by powering electric hair clippers—which in
turn enables them to pay for their power more reliably. A whole host of solar providers offering SHS
sizes between those of M-KOPA and Mobisol, such as Off-Grid Electric, has sprung up in East
Africa. As competition saturates the initial markets, firms are expanding to new places, such as
Nigeria and Ethiopia, to serve the massive untapped demand for electricity there.

In addition to offering differently sized systems, PAYG firms vary in their level of vertical
integration. At one extreme, Off-Grid Electric designs and provides its own SHSs, complete with
appliance offerings. It also operates its own distribution, sales, and service channels. This approach
enables it to learn about its customer preferences and quickly update its system offerings in response.
At the other extreme, Azuri, a PAYG player that offers smaller SHS systems, recognized that a whole
network of distributors already existed to deliver consumer goods (such as shampoo) to far-flung
regions and decided to piggyback on that network to distribute the components of its solar systems.
Similarly, another start-up, d.light, has chosen to outsource product distribution completely and focus
on what it perceives as the higher-margin business of designing and operating their solar-powered
lighting products.

Although PAYG providers vary in their product offerings and scope of activities, they are united in
their use of technology to collect payments and remotely operate solar systems (see figure 5.2 for an
overview of the PAYG model). In general, customers make monthly payments via mobile money
platforms like M-PESA. And providers use mobile networks to collect a wealth of data from their
solar systems remotely, monitoring equipment performance and detecting maintenance needs.24 Being
able to shut down the solar system remotely if payments are delinquent also spares providers the cost
of operating a far-flung network of collection agents to collect payments manually.



Figure 5.2
How the PAYG model works.

To offer customers the option of making monthly payments for an SHS with little to no money
down, off-grid solar providers need to raise capital to cover the up-front cost of the systems. Recall
from the previous chapter that the cheapest way to raise debt capital to cover the majority of the cost
of a U.S. residential solar system is to bundle a portfolio of the assets together and issue securities on
public bond markets. The exact same logic applies to the off-grid, developing-world case, albeit with
some twists. If providers can raise debt capital to cover most of the cost of a portfolio of off-grid
SHSs, they can free up funds to build more systems.

But there are some stark differences between a Californian homeowner and a Rwandan farmer.
The former has a well-defined credit score, possesses valuable assets, and enjoys a rule of law that
protects the sanctity of a lease contract. By contrast, the latter has no assets or credit score and might
live outside the reach of the law. Existing microfinance offerings have had only limited success at
bringing financial services to those outside the global financial system.25,26

Even so, start-ups have figured out how to make a portfolio of leases to low-income Africans
seem attractive to international fixed-income investors. In late 2015, the British start-up BBOXX
announced the world’s first securitization of off-grid solar assets, raising a half-million dollars at a
21 percent interest rate. It was a modest start, but more recent offerings have improved those terms.27

And it’s not just off-grid solar providers jumping into the financing fray. One start-up, a peer-to-peer
lending marketplace called Lendable, modeled on Lending Club and based in Kenya, is growing
rapidly by enabling you or me to invest in unsecured consumer debt in Africa to finance off-grid solar
systems.

How can these companies make such investments attractive to their international clientele? The
answer, as is the case for solar in developed countries, is data. Solar providers are building massive
databases of where their customers live and whether they pay on time. At the same time, telecom
firms have extensive histories tracing how often customers pay their cell phone bills on time. Putting
all this data together, often through partnerships among financiers, solar providers, and telecom firms,
can yield highly accurate predictions of whether an off-grid customer will reliably make lease
payments for an SHS. Using these inferred credit scores, issuers of off-grid solar securities might
achieve high ratings and low interest rates one day, attracting much more capital to the sector.

If these novel financing strategies work, they could fund widespread deployment of off-grid



systems, which in turn could unlock economic opportunities beyond just solar. Most providers offer
customers a lease-to-own option, under which they pay off an SHS over a period of time (often
around three years) and subsequently own it. This payment approach represents a dramatic shift in the
nature of off-grid household energy expenditures. Whereas in the past, households would basically
throw money away by purchasing kerosene refills that would quickly be used up, now every monthly
power payment goes toward ownership of a valuable asset.

Once customers own an SHS, they can then use it as collateral to raise credit. On top of this, their
payment history and inferred credit score could make it cheaper to borrow money in the future.
Recognizing that good customers could represent a source of more business, many solar providers
have ambitions well beyond offering a basic SHS. They might offer an enhanced SHS with better
appliances that the customer can buy with credit; down the line, they might even sell nonenergy
products. Ultimately, they envision the customer gradually upgrading to higher-quality energy services
and greater purchasing power. That projection is partly predicated on customers like Grace and
Patrick using energy to power their livelihoods and generate income. But it is also based on the
tremendous potential of providing credit for customers who traditionally have not been able to access
it.

Still, for all the promise of the PAYG model, daunting obstacles remain. Among them, limited
access to finance is foremost. Even though some providers are starting to tap into securitization, the
floodgates of international debt capital have not yet opened. To enable a steady stream of funds,
providers need to deploy off-grid solar systems in the first place before packaging them up to market
to investors. That requires working capital, which funds the construction of solar projects and the
operations of a business while it waits to receive funds from its customers. The scarcity of working
capital has emerged as a major bottleneck, hindering the growth of the off-grid solar sector. The
World Bank has stepped in to provide low-cost debt to fund some of firms’ working capital needs,
which is a good start.28

Another promising development is the loosening of government restrictions in India on mobile
banking, which have held the country back even as PAYG has started to take off in Africa. Finally, in
late 2015, the Reserve Bank of India started issuing banking licenses to telecom operators, enabling
them to offer mobile payment services.29 Without mobile banking, few firms had dared to try the
PAYG business model in India. One of the rare firms that did, Simpa Networks, had to rely on a
network of vendors and kiosks to sell refills for customers SHS power subscriptions.30 Going
forward, if mobile banking takes off, firms will be able to scale back on expensive networks of
collection agents, making it possible to offer affordable PAYG packages with convenient payment
options.

Microgrids, Macro-Impact

As exciting as the PAYG-fueled surge in SHS deployment is, systems that power only a single
household are inherently limited. They are expensive (though they may seem reasonable compared to
the exorbitant cost of kerosene), owing to their lack of economies of scale. And although companies
are increasing the power output of their SHS offerings and pairing solar with an increasing range of
low-power appliances, the energy services that these systems can offer customers are limited. So
although they may have an important role to play in delivering power to the poorest of the poor, they



cannot yet offer the full benefits of modern energy access.
The story is different for solar-powered microgrids. Because such systems can be networked

together to serve a whole community, they can power a much wider range of energy services than can
an SHS, and they produce comparatively cheaper power owing to economies of scale. And just as
start-ups have employed PAYG offerings to jumpstart the SHS market, firms are also popularizing
new ways to fund more complex solar projects, and their innovative business models are fueling a
rise in microgrids. To be clear, PAYG can be—and has been—used to make microgrid power
affordable to customers; but further innovations are needed to finance microgrids, which are larger
and more complex than SHSs. Such microgrids could deliver modern power access to areas where it
is prohibitively expensive to extend the grid—indeed, they already have been used to electrify
villages in the Himalayas.31

Down the road, microgrids in remote areas could be integrated into the main grid, once it arrives.
Indeed, microgrids are not just promising for off-grid areas; they also could boost power reliability in
areas nominally served by the grid but that suffer from chronic blackouts. Their versatility suggests
that microgrids are an ideal investment to put those with limited energy access on the ladder to a
modern standard of living.

Microgrids comprise three subsystems. First is the power-generation subsystem, which typically
has a capacity of (much) less than 15 MW, and even as little as a few hundred watts. In addition to
solar panels, a solar-powered microgrid might enlist a small wind turbine, diesel generators, and
batteries to supplement and smooth out the solar generation.32 Second is a distribution subsystem that
delivers electricity from the generators to the microgrid’s users. Third is a subsystem consisting of the
equipment and appliances with which customers access and consume the microgrid’s electricity—this
might include a ceiling fan, as well as the electrical meter that measures how much power a
household uses.

In rural settings in the developing world, where microgrids primarily aim to increase energy
access, these three subsystems suffice to define a microgrid. But microgrids are also gaining
popularity in the developed world for a very different reason: They can enhance the reliability and
resilience of the electricity supply by continuing to operate even if there’s a problem with the main
grid. In this context, the definition of a microgrid has an added layer. According to the U.S.
Department of Energy (DOE), a microgrid is defined as a semi-autonomous “group of interconnected
loads [equipment that uses electricity] and distributed energy sources within clearly defined
electrical boundaries that act as a single controllable entity with respect to the grid.”33

Even when isolated from the main grid, microgrids are considerably more complicated and
expensive than SHSs. Given this complexity, start-ups operating in the developing world must devise
innovative business models to deploy solar microgrids. Many providers are using a PAYG model,
relying on monthly mobile payments—once the system is up and running, they argue, each customer’s
payment should be much less for power from a microgrid than from an SHS because of economies of
scale.34 But first, a microgrid provider must finance the high capital cost of setting up the generation
sources, distribution infrastructure, and customer equipment. And its survival depends on reliably
collecting payments from most of or all the microgrid’s customers. In a rural community, a failed
harvest might prevent an entire community from paying on time, which could torpedo the economics
of the microgrid.

For this reason, other innovative elements have to supplement the PAYG business model. A



popular option secures an “anchor client,” which will provide reliable payments to lower the cash-
flow risk of a microgrid. In India, OMC Power, which is a leader in deploying this model, constructs
microgrids near remote cell-phone towers. Those towers typically rely on expensive diesel
generators, so their owners are open to switching to a cheaper option. And, because of India’s
booming use of mobile phones, telecom firms operating towers are typically safe bets to be reliable,
paying power customers and thus to serve as the anchor client. If such a client provides the majority
of the revenue that the microgrid needs, then the remaining microgrid power capacity that it doesn’t
use can be sold to a nearby community using a PAYG model.35

Some researchers have demonstrated that adding another business client—such as a flour mill—
can further reduce the risk that a microgrid provider will lose money.36 This strategy of diversifying
revenue streams can enable start-ups to reduce the risk that investors perceive in financing the
relatively higher up-front cost of microgrids compared with SHSs.

In addition to carefully choosing a microgrid’s clientele, firms must make an important choice
between using alternating current (AC) or direct current (DC) electricity. On the one hand, the former
is compatible with the main grid’s standard, making it possible to eventually link microgrids and
macrogrids. But the latter is more efficient and cheaper and might be ideal for supplementing an
unreliable main grid.

The AC versus DC debate is not new. Indeed, it dates back more than a century, to the birth of the
power system and a stormy debate between Thomas Edison and Nikola Tesla, two pioneers of
electricity. Edison backed DC, which is an intuitive form of electricity analogous to a steady stream
of water. In fact, Edison publicly electrocuted farm animals to demonstrate that high-voltage AC
power was lethal. But Tesla, who favored AC, which involves electric current switching direction
many times a second, ultimately won this debate.

Tesla’s arguments made sense for the twentieth century. At the time, it was possible to send AC
power over long distances without incurring high losses along the way by using high-voltage AC.
With twentieth-century technology, it was straightforward to increase the voltage of AC power
coming out of a generator, send it along a high-voltage transmission line, and reduce the voltage to a
safe level on the other side to distribute to customers. By contrast, the voltage of DC electricity could
not easily be changed, so DC power could not travel very far. As a result, grids around the world still
use AC power.

Compatibility with that standard provides an argument for using AC for a microgrid: if the grid
eventually reaches an area that is served by an AC microgrid, that microgrid can simply join the main
grid rather than trying to compete with it. Several microgrid start-ups—among them, Powerhive in
Kenya—have adopted this AC model. Governments are often supportive because they can partner
with such start-ups to electrify remote areas with microgrids before the main grid eventually arrives.
In Kenya, regulators granted Powerhive the country’s first-ever license to sell power in defined rural
areas.37

But, AC makes less sense than DC in the twenty-first century. Thanks to advances in power
electronics technology, the cost of changing the voltage of DC electricity has plummeted, so DC can
be sent over long distances with low losses. Plus, in the future, customers will increasingly use DC
electricity to power such items as modern lights, digital devices, and electric vehicles. Meeting those
needs by converting AC to DC electricity is inefficient. Power utilities, however, are lumbering
giants overseeing enormous networks of expensive infrastructure, so it is unlikely that central grids



will switch over to DC anytime soon.
The case is different for firms building microgrids today. First, microgrids do not typically need to

deliver electricity over long distances. The short distance neutralizes the main advantage of AC over
DC (which really is not even an advantage anymore). Second, solar-powered microgrids in particular
are better suited for DC than AC because solar produces DC power, and batteries store and discharge
DC power. Third, the most energy-efficient appliances—LED lights, televisions, radios, and fans, for
instance—all use DC power. Running a customer’s appliances, then, requires an AC solar-powered
microgrid to have equipment that converts the solar or battery power from DC to AC and then back
from AC to DC. In these repeated conversions, some of the electricity is lost, often around 5 percent
to 20 percent.38 By contrast, an all-DC microgrid can be much more efficient.39

All these factors can make DC solar microgrids cost less than half as much as their AC
counterparts. But the most dramatic improvements in the economics of the former have come from the
plunging costs and soaring performance of highly efficient DC appliances. From 2009 to 2015, the
cost of LED lights fell by a factor of more than ten; over the same span, the amount of light emitted by
a bulb more than doubled.40 This trend, moreover, will continue. Figure 5.3 tracks falling appliance
costs for SHSs, but the trend is equally applicable for solar microgrids. Between 2014 and 2020,
solar systems are projected to nearly halve in cost, and most of that improvement will come from
cheaper, more efficient appliances.

Figure 5.3
Current and forecast cost of an SHS. Comparison of the total capital cost of an off-grid SHS powered by a 25 W PV panel in 2014
with that of an equivalent system in 2020, breaking out the cost savings by system component.
Source: Bloomberg New Energy Finance (2016).

Researchers in India have run computer simulations to compare the costs of using AC and DC
solar-powered microgrids to power household energy use. They found that a DC microgrid required
nearly three times less electricity, incurring less than half the cost, compared to a household with less
efficient appliances connected to an AC microgrid that suffered from conversion losses.41

AC advocates argue that these DC benefits are trumped by AC microgrids’ ability to link up with
the main grid, which is crucial to ultimately provide access to modern energy. But a grid connection
by no means guarantees modern energy access. Consider that in addition to the 1.1 billion people
worldwide who have no access to electricity, up to another billion have a grid connection but face



frustratingly unreliable service.42 And having consistent access to power can matter just as much as
having any power at all. One study found that the increase in satisfaction from receiving seven extra
hours of electricity access per day was similar to that from gaining an electricity connection in the
first place.43 Indeed, in rural Karnataka, in southern India, researchers found that in many rural areas
where the grid had finally arrived, local residents still preferred off-grid generators because the grid
power was unreliable.44 And cities—already home to a majority of the global population—will
increasingly confront the most pressing energy access challenges. In urban and peri-urban areas on the
outskirts of metropolitan areas, aging power grids incapable of absorbing population growth are set
to face chronic blackouts.

DC microgrids could ameliorate that worrying situation. In fact, in Bihar—India’s most densely
populated state, with over 100 million people—a team of researchers from the Indian Institute of
Technology has deployed DC microgrids to improve urban energy access. Their goal is to equip
100,000 homes with a DC microgrid powered by a solar panel and battery, and also connected to the
grid through a device that converts incoming AC grid power to DC electricity.

They anticipate that when the grid cannot meet customer demand—which happens often in Bihar,
the state with the biggest deficit between power supply and demand—a brownout will cut up to 90
percent of the grid power. But the remaining 10 percent, along with the power from the solar panel
and battery, should be enough to power a whole range of DC appliances: five fans, eight lights, two
small televisions, several cell phone and tablet chargers, and a laptop charger. Thanks to DC
microgrids, these households will have uninterrupted access to a range of modern energy services,
even though only 10 percent of the grid electricity might be available at any given time. And although
in this particular deployment, each household gets its own DC microgrid, the researchers are linking
households together in another project in Rajasthan, making it possible to reallocate limited resources
even more efficiently to meet demand.45

In fact, the process of DC microgrid formation and networking could lead to a brand new
paradigm in how power systems are built, turning the conventional model on its head. In that model,
utilities use a top-down planning process, forecasting demand and building a network of power lines
and equipment to meet those needs. But in a DC microgrid future, networks might arise organically,
from the bottom up.46,47

This theory is known as “swarm electrification,” and the researcher who conceived the term,
Sebastian Groh, likens a bottom-up electricity network to a “swarm of fish,” in which “there is no
central intelligence, and the fish work together to create unity.” His company, ME SOLshare, is
making it possible for the 4 million households in Bangladesh with DC SHSs to connect to one
another and trade electricity. Using peer-to-peer mobile payments—securely logged using blockchain
technology, which is also used to authenticate Bitcoin transactions—homes can participate in a
bottom-up marketplace, dynamically balancing supply and demand across a self-assembled DC
microgrid. This concept could work in any place with a high population density—Bangladesh is an
ideal starting point, with a population of 160 million squished into an area the size of New York
State.48

Clearly, DC microgrids could enable a wealth of new ways to improve energy access. If
innovative firms can successfully scale up their demonstrations, Edison might have the last laugh in
the AC versus DC debate after all.



The Double-Edged Sword of Public Intervention

Many examples of off-grid business model innovation—whether the rise of PAYG solar systems in
Africa or swarm electrification in Bangladesh—avoid relying on the public sector. This is just as
well, because weak governments and dysfunctional state-owned power firms are partly to blame for
the dismal progress of electrification. Better to circumvent the government altogether, entrepreneurs
reason, and focus on delivering a valuable product to customers that needs no public assistance. So
far, this strategy has worked best wherever there is minimal government regulation. Hence, in Africa,
start-ups have been able to rapidly scale up on the back of mobile payment systems. But, as noted
previously, government restrictions on mobile banking in India prevented similar market growth.

So, the first order of business is getting government out of the way of innovation, and that requires
eliminating distortionary policies. The biggest of these is India’s kerosene subsidy, which artificially
depresses the price of kerosene and makes it more difficult for off-grid solar to compete. More than
70 percent of the savings that customers realize from switching from kerosene to solar in Africa are
eliminated by subsidies in India.49 Unfortunately, the subsidies are politically popular, so politicians
are loath to cut them. They are, however, indefensible—rather than alleviating poverty, as
policymakers might intend, kerosene subsidies lock people without access to power into dependence
on a fuel source that is expensive, produces low-quality light, and emits lethal fumes. They have also
held back the growth of off-grid solar in Asia compared to its rapid clip in Africa.

Although kerosene subsidies are the most prominent example of policy malpractice, other
distortionary policies also threaten the ability of off-grid solar firms to gain traction. Another
example in India is artificially low electricity prices, which are politically popular with residential
customers. These subsidies make it harder for solar firms to market off-grid systems that would
supplement grid power in areas with unreliable electricity service. And these subsidies also bankrupt
utilities, making it tougher for them to upgrade the ailing power grid.

Trade barriers are another good example of distortionary policy. One of the reasons that off-grid
solar has taken off in East Africa is that tariffs and import duties there are relatively low, which
enables Off-Grid Electric and other firms to import components of their solar systems from all over
the world and move them freely between their bases of operation in Tanzania and Rwanda. In West
Africa, by contrast, higher tariffs and duties make it more complicated and expensive to operate a
global supply chain, ultimately raising the cost of off-grid solar. So a lesson for countries seeking to
harness off-grid solar to improve domestic energy access is to tear down trade barriers that might
artificially increase the cost of solar systems.

Getting governments out of the way of innovation is a foundational requirement in order for public
policy to enable off-grid solar deployment, but for the sector to flourish, it will need active support.
The most important role that governments can play is in crafting a national plan for energy access that
helps off-grid solar firms focus their efforts most effectively. Without such a plan, firms marketing
SHSs or solar microgrids in remote areas might fear getting put out of business when the grid finally
does arrive. For example, a survey conducted in India found that companies’ fear of the main grid
arriving was the most commonly cited barrier to the development of microgrids in the country.50

By contrast, if the government maps out the areas where it is most feasible to extend the grid,
while carving out regions that might more economically be served by off-grid solutions, then it can
minimize the risk of competition between the two solutions. And by clearly articulating technical



standards for how to interconnect microgrids with the main grid, governments can help off-grid solar
firms plan for eventual grid extension and thus prevent them from losing their investment.51

Many countries have begun to do this. One of the most exciting examples is Nigeria, which has the
second-largest unelectrified population in the world. The government plans to electrify 75 percent of
the country by 2020 and is banking on off-grid solar to complement its grid extension efforts. The
government is designating some areas—those that might be sparsely populated, hilly, or otherwise
very expensive to serve with new transmission lines—as optimal for stand-alone SHSs or isolated
solar microgrids. It has designated other areas as targets for extending the central grid. Finally, it has
chosen some areas, such as those where a grid connection exists but is weak or unreliable, as best
suited for microgrids to shore up electricity access in the near term, with the option for the
government to eventually extend the grid and link up with the microgrids in the future.

If and when that happens, the government has pledged to compensate microgrid providers, either
buying their infrastructure outright or allowing them to continue operating as local distributors for
electricity from the merged main grid and microgrid.52 To create these geographical designations,
Nigeria has taken advantage of studies that marshal computer simulations to predict which regions are
best served by microgrids, the main grid, or both (see figure 5.4).53 And by articulating this overall
vision, the public sector is able to provide certainty to off-grid solar providers and encourage them to
fill needs that are beyond the government’s capacity.

Figure 5.4
Using microgrids and main grid extensions to electrify Nigeria. This map, based on research conducted at the Royal Institute of
Technology in Sweden, depicts the optimal deployment of different strategies to achieve universal electrification in Nigeria. The dark
gray regions are areas where the main grid currently operates or could feasibly be extended. The light gray regions are remote, possibly
sparsely populated areas where it does not make economic sense to extend the main grid. And the black areas are targets to deploy
microgrids (likely powered by solar), which could initially provide energy access without the main grid, but to which the main grid might
ultimately connect.
Source: Reprinted from International Energy Agency (IEA) (2014), and originally published in Mentis et al. (2015).

Another way that governments can promote off-grid solar growth is by driving down the



technology costs of off-grid systems. India has excelled at this. In fact, the Indian government can take
much of the credit for the recent plunge in LED prices, and its strategy could work well to lower the
cost of other DC appliances. To reduce technology costs, the government, through an agency called
Energy Efficiency Services Limited (EESL), has purchased LED lightbulbs in massive quantities,
enabling it to distribute and sell them for very low prices. Through the end of 2016, the agency had
sold more than 200 million bulbs and driven their prices in India down below those in the West.54

And major suppliers, including Phillips, have competed aggressively—and frantically worked to
improve their products—in order to win lucrative bulk contracts with EESL.

Saurabh Kumar, EESL’s director, excitedly informed me over breakfast one day that the next
technology he was targeting was air conditioners. If India can drive down the cost and increase the
efficiency of air conditioning, which could be the single largest driver of India’s electricity demand in
the coming decades, it could bring modern energy access to hundreds of millions of people without
vastly increasing India’s carbon emissions. And by purchasing other DC appliances in bulk, it could
make the DC microgrid an even more affordable proposition.

Yet another need that the public sector can help fill is the dearth of trained professionals to install
and service solar systems.55 Governments can fund centers to train electrical technicians, for example.
Off-Grid Electric and other companies already train some service professionals in house, but start-
ups by themselves have been unable to train enough professionals to meet the sector’s exploding
demand.

Finally, the public sector can help jump-start the off-grid solar industry by providing access to
low-cost capital. In particular, both governments and international financial institutions such as the
World Bank can help provide working capital—the funds that an off-grid provider needs to build up
its inventory and construct solar systems. In the long term, the industry should be self-sustaining, in
that solar providers should be able to tap into capital markets, for example through securitization, to
finance PAYG solar services for customers. But just to set the industry on a trajectory for self-
sustaining growth, the public sector might provide low-cost working capital loans or grants.56 Again,
this support should resemble training wheels, not a permanent crutch.

Together, a strategy of dismantling distortionary policies and implementing enabling ones is the
best way to support the nascent off-grid solar industry. The combination of supportive public policies
and vibrant business-model innovation could provide hope—and a pathway toward modern energy
access—for Grace’s family and countless others like it.
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PART III    REINVENTING SOLAR

Highlights

The trend is clear: Solar installations based on existing silicon photovoltaic (PV) technology should
expand their market penetration over the next decade. But beyond then, their growth could hit a
ceiling. Meeting solar’s midcentury target of powering one-third of global electricity demand will
require dirt-cheap solar and cost-effective storage of the electricity it produces. For humanity to
meet the longer-term goal of meeting a majority of its overall energy needs by harnessing sunlight, it
will need to devise ways of converting solar energy into fuel. The technologies for meeting both
goals do not exist at commercial scale today. Technological innovation is therefore urgent.
Today, silicon technology dominates the commercial solar PV market, but researchers in academic
laboratories around the world are making rapid advances in tomorrow’s solar PV materials.
Chapter 6, “Revolution by Evolution,” explores the brief history and meteoric ascent of solar cells
made of perovskite, a material that could enable manufacture of cheap, highly efficient solar
coatings that could be unspooled from a printer much as newspaper is printed. Perovskite currently
has taken the lead among emerging PV technologies, and even more radical ideas and materials are
on the drawing board. Because revolutionary technologies face steep barriers to enter the
marketplace, it might be easier to find an evolutionary route from today’s PV technologies to
tomorrow’s. One promising approach to do just that is to layer perovskite on top of silicon,
piggybacking an emerging technology on top of the established incumbent.
Solar PV technology—whatever the material—converts sunlight instantaneously into electricity. It
would be much more useful to instead squirrel away the sun’s energy to be used on demand.
Chapter 7, “Stashing Sunshine,” reports on the rapid progress scientists are making on converting
sunlight into more convenient stores of energy. For example, artificial leaf technology already
outperforms natural photosynthesis and can generate fuels that could one day replace oil. Still
another way to store the sun’s energy is in the form of heat. So scientists are working to upgrade the
technology behind concentrated solar power plants to focus the sun’s rays to higher temperatures
than ever before, enabling these plants to run 24/7.



 



Chapter 6    Revolution by Evolution

Wintertime’s arrival in England adds an unpleasant chill to already dreary, drizzly days. So, I wasn’t
surprised at the resigned mood in the conference room as a motley crew of graduate students and
postdocs shuffled in for a weekly lab meeting in 2011. Many of us hailed from much balmier climates
—California, Spain, Italy, even the Caribbean islands. We were all here, amid the dreaming spires of
Oxford University, to learn from Professor Henry Snaith, an up-and-coming scientist studying brand
new materials for solar power.

Henry—he insists on being called by his first name—is not your average physics prof. A former
rugby player at Cambridge University, he’s energetic, athletic, and competitive; once he took our lab
skiing in the Alps, beat us down every run, and made fun of the slower folks (okay, just me). He’s
also gregarious and charming, especially when discussing his work. And he’s equally comfortable in
the lab or at a cocktail party. Most important, he is a brilliant scientist with a spooky intuition about
how materials behave at the nanoscale, in the realm of atoms and electrons.

Not surprisingly, Henry earned attention from renowned scientists early in his career. He studied
under Professor Sir Richard Friend at the famed Cavendish Laboratory at Cambridge, and he went on
to pursue postdoctoral research in Switzerland under Professor Michael Grätzel, another venerated
researcher. He was still a post-doc when our lab held its routine weekly meeting on that dreary day, a
young scientist with a solid pedigree and fewer than 3,000 citations to his papers.1 Over the next four
years, Henry would amass ten times that many citations, ascending to become the second-most-cited
scientist in the world in 2015.2 As it turned out, that lab meeting was anything but routine.

Mike Lee, one of my fellow graduate students, unveiled a startling discovery. At Henry’s behest,
he had flown to Japan to track down a chemical recipe that researchers at Tokyo University had
invented for making novel solar cells. Then, back at Oxford and working late at night, a bleary-eyed
Mike mistakenly flipped two of the chemical concentrations on his recipe. The mistake yielded a
solar PV cell that was more than 10 percent efficient—able to convert more than 10 percent of the
sun’s energy striking it into electricity.

Compared to the record silicon solar cell efficiency of more than 25 percent, Mike’s number was
unremarkable. But it was a major jump for a material not already in commercial use. Our lab (as well
as a scattered assortment of researchers around the world) was trying to get away from silicon’s
limitations, such as the need for expensive manufacturing equipment and the brittle quality of silicon
wafers that resulted in rigid, ugly panels. With the right material, we thought, a cheap inkjet printer
might be able to produce rolls of flexible, efficient solar PV coatings. Flexible coatings would make
it possible to put energy-producing materials on parts of buildings that cannot support solar panels
and might increase solar’s aesthetic appeal as well. After more than a decade of trying, the best result
that anyone had achieved was 7 percent efficiency. Mike had managed to get to more than 10 percent
using a brand new material that he had stumbled on and not yet optimized—the equivalent of nailing a
bulls-eye in darts while blindfolded. As the results sank in, our team of stunned researchers salivated,
confident that concerted development of the material should make it possible to improve efficiency to



20 percent and well beyond.
The material Mike had tweaked to such dramatic effect is known as “perovskite” (“pear-AHV-

skite”). Unlike their silicon counterparts, perovskite solar cells are simple to make at the lab bench.
They are also remarkably versatile, enabling flexible, colorful, semitransparent, and lightweight
variants. Once Mike’s results became public, the idea that they could have these properties and also
be highly efficient at absorbing sunlight and converting it into electricity sparked a solar gold rush.

Our lab had a head start, as Henry smartly deployed the rest of us to learn as much about this
material as we could while he and Mike prepared an announcement to the world for the prestigious
pages of Science magazine.3 In those early days, our little group of researchers resembled kids in a
playground, with perovskite all to ourselves. I was elated that perovskite acted like fairy dust on all
my existing experiments, turning kooky solar cell designs into respectable devices. But Henry would
gently prod me to recognize that perovskite was much more than a fairy-dust accessory to another
experiment—it was the main event itself. Our monopoly over research into Henry’s perovskite ended
a year later in 2012, when the rest of the scientific community read about the technology, and
researchers around the world dumped their previous projects to pile onto the field.

This flurry led to flourishing international collaboration—but also fierce competition. The most
intriguing subplot has been the rivalry between Henry’s lab and that of his former mentor, Michael
Grätzel. Once, my colleague Sam Stranks discovered that Grätzel and his colleagues were racing to
beat Sam to press with a research result that Sam had independently obtained weeks earlier and
presented at a conference. Henry and Sam worked around the clock to prepare their own manuscript
and win the scoop. Ultimately, Science published the two results side by side.

Beyond conferring credit to both teams, the simultaneous publication was a powerful signal that
perovskites are such an important breakthrough that they merit the extra column inches in top journals
that cover a myriad of other scientific fields.

In fact, just from 2012 to 2016, nearly thirty articles discussing perovskite solar were published in
the top two scientific journals, Science and Nature. For a scientist, publishing in Science or Nature is
akin to an actor receiving an Oscar nomination. And the surest way to publish a prestigious article
relating to solar is to set a new efficiency world record. Responding to this incentive and the prospect
of revolutionizing solar technology, scientists from around the world—most recently in South Korea
—have pushed up the efficiency of perovskite solar cells faster than that of any other solar technology
in history (reaching more than 22 percent by 2016).4

If you’re surprised that you haven’t heard of perovskite, don’t be. Outside the rarefied world of
academia, where researchers confer celebrity status on the latest efficiency holder, very few people
understand how remarkable this new material is. Some in the silicon-dominated solar industry may be
aware of perovskite, but they are not worried about it challenging silicon’s primacy. At least in the
short term, they are entirely justified. The frenzy in academic circles surrounding cell efficiency has
very little to do with making a commercial product that will survive outside for years or even
decades, as current silicon panels regularly do. In the lab, scientists attempt to break the efficiency
record by cherry-picking the best result from tests of hundreds of tiny slivers of solar material a
fraction of the size of your fingernail under a special lamp simulating perfect noontime sunshine.

Realizing what it will take to bring the technology closer to commercialization, academics have
recently started to build bigger perovskite cells, subject them to real-world heat and moisture
conditions, and test how long they survive. But the cells may never leave the lab unless investors



become interested in them. Investors, however, are skittish about funding solar start-ups, having lost
their shirts in the Silicon Valley clean technology boom and bust from 2006 to 2011. As long as
investors and the solar industry continue to ignore academia, perovskite and other new solar
technologies could well remain lab-bench novelties.

Such neglect could be disastrous for solar power’s long-term prospects. Chapters 4 and 5, on
financial and business model innovation, explained how existing solar technology can flourish by
accessing vast untapped pools of low-cost capital. That approach, on its own, might work for a
decade, or maybe even two. But solar must do more than attract investment in existing technologies to
meet the midcentury target of supplying a third of the world’s power. As described in chapter 3, solar
will have to surmount its plummeting value as its penetration increases—the value deflation effect
already manifest in Germany and California—as well as the strain on power grids that must integrate
an intermittent generation source. Once solar power ascends to provide a double-digit percentage of
global electricity, these obstacles could prevent it from delivering a larger share of the world’s
electricity, even if the cost of silicon-based solar PV systems continues the rate of decline it has
enjoyed over the last half-century.

To avoid a growth slowdown, solar PV will need to become still cheaper. And to do that, it has to
become more efficient than silicon may ever allow. That’s why a group of leading solar scientists
insisted in 2016 that solar research is not finished, arguing:
While [the] spectacular success [of solar photovoltaics (PV)] should be celebrated, many PV researchers have recently been dismayed
to see shrinking public PV research and development (R&D) funding (both in the US and in other countries) … For higher penetration of
the market, PV systems must cost even less to cover the additional costs of storage or transmission so that solar generation can be
dispatched to cost-effectively meet electricity demand more broadly in both time and space.5

Fortunately, exciting research on many fronts has potential to improve the performance of solar PV
and make it much cheaper. Future technologies lie on a spectrum from evolutionary to revolutionary.6

Evolutionary improvements to existing technologies have a better shot at making a commercial debut
in the near term—remember that a successful innovation is one that makes it to market. And the most
promising evolutionary option right now is for perovskite or other materials to literally piggyback
right on top of existing silicon solar panels. Combining silicon with perovskite would boost the
efficiency of existing panels, while largely leaving the existing production process and the finished
product the same, maximizing the chances of market acceptance.

But down the road, revolutionary concepts that look nothing like today’s PV panels will be
needed, and those advances require investment right now so they can ultimately bring massive
benefits. The evolutionary route can lead to a revolution. For example, layering perovskite on top of
silicon in the near term can eventually make it feasible to produce even more efficient and versatile
all-perovskite solar coatings, smashing through the limits that constrain silicon technology.

Although perovskite is the lab leader, it does have potential drawbacks, and it isn’t the only
promising solar material out there. Other approaches—including organic and quantum dot solar cells
—come with their own unique advantages. They present the possibility of a virtually limitless range
of color, transparency, and flexibility, as well as theoretically unmatched efficiency.

All these new technologies could enable a range of applications. They could coat weak shanty
roofs in urban slums, power forward-deployed military operations, and give architects a diverse
palette for designing beautiful, energy-efficient buildings. Highly efficient solar tarps might carpet
deserts; Home Depot might sell solar paint as cheaply as wallpaper. And, new technologies could



even make it feasible to realize an idea generally dismissed as science fiction: space-based solar
power, which would harness a 24/7 supply of sunlight and beam power down to the Earth’s surface.

Right now, we don’t know which solar technologies and which applications will be needed to
transform today’s fossil fuel–dominated power system. So, it makes eminent sense to pack our
technological quiver with as many potent arrows as possible. Henry Snaith knows that tall barriers
stand in the way of any upstart that aims to challenge silicon’s dominance over the solar industry. But
that hasn’t stopped him from trying. He’s founded a start-up, Oxford PV, which has generated the most
buzz of any solar start-up in years. He can’t do it alone, though. It will take scientists, entrepreneurs,
investors, corporations, and—importantly—policymakers to help emerging solar technologies have
their day in the sun.

From Photons to Electrons

To understand what it takes to maximize the efficiency of PV cells, consider how silicon cells convert
incoming sunlight into electricity. Solar electricity production involves two of nature’s elementary
particles: the photon and the electron. Photons are wispy particles of light, and a photon’s energy is
directly related to what color it is. For example, blue photons have more energy than red ones;
invisible ultraviolet photons have even higher energy, whereas infrared photons—also invisible—are
low energy. Electrons are negatively charged particles that surround the positively charged nucleus of
an atom.

A solar cell recruits both of these particles by transferring the energy from each incoming photon
to an electron. Once endowed with an energy boost, the electron can break free from its host atom and
exit the solar cell. The stream of electrons leaving the solar cell represents electricity, and the amount
of energy pumped out by the solar cell depends on two values. First, the “electric voltage” is tied to
how much energy is in each electron that flows out of the solar cell. Second, the “electric current”
depends on the total number of electrons leaving the solar cell each moment. The power output of a
solar cell—how much electric energy it pumps out every second—is just the voltage multiplied by the
current.

So, if a solar cell could transfer all the energy from every single incoming photon to an electron,
and make sure that every energized electron left the solar cell to do useful electrical work, it would
maximize its electric voltage, current, and power output and be 100 percent efficient. But even the
very best silicon cells can muster only a quarter of that figure. Why? Silicon is a semiconductor—a
material that can switch back and forth between a conductor of electricity and an insulator, making it
possible for electrons to toggle between staying put and moving around when photons strike them.
And, semiconductors have a fundamental feature that limits their efficiency: the more photons the cell
absorbs, the less energy per photon it can transfer to each electron. In other words, there is a trade-off
between the maximum current and the voltage that a solar cell can produce, even though both
quantities matter for the cell’s power output. The more current there is, the less voltage, and the more
voltage, the less current. Because electrical output is simply voltage multiplied by current, 100
percent efficiency remains out of reach.

The voltage-current trade-off stems from a property of semiconductors called the “bandgap”: the
amount of energy that an electron needs to break free from its host atom and contribute to the cell’s
electric output. A photon with less energy than the bandgap will pass right through the solar cell. A



photon with more energy than the bandgap can transfer only a bandgap’s worth of energy to an
electron—the rest of the photon’s energy gets wasted as heat.

Think of a particular semiconductor’s bandgap as the amount of force needed to get ketchup
flowing from a stuck bottle. Tapping the bottom too lightly won’t do anything to get the ketchup
flowing (analogous to a low-energy photon passing right through the solar cell). Hitting it with the
perfect amount of force will transfer just enough energy to get the ketchup flowing (like a photon with
energy equal to the bandgap setting an electron free to flow out of the solar cell). And hitting the
bottle with a sledgehammer will also get the ketchup flowing—but at the cost of expending a lot of
energy to heave the hammer and wasting most of that energy (like a high-energy, ultraviolet photon
transferring a bit of its energy to an electron and then dissipating a lot of heat).

To achieve high efficiency, scientists have to choose a material with an optimal bandgap. If the
bandgap is too high, most photons will lack the energy needed to eject electrons and will pass right
through the solar cell, failing to generate much electric current. If the bandgap is too low, most
photons will set electrons free but only transfer a dribble of energy to each one, resulting in a low
voltage. Silicon happens to have a decent bandgap somewhere in the middle, although it is a little
lower than that of more ideal semiconductors, such as gallium arsenide, which is used to make more
efficient solar cells but is too expensive to have commercial success. Theoretical models indicate
that silicon’s highest efficiency is about 29 percent—a couple percentage points lower than that of
gallium arsenide.

Despite more than a half-century of development, silicon has topped out at just above 26 percent
efficiency, below its theoretical maximum. Why? The reason lies in the journey that an electron takes
from being liberated by a photon to successfully exiting the solar cell. It turns out that the path is filled
with perilous potholes, and electrons behave like drunk drivers. If a mobile electron runs into an
obstacle or a trap, it loses as wasted heat some of or all the energy imparted by the photon. A solar
material that is a perfect crystal lattice—that is, its atoms are perfectly arranged in a repeating pattern
—will pose no obstacles to electrons careering across the lattice toward an external circuit. But real-
life crystals tend to have defects or impurities that can impede an electron’s journey. So, it takes
expensive equipment and temperatures above 1,000°C to produce high-purity silicon with very few
defects. Those defects that remain, as well as ones at the interfaces between silicon and other layers
of the finished solar cell, prevent some fraction of electrons from reaching the external circuit,
reducing the efficiency of real cells below their theoretical limit.

This process is summarized in figure 6.1, which walks through the various losses that a silicon
solar cell incurs in trying to convert sunlight into electricity. The x-axis shows the range of different
photon energies, or colors, emitted by the sun. And for each color, the y-axis value sums up the energy
from all the photons that pass through a 1-m2 box every second, otherwise known as the “power
density” for that color.



Figure 6.1
Harnessing sunlight with a silicon solar cell. This graph displays the total energy embodied in sunlight and the various losses incurred
by a silicon solar cell in converting sunlight to electricity.

The area of “atmospheric losses” represents the power that is lost as sunlight travels from outer
space through the Earth’s atmosphere, and photons bump into air molecules before reaching a solar
cell on the Earth’s surface. Now the solar cell starts to rack up losses. Every photon below the
bandgap of silicon, which is 1.1 eV (“eV,” or “electron-volt” is just a measure of energy appropriate
for a tiny particle like an electron) passes right through the solar cell. Every photon above the
bandgap transfers only a bandgap’s worth of energy to an electron, wasting the rest as heat. Thus,
after these “thermalization losses,” the silicon solar cell’s electrons already have less than half the
energy that the sun’s photons brought to the Earth’s surface. From there, electrons lose more energy as
they zig and zag their drunken route toward the exit, bumping into crystalline defects and traps as they
go. Those “voltage losses” further reduce the electric power output of the solar cell. What’s left—the
area labeled “power output”—represents an efficiency of just 25 percent or less of the sunlight
incident on the solar cell.

For decades, the received wisdom among experts was that it would take high-temperature
processing and expensive equipment to prepare high-purity crystalline materials, as silicon is, to
maximize the efficiency of solar cells. Getting to 30 percent efficiency and beyond was a commercial
nonstarter because exotic approaches, such as stacking layers of semiconductor on top of each other
to capture more of the solar spectrum, have traditionally been prohibitively expensive. But perovskite
technology has shattered both of those conventional assumptions, forcing scientists to rethink whether
silicon is indeed the best technology out there.

Say That Ten Times Fast

Even though it is a seemingly foreign, tongue-twisting term, perovskite isn’t anything new to
scientists, especially not geologists. The term applies to a particular crystal structure; various
minerals that take the perovskite structure are abundant below the Earth’s surface. What Mike
fabricated at Oxford, though, was a synthetic perovskite, rather than a naturally occurring one. His
creation incorporated inorganic atoms, as is usual in natural perovskites, with organic molecules.
High-efficiency solar cells are normally made of inorganic materials. Such materials include silicon
and gallium arsenide—traditional materials that are produced in wafers that can be turned into



discrete solar cells—as well as materials such as cadmium telluride (CdTe) and copper indium
gallium (di)selenide (CIGS) that can be deposited as continuous, thin films. Organic polymers are
used in plastics, among other applications, and have historically been considered inefficient and
unreliable solar materials, though they are easier to work with and cheaper than their inorganic
counterparts. As it turns out, perovskite is a hybrid that combines the best elements of its inorganic
and organic constituents.

One of the remarkable characteristics of perovskite is that it naturally coalesces into near-perfect
crystals without much effort at all. To make perovskite materials in the lab, researchers will mix up
the chemical constituents of the perovskite and dispense a few drops onto a spinning slide. Then, just
like tide pools at the beach leave behind salt crystals, the evaporating solvents leave a film of
perovskite crystals that are ready to guide drunken electrons safely to their off-ramps from a solar
cell. Researchers are still working hard to improve perovskite crystal quality, and their improvements
to date are a big reason why the efficiency of perovskite solar cells more than doubled from 2012 to
2016.7

Perovskites can be produced at low temperatures, which makes it possible to deposit them on
flexible materials like plastics or ultrathin metal meshes.8 By contrast, making a silicon solar cell
requires heating it to temperatures that rule out most flexible substrates. Flexibility is out of the
question for current commercial silicon technology anyway, because silicon wafers are so brittle that
they crack at the slightest stress. (I did a stint working on a silicon production line, and I snapped
countless wafers when unpacking them, picking them up, and, in one instance, sneezing on one.)

Another advantage that perovskite has over silicon is an adjustable bandgap. Whereas silicon’s
bandgap is fixed at a suboptimal, infrared 1.1 eV, scientists can adjust the perovskite bandgap by
tweaking its chemical composition. That flexibility opens up the tantalizing possibility of cheap,
multijunction solar cells that stack semiconductors of different bandgaps on top of one another to
capture more of the solar spectrum than silicon can. Whereas a single material is limited to a
maximum theoretical efficiency of 33 percent, a two-layer solar cell’s ceiling is 44 percent, and
adding a third layer gets it all the way up to 50 percent.9

Here’s how such a multijunction cell works, considering just a two-layer, or tandem, cell for
simplicity. The top layer has a high bandgap, so it absorbs visible and ultraviolet photons and
harvests a large amount of energy per photon. The bottom layer has a lower bandgap, ideal for
absorbing lower-energy photons. The infrared photons that pass right through the top layer get
absorbed by the bottom layer. Because the high-energy photons have already been harvested, their
energy does not get wasted as it would if the cell consisted of a low-bandgap layer alone. Thus, the
layering mitigates the trade-off between absorbing more photons and harvesting as much energy per
photon as possible.

Already, researchers have developed high-bandgap (about 1.7 eV) perovskites to layer on top of a
silicon cell.10 Although the record efficiency for such a tandem device (nearly 24 percent as of 2017)
was less than the record for a conventional silicon cell, these devices will almost certainly surpass
silicon’s efficiency in the near future as researchers continue to optimize them.11 Others have made a
flexible tandem cell by combining perovskite and CIGS layers.12 And in 2016, Dr. Tomas Leijtens at
Stanford managed to combine two perovskites into a tandem device that was more than 20 percent
efficient.13 (Tomas, a tall, blond Dutchman, was formerly a graduate student with me, so I can attest
that behind his nonchalant surfer look is a brilliant scientific mind.) All-perovskite multijunction



cells, with two, three, or even more layers, could shatter efficiency records in the future and convert
more than a third of the sun’s energy to electricity.14

But in the nearer term, combining perovskites with silicon (figure 6.2) is the most promising
research avenue—evolutionary, not revolutionary. Not everyone agrees that perovskites can provide a
meaningful boost on top of silicon, but the results to date are promising.15 In press interviews, Henry
has disclosed that his company, Oxford PV, can boost the efficiency of commercial silicon solar
panels by a third with a perovskite coating.16 And although Oxford PV is out in front, other start-ups,
such as in the United States and China, are racing to catch up.

Figure 6.2
How a tandem perovskite/silicon cell works.
Source: Image reprinted with permission from Sivaram, Stranks, and Snaith (2015).

If layering perovskite on top of silicon works, it could pay off handsomely. The factory equipment
needed to deposit a perovskite layer would represent just a small fraction of the cost of a silicon
solar cell production line. The gains would far outweigh that small cost. More efficient panels would
be much cheaper per watt. Many associated costs of building solar projects, such as land and labor,
would fall as well because fewer panels would be needed to produce the same power. Most
important, the final product would look just like existing silicon solar panels that investors and
customers are comfortable with. Overnight, this product would become the best deal on the market.

Perovskites are not quite there yet, and much work needs to be done to improve their commercial
viability. Because of the skewed incentives of academia, most attention is focused on tweaking the
chemical formula of perovskite to maximize its efficiency—new world records are guaranteed airing
in prestigious journals.17,18 But just as important is proving that they can last, and poor durability has
been the Achilles’ heel of perovskite solar cells. Some argue that one of the elements found in many
perovskite formulations—iodine—destabilizes the cell from within.19 Others have demonstrated that
sunlight—yes, sunlight, the thing that a solar cell is supposed to receive—can degrade a perovskite
solar cell (although it recovers in the dark).20

Fortunately, scientists have started to design perovskite for durability as well as for peak
efficiency. Several groups have demonstrated perovskite cells that remain stable during more than a
month of testing. In one study, encasing perovskite in epoxy resin (similar to the glue used to bond



together pieces of wood) safeguarded it from ordinarily deadly moisture over several months of
storage in a hot and humid room.21 In 2017, researchers reengineered perovskites, using a brand new
architecture that saw no degradation after more than a year.22 The efficiency of their device was just
11 percent, but the team’s durability-first attitude is promising, given that to attract significant
investment, scientists will need proof that perovskite solar cells can survive in the real world for
years, or even decades. As unglamorous as it is, extended field testing in harsh, outdoor environments
will be a prerequisite for the technology to move toward commercialization.

Just as important, scientists must demonstrate that they can make perovskites that are much larger
than the sliver-sized prototypes in the lab. They need, therefore, to come up with methods for
depositing uniform, defect-free perovskites over larger areas. In 2016, an Australian group at
Professor Martin Green’s PV center made a 12 percent efficient solar cell that was about as big as the
palm of a hand.23 Then in 2017, researchers in the U.S. National Renewable Energy Laboratory
(NREL) made four fingernail-sized cells using a special perovskite ink and linked them together to
make a 13 percent mini-panel.24

These studies are promising; still, the efficiencies they achieved substantially lag the 20 percent
efficiency that other scientists have managed to achieve on a single fingernail-sized cell.25,26 But they
are far from the last word. One of my former classmates from Stanford, Joel Jean, is leading a new
initiative at the Massachusetts Institute of Technology (MIT) to help researchers transform their tiny
perovskite cells into large-scale, lightweight, flexible, and highly efficient solar panels for use in the
developing world.27

A theoretical final drawback of perovskite may have little basis in reality, but could loom large in
consumers’ imaginations. Because perovskite contains lead, it might be perceived as unsafe. This
lead content is unlikely to pose any health hazard. After all, the amount in a perovskite solar panel is
the same as in an equivalent volume of dirt.28 Moreover, if perovskites make their debut layered on
top of silicon, then the various sealing layers inside a conventional panel will virtually guarantee that
no lead will be able to escape.

Nevertheless, the presence of a toxic element might well provoke public concern. A good example
of what to expect comes from First Solar’s experience. That firm manufactures cadmium telluride
solar panels containing the toxic element cadmium, and it has faced opposition from communities near
the deserts that host its utility-scale installations.29 To assuage their fears, First Solar has
demonstrated that their panels would not discharge toxic cadmium even in a wildfire of 1,000°C.
Down the road, any perovskite firm will have to do similar stress testing of their product, and any
plans to seal in the perovskite with something flimsier than glass could complicate safety
demonstrations.

One promising route might be to eliminate the lead from perovskite altogether, as Dr. Nakita Noel
has proved can be done by replacing lead with tin (Nakita was also a fellow graduate student; I
remember her best for her colorful Trinidadian slang and perfectionist experimental design).30

Unfortunately, so far tin-based perovskites are less efficient than lead-based ones, so there remains a
clear trade-off between high efficiency and use of nontoxic materials.31 Still, the meteoric rise of
perovskite efficiencies and Henry’s inspired business decision to piggyback on silicon rather than
confront it head on are reasons to be optimistic that perovskite will transition from invention to
innovation—advancing from the lab into the world at large.



Alternatives to the Alternative

Even though perovskite is the undisputed leader in emerging PV technologies, its drawbacks create an
opening for other contenders to shine. One is organic PV. Organic electronics have already made a
splash in other fields. For example, your television or smartphone might have a screen lit up by
vibrant organic light-emitting diodes. Today, organic solar cells cannot match perovskite cells in
efficiency, but they are rapidly improving.

Organic solar cells also have some exciting advantages—at least in theory. They can be produced
with no toxic materials at all. They are extremely versatile, able to take on the full range of colors and
transparencies.32 (It’s possible to create perovskites of different colors as well, but organics rule
when it comes to versatility.) Like perovskites, organic solar cells can be produced at low
temperatures on flexible substrates, and they can be extremely lightweight.33 They also have
adjustable bandgaps, making organic tandem devices possible as well.34

Organic solar cells have a long way to go to catch either perovskite or silicon, however. Recently,
researchers have improved the notoriously poor stability of organic solar cells by introducing novel
materials, but much more proof is needed that these cells can last in the real world.35 And the best
efficiency of organic solar cells as of 2017 was still only around 12 percent, in large part because
organic materials make for quite treacherous terrain for an electron to travel across.

Researchers have tried to increase the surface area and decrease the volume of these materials—a
move somewhat akin to replacing logs of firewood with kindling—but doing that just adds surface
traps that can doom an electron’s journey. Researchers are toying with more radical ways to improve
organic solar cell efficiencies—such as relying on a quantum effect in which electrons are teleported
out of the cell, obviating the need to fix all the potholes in an electron’s path—but those prospects are
way down the road.36

Another exciting material for solar cells, “quantum dots,” could harness many more aspects of
quantum mechanics. As the celebrated (and irreverent) physicist Richard Feynman quipped, “Nobody
understands quantum mechanics.” Physics gets weird on the scale of nanometers (for reference, a
nanometer is about the width of two silicon atoms)—and that weirdness is exactly what quantum dot
solar cells would harness.

Quantum dots are semiconductor particles that are only a few nanometers in diameter. Many of
their properties, including their bandgap, depend on their exact size, so scientists can manufacture
quantum dots with a range of bandgaps just by making them bigger or smaller. And like perovskite or
organic solar cells, it is possible to make quantum dot solar cells at low temperatures at the lab
bench, opening up possibilities for flexible, lightweight solar coatings.37 In fact, academics are even
starting to combine technologies. For example, researchers recently created quantum dots out of
perovskite to make a solar cell with greater than 10 percent efficiency.38

Although the record quantum dot solar cell efficiency was only around 13 percent as of 2017,
investigators have some tricks up their sleeves to raise that number. Here is where things get weird.
First, quantum dots may be able to transfer the energy from a single photon to two or more electrons
(a process known as “multiple exciton generation”), which would be less wasteful of photons with
energy way above the bandgap. So instead of obliterating a single ketchup bottle with a
sledgehammer, think of distributing the sledgehammer’s force across many ketchup bottles to get lots
of ketchup flowing.



A second quantum way to avoid wasting high photon energies is to transfer more than a bandgap’s
worth of energy from a photon to a single electron and extract the excess from the solar cell before it
is released as heat (this is known as the “hot carrier” strategy). Some researchers have even proposed
using a coating of quantum dots to absorb high-energy photons and emit twice as many low-energy
photons to a solar cell waiting below in order to harness them more efficiently.39 Although these
effects have been observed in the lab, using them to improve cell efficiency is far off on the horizon.

A final way to take advantage of the weirdness of quantum dots is something called “plasmonic
resonance.” If the quantum dots are just the right size, incoming light waves will jiggle their electrons
at just the right frequency to transfer energy with very high efficiency.40 Think of this as somewhat
similar to an opera singer hitting the exact right note that shatters a champagne flute: very effective
energy transfer—though a little messy.

All of these are exciting prospects for a new generation of solar technologies. Figure 6.3 plots the
rise in efficiencies for several different solar materials side by side, showing the rapid progress
across the board. Whereas the five plots on the left display the efficiencies of different solar cells, the
two plots on the right show the efficiencies of full panels composed of many cells. The efficiencies of
panels are lower than those of cells because of power losses that accompany putting cells together,
and because bad cells drag down the performance of good ones. Even taking such losses into account,
panel efficiencies could rise dramatically in the coming decades. The final plot on the right displays
one study’s projection of how new technologies could increase the efficiency of commercial solar PV
panels. That projection sees panel efficiency hitting 35 percent—roughly double the average panel
efficiency in 2016—by midcentury.

Figure 6.3
Comparison of solar PV efficiency across different technologies. The first six panels chart the progress in record efficiencies for
solar cells and panels made of different materials between 2010 and 2017. The rightmost panel projects the efficiency for the best,
commercially available solar panel by 2050 (it is likely that this solar panel will consist of multiple semiconductor layers; it might also
combine emerging and existing technologies).
Source: Historical record efficiency data from NREL and industry reports. Future projection from Albrecht and Rech (2017).

But are academics barking up the wrong tree? Is higher efficiency even necessary? Does the world
really need rolls of flexible and lightweight solar coatings? Or are today’s silicon panels already up
to the task of providing cheap solar power in the twenty-first century? Answering these questions



requires delving into the possible applications of new technologies and understanding whether they
can add value to existing markets and unlock brand new ones.

One Size Doesn’t Fit All

The assertion that silicon solar panels are all the world needs for solar to flourish implicitly makes a
huge bet: that silicon panels can be cheap, modular, and versatile enough to serve a wider range of
uses than they do today. But this is unlikely. Even in solar’s core markets today—utility-scale and
rooftop installations—higher-efficiency panels than those sold now could substantially reduce costs,
which is crucial to securing solar’s competitiveness when value deflation sets in at high penetrations.
And there are other markets for which today’s silicon PV panels are inadequate, such as in places in
both the developed and developing worlds where roofs are weak, in areas where military operations
are carried out, and even in outer space.

For today’s solar PV markets, however, it isn’t obvious why silicon needs replacing, not least
because silicon solar panels keep getting cheaper. For decades, they have fallen in cost regularly by
roughly 20 percent for every doubling of total production, as producers incrementally shave their
costs as they gain scale and experience. This pattern makes it possible to roughly forecast costs well
into the future by making some assumptions about the continued growth of solar production.41 A 2017
study forecasts that the total cumulative solar capacity around the world could hit 8 terawatts (or
8,000 gigawatts) in 2030. By then, the average solar panel would cost $0.25 per watt of rated
capacity, thanks to lower-cost production, incrementally better efficiencies, and longer panel
lifetimes.42

On top of this, there will likely be declines in the associated costs to install a solar PV project,
including other hardware, land, labor, and soft costs such as permitting and financing. Recently, the
U.S. Department of Energy (DOE) released a road map incorporating all those reductions. In 2030,
the study found, electricity from a utility-scale solar PV plant might cost just 3 cents per kilowatt-hour
(figure 6.4), roughly half its cost in 2016.43



Figure 6.4
The DOE SunShot 2030 cost road map for solar power. Comparison of the cost of a fully installed utility-scale solar PV installation
in 2016 with one in 2030, based on projected declines in the costs of PV system components and maintenance as well as longer PV panel
lifetimes.
Source: DOE (2016).

The problem, my colleague Shayle Kann and I have argued, is that even halving solar PV’s costs
probably won’t be enough. That would still leave the cost of electricity from solar PV roughly double
the level needed to outpace value deflation, which sharply reduces the economic value of each
additional kilowatt-hour of electricity from solar PV as more of it connects to the grid.44

Some observers contend that replacing silicon solar panels with some other material won’t solve
the devaluation problem because the panel represents only a fraction of the costs of a utility-scale
solar PV installation. Indeed, as the MIT Energy Initiative has reported, “Reducing the cost of [solar
panels] by half only reduces estimated costs by about 15% for the utility-scale projects we analyze,
and 9% for the residential-scale projects.” The Initiative’s report concluded that trying to improve
solar panel efficiency beyond 15 percent is just wasted effort.45

But others disagree strongly. In fact, Martin Green—who, remember, predicted the dominance of
silicon solar back when that was a very lonely view—argues that higher efficiencies can make a big
difference to solar’s long-term prospects.46 In the near term, he predicts that the industry will try to
max out the efficiency of silicon solar panels, using a design that he invented in Australia decades
ago. But down the road, firms that can increase the efficiency even more, for example, by using
perovskite-silicon or even perovskite-perovskite tandem cells, will have a big advantage. In addition
to lowering panel costs, higher panel efficiencies enable solar installations to pump out more power
with fewer panels. And needing fewer panels reduces the land, labor, and equipment costs of a solar
project. This math applies to utility-scale applications and is even more important for installations on
rooftops with limited areas, which put space at a premium.

Higher efficiencies are not the only advantage that new technologies offer. Shattering the existing
paradigm of heavy, rigid panels would also broaden solar’s appeal. Historically, installers often had
to choose performance over flexibility. Thin films of “amorphous” silicon, which has low
crystallinity, were good enough for powering calculators or camping equipment, but not for much else
because they were very inefficient. But in being flexible, lightweight, and highly efficient, perovskites



and other emerging technologies could extend the uses of solar in existing markets and make inroads
into new ones.

The new materials—perovskites, organics, and quantum dots—all share the prospect of being
printed on flexible substrates en masse, much as reams of newspapers are spooled through high-
volume printers. The ease of transporting solar rolls would reduce logistics and shipping costs across
the industry. Then, the ability to unroll solar tarps out in the desert, with minimal equipment to secure
them, could slash the cost of utility-scale solar.

The elastic solar materials that have already been demonstrated in the lab could be deployed in
new types of terrain, such as shifting landfills or uneven hillsides. In distributed markets, solar paint
could be far cheaper and more aesthetic than existing rooftop panels, as could solar materials
integrated into buildings in new ways. Tesla has already announced solar roof shingles that cleverly
conceal silicon cells in expensive roofing materials. If it can switch to the high efficiencies and
stunning versatility of new materials in the lab, it could make even more appealing and affordable
products for the mass market.

The first new market for innovative materials might be rooftop solar for the developing world. An
estimated 1 billion people in the developing world live in urban slums, mostly under roofs too weak
to support heavy silicon solar panels.47 In the best cases, these roofs are made from thin sheets of
metal, and in the worst cases, they are flimsy textiles that barely offer shelter. Most of these people
also lack access to reliable energy. Therefore, flexible, elastic rolls of highly efficient solar coatings
could make it possible for these populations to power their own needs and perhaps even feed surplus
power into the grid.48 Importantly, researchers in academia and industry will need to develop sealants
to protect the solar rolls from moisture, dust, and wear, and they will need to develop ways to anchor
flexible PV to makeshift roofs and durably connect electrical cables. All of this will require
engineering innovation beyond just the core solar material innovation that academic labs are currently
pursuing.

The versatility of new technologies could also enable the integration of solar and building
materials in a variety of ways. In densely populated urban areas, roof space for solar panels is
constrained. But skyscraper windows and building facades receive plenty of direct and diffuse
sunlight over the course of the day. Making it possible to convert some of that sunlight—which
otherwise might heat up building interiors and increase power demand for running air conditioners—
into power could offset a building’s energy use. Already, researchers in the lab have developed
semitransparent perovskite cells that produce electricity with 13 percent efficiency while keeping out
85 percent of the heat that would pass through a window in the absence of the cells.49 And because
new materials can take on a range of colors and transparencies, building-integrated PV could
enhance, rather than constrain, an architect’s palette—think of power-generating stained glass, for
instance.

The military would also be an eager customer for new solar technologies. Whereas a gallon of
diesel fuel might cost consumers $3 at the pump, it can cost the military fifteen times as much in the
field once the cost of fuel convoys and their protection is factored in.50 If, rather than refueling diesel
generators to power a base in Afghanistan, the military could instead easily transport lightweight rolls
of solar film that it could unroll and deploy, it would save money—and maybe lives, too.

But for me—a science fiction junkie—the most exciting prospect of all is truly out of this world.
Recall that the strongest solar radiation is actually in outer space, before the molecules in the Earth’s



atmosphere absorb a chunk of the energy in sunlight. And, obviously, there is no such thing as
nighttime in outer space—the sun shines 24/7. So, there is ten times as much solar energy to harness
outside the Earth’s atmosphere compared with at the surface, taking into account the lack of seasons,
weather, variable daylight, or atmospheric losses.51 Would it be possible to construct massive solar
farms in outer space and somehow send the energy back down to Earth, providing massive amounts of
24/7 power?

This idea is not as far-fetched as you might imagine. In fact, Japan is very serious about building
an orbital solar power satellite. Its goal is to lead an international consortium to build a satellite that
can pump out 1 GW—which would weigh more than 10,000 tons and measure several kilometers
across—in the 2030s. As hard as setting up the satellite would be, Japan is focusing on the even
tougher challenge of beaming power back down to Earth via microwave radiation, which a several-
hundred-meter receiving station on Earth would turn into electricity. Elon Musk is dismissive of the
idea because of the conversion losses from sunlight to power to microwaves to power again. But
Japan’s space agency believes that the abundance of 24/7 power in space could more than
compensate for the losses.52

New solar materials could go a long way toward making an orbital solar power satellite viable.
Lightweight, highly efficient, and foldable or rollable solar film could be much easier to launch into
space. In addition to solar material innovation, there are at least five other categories of innovation
needed to realize the solar power satellite vision. These include “wireless power transmission, space
transportation, construction of large structures in orbit, satellite attitude and orbit control … and
power management.”53

Perhaps these challenges are collectively too daunting to surmount, especially in an affordable
way. But the Japanese attitude is the right one when it comes to imagining the future of solar
technology: remarkable advances become possible by pouring attention and resources into
innovation.

Escaping Lock-In

Unfortunately, the industry as a whole takes a dim view of innovation. In other industries, such as the
semiconductor industry from which solar descended, Intel and other large corporations routinely
spend up to 20 percent of their revenue on R&D. In solar, that figure is more like 4 percent to 7
percent for a U.S. firm, such as First Solar, and around 1 percent for Chinese firms. Recently, both
Chinese corporate and government funding for solar technology innovation has risen, but it remains
well below U.S. levels.54

As long as China retains its stranglehold on the solar industry, the country is unlikely to abandon
the silicon technology that has vaulted its firms to the forefront of the global industry. Indeed, most in
the industry view silicon solar panels as the end point of a half-century of innovation. Now, the
industry is focused on ruthless cost-cutting, from the upstream production of polysilicon to the
downstream deployment of silicon panel–based installations. And because the factories that make
solar panels, including the facilities and equipment to produce high-purity silicon and PV cells, carry
a high price tag, firms are reluctant to change course once they sink large amounts of capital into the
ground.55

This tendency puts the industry at risk of suffering a technology lock-in, entrenching the dominance



of silicon solar PV. The economic theory of lock-in explains that an incumbent, dominant technology
gets an advantage against emerging technology upstarts. Even if the upstarts might have the potential
to cost less and perform better upon further development and scale production, they may flounder in a
free market that favors first movers.56 By 2030, the cost of electricity from silicon solar PV projects
could halve, making silicon an even more formidable incumbent. Although far superior technologies
would be even cheaper, efficient, and more versatile if they were commercialized, the world might
get stuck with only incrementally better silicon panels. Those silicon panels might not be up to the
task of defeating the most problematic form of lock-in—namely, the world’s dependence on fossil
fuels.

Might lock-in be happening right now? There is no way to tell. Silicon may fall more rapidly in
cost than currently anticipated, and value deflation might turn out to be less severe than today’s best
simulations suggest. And if indeed solar is destined for lock-in, that will become clear only in
retrospect. That was the case for nuclear power, for which it’s now possible to point out the fateful
decision that led to disastrous lock-in.

Following World War II, U.S. Navy admiral Hyman Rickover chose one of several potential
nuclear reactor designs being investigated at the time, the light-water reactor, to power American
submarines. Because the design worked, he then chose it again to power aircraft carriers and,
ultimately, civilian nuclear power plants.57 The rest of this story of path-dependence is history. Today
over 90 percent of all nuclear plants around the world are light-water reactors, owing to aggressive
U.S. export and nonproliferation policies in the 20th century. Never mind that these reactors can melt
down and are expensive to build, nor that several of the other designs that Admiral Rickover passed
over might be better options but have been stymied to date because of the dominance of the light-
water reactor.58

Some signs suggest that solar power could be headed toward a nuclear-like lock-in. The fall in
silicon solar panel prices is beneficial in the short term. But the drop makes it harder for emerging
technologies that might not be cost-competitive before economies of scale kick in at mass production
to break into the market in the long run.

What’s more, the financial innovation discussed in chapters 4 and 5 could aid this lock-in. Silicon
solar projects might soon be able to tap into public capital markets and access cheap finance, thanks
to the existence of decades of performance data and thirty-year manufacturer warranties. That ability
would add another cost advantage to silicon over emerging technology competitors that public
investors, having just gotten comfortable with silicon technology, would be loath to bet on. As a
result, financial innovation could act as a barrier, rather than a bridge, to technological innovation.

Public policy can exacerbate lock-in as well. In the nuclear case, by applying rules that were
customized for light water reactors, U.S. nuclear regulators have made it very difficult for firms to
deploy new reactor designs. And in solar, policies that are ostensibly technology-neutral and
subsidize all solar technologies actually implicitly tilt the playing field against emerging
technologies. For example, developers building solar projects in the United States are much more
likely to use federal tax credits to deploy silicon solar PV rather than try to build projects based on
emerging technologies that may not yet be ready for prime time. And state-level renewable energy
mandates are monopolized by silicon solar at the expense of emerging technologies. These policies
expand silicon’s advantage and make it even harder to break into the market.

They also create political constituencies that attempt to entrench the first-generation technology. In



the case of silicon, public policies such as federal tax credits have bred armies of lobbyists who aim
to support the extension of those policies.59 They were successful in 2015, when Congress extended
the tax credits for both solar and wind power. To be sure, political coalitions that support silicon
solar PV and other clean energy technologies are important forces behind a transition away from
fossil fuels. Some scholars have argued that they might be the crucial players to pressure governments
to pass carbon pricing policies, which enjoy widespread support from economists.60 But in
advocating narrow policy interventions that support mature clean energy technologies over emerging
ones, these coalitions could also contribute to technology lock-in.

Vanquishing lock-in will take a combination of public policy interventions and private-sector
ingenuity. Intervening in the market is difficult, both technically and politically—just ask the officials
who disbursed a loan guarantee to Solyndra. Chapter 10, on U.S. policy recommendations, will delve
into ways that the government can reduce lock-in barriers to innovation most effectively. These
include ramping up spending on R&D, funding first-of-their-kind field demonstration projects, and
making it easier for private firms to use public research facilities to reduce the costs of developing
new technologies.

But it will also take approaches like the business model of Henry’s firm, Oxford PV, to gradually
bring new technologies into the solar industry. Henry’s approach—to put a perovskite layer on top of
existing silicon cells, adding a minor step to an otherwise undisturbed production process—is an
evolution en route to a revolution. In the near term, Oxford PV could succeed at wooing Chinese solar
panel manufacturers to use its technology and boost silicon panel efficiency by one-third. But once
firms amass experience at manufacturing perovskite layers at scale, they could then consider
manufacturing all-perovskite solar cells. And that could be a viable commercial route toward the
high-efficiency, flexible, lightweight, and aesthetically pleasing solar rolls that academics dream of.

I hope Henry succeeds. (In case you are wondering, I have no financial interest in his venture.) But
it will probably take many more companies like his to improve the odds of commercial technology
advancing. Fortunately, there is no shortage of great ideas out there. To reach its massive potential,
solar will require them to win the support they deserve.
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Chapter 7    Stashing Sunshine

In early 2012, the Japanese automaker Toyota found itself at a crossroads. A year before, it had been
sitting pretty, having sold more new cars than any competitor. But the 2011 Fukushima disaster was a
blow to business. The price of electricity to run Toyota’s factories surged after Japan shut down its
fleet of nuclear reactors; domestic suppliers couldn’t deliver parts on time; and the yen spiked,
raising the price of Toyota’s exports to the rest of the world. The firm’s net profits plunged by half,
and it watched helplessly as the U.S. automaker General Motors and the German car company
Volkswagen raced ahead of it in sales.1

Yoshikazu Tanaka, a senior Toyota engineer, recalls fretting, “There is only extinction ahead if no
action is taken.” At the time, Tanaka was in charge of the Toyota Prius plug-in hybrid, a variant on the
original, high-mileage Prius that launched the hybrid revolution. Toyota had sold more than a million
Prius cars in each of the U.S. and Japanese markets, and Tanaka’s plug-in hybrid Prius gave
customers the new option of charging up with electricity at home in addition to refueling with
gasoline at a gas station. Despite its present woes, Toyota still owned the greenest brand in the
industry, and it was poised to take a big next step to capitalize on that lead.

Presumably that step would be to launch a fully electric vehicle (EV) with no gas tank. All electric
seemed to be the way of the future globally. In 2008, U.S. president Barack Obama had announced a
splashy goal: put 1 million EVs on the road by 2015. China upped the ante in 2012, pledging to
introduce 5 million EVs by 2020. The same year, Tesla launched its Model S sedan to critical
acclaim, breaking the ratings scale of the venerable Consumer Reports magazine. Electric cars
looked as if they might finally break petroleum’s stranglehold as the fuel of choice for passenger
vehicles.

Imagine Tanaka’s surprise when his executives assigned him to lead the design of a brand-new,
ecofriendly car with nowhere to store petroleum, but also nowhere to plug into the power grid, either.
Instead, he was asked to bring to market the Toyota Mirai—whose name literally means “future” in
Japanese—a car that would run on hydrogen as its fuel, and to accomplish the job on a shoestring
budget. Tanaka—a mild-mannered, bespectacled engineer with a gently receding hairline—began
running 5 kilometers a day right before lunch just to cope with the stress.

Elon Musk, Tesla’s founder, would deride Toyota’s bet on hydrogen, sneering, “If you’re going to
pick an energy source mechanism, hydrogen is an incredibly dumb one to pick.”2 But by 2015, when
Toyota unveiled the Mirai, EVs had lost some of their luster. A plunge in oil prices in 2014 from a
high of over $100 to less than $50 per barrel had juiced consumer demand for gas-guzzlers and
undercut the case for EVs. Promptly, EVs fell as a share of new vehicles, dropping from 3.5 percent
to 2.9 percent in the United States.3 The United States missed President Obama’s million-EV target by
a whopping 60 percent. As of 2017, China, too, was on track to substantially miss its 2020 target,
especially once it ratcheted back EV subsidies.4 Toyota was not alone in seeking to forge an
alternative path—the Japanese government was behind its champion automaker. Prime Minister
Shinzo Abe later declared, “a hydrogen society of the future is about to begin here in Japan.”5



In 2015, with Toyota having regained its crown as the world’s biggest automaker, Tanaka argued
that the Mirai, rather than the EV, was the logical descendant of the Prius. Indeed, he had repurposed
many of the same components from the Prius—including its electric motor, which was powered by
using hydrogen fuel to generate electricity—for the Mirai.6 But more important, the Mirai retained a
crucial design feature of the Prius that all-electric cars had abandoned: the ability to fuel up (with
hydrogen) in under five minutes. That feature, coupled with a 340-mile range on a single tank, would
make owning a Mirai similar to owning a conventional gasoline-fueled vehicle. Toyota was betting
that most consumers would be reluctant to buy an EV with a limited range and long recharging time.

Toyota could be right that EVs may be slow to take off and challenge conventional vehicles, which
have a massive head start. In 2016, global annual sales of petroleum-fueled vehicles grew more than
3 percent, to nearly 90 million.7 New EV releases—such as Chevy’s Bolt and Tesla’s Model 3, each
of which can travel more than 200 miles on a single charge—might increase the rate of EV adoption.
Many more all-electric models are on the way; Volvo announced in 2017 that it would only make
electric or hybrid vehicles beginning in 2019. But EVs are starting way behind conventional vehicles,
having accounted for less than 1 percent of total vehicle sales in 2016.

The market challenges faced by EVs point to an even bigger challenge. If the planet is going to
decarbonize, the task will not be accomplished solely by eliminating fossil fuels from electricity
generation and powering on-road vehicles with electricity instead of oil derivatives. Most of the
world’s energy demand is not met by electricity but by burning other fuels, the most prevalent of
which is oil. So, decarbonization will require replacing oil—the most widely-used energy source on
the planet—with storable fuels that have no carbon footprint.

Yet oil is so popular, especially in the transportation and industrial sectors, because it and fuels
derived from it are remarkably convenient. For example, gasoline packs eighty times as much energy
into the same volume as taken up by the lithium-ion batteries that power electronics and EVs. In fact,
a single gallon of gasoline has enough energy to charge your iPhone every day for 20 years. And
transporting oil around the globe in massive tankers adds just a few cents to the cost of that gallon of
gasoline.

What is more, many forms of transportation—including heavy-duty trucking, shipping, and aviation
—depend on the high energy density, portability, and reliability of fossil fuels. (Indeed, when a solar-
powered plane finally circumnavigated the globe for the first time ever, the trip took more than a year
because bad weather kept grounding the plane.8) Applications that cannot be electrified readily, if at
all, account for 40 percent of global transportation energy demand.9

The challenges for electrification don’t end there. Global industrial energy use, which is twice that
of transportation and accounts for half of the world’s energy demand, relies on electricity for less than
15 percent of its needs. It is often cheaper to burn fossil fuels for heat to run industrial processes than
it is to pay for electricity to produce the same heat.10

If electricity serves only a minority of the world’s energy demand, then how can humanity possibly
harness the sun’s energy to power a majority of its needs sometime this century? Rapid financial and
technological innovation in the field of solar photovoltaics (PV) alone cannot resolve this quandary.
In addition, innovation is needed to develop and commercialize alternative technologies that stash
sunshine by converting it into convenient stores of energy that can be used where PV can’t.

The production of hydrogen fuel from sunlight is one of those technologies. The Toyota Mirai is
just the tip of the iceberg when it comes to the potential for hydrogen to replace fossil fuels. In



addition to fueling cars, hydrogen could fuel trucks and provide heat for industrial uses. And solar-
produced hydrogen would solve that pesky problem of intermittent sunlight, acting as a store of
energy that can be used on demand, in contrast to solar PV, which produces power only when the sun
is shining.

Scientists seeking inspiration for converting sunlight into fuel have found it all around them—in
the form of plants, which harness solar energy to produce fuel through photosynthesis, a process that
includes splitting water to make hydrogen. Plants are an imperfect model, because photosynthesis is a
highly inefficient method of energy conversion. So, scientists have copied some of the basic
principles but ditched many of the details in a quest to produce an artificial leaf that will exploit
sunlight to generate hydrogen fuel from water. In 2015, researchers developed a prototype device that
produced hydrogen with respectable efficiency and the potential for low cost once the technology is
improved and reaches manufacturing scale. Just as important, the device neither broke down
immediately nor exploded. Although this breakthrough still leaves plenty of challenges on the road to
commercialization, it is an encouraging sign of progress.

Yet hydrogen is far from a shoo-in as oil’s replacement. In the realm of cars, for instance,
consumers will not switch to hydrogen vehicles en masse unless they have convenient access to
hydrogen-refueling stations, which don’t yet exist. If stations did exist, supplies of cheap hydrogen
would need to be generated and transported to them at a scale rivaling that of today’s massive
petroleum sector. Recognizing this reality, Toyota is hedging its bets. It announced in 2017 that it
hoped within five years to commercialize a new type of battery (known as an “all-solid-state
battery”) that would enable an EV to charge up in a few minutes and travel farther than today’s EVs
on a single charge.11

In light of the drawbacks of hydrogen, scientists have embarked on a much tougher quest: cost-
effectively converting sunlight into liquid fuels that can substitute readily for today’s fossil fuels. If
such a process were to use as a raw material carbon dioxide from power plant exhausts, or even from
the atmosphere, as an input, then burning the output fuel to produce energy would be carbon-neutral.
But the chemistry involved in producing convenient, carbon-based fuels is far more complex than the
comparatively simpler task of splitting water to produce hydrogen. Still, researchers are undeterred,
and a breakthrough in 2016 harnessed the complex metabolisms of bacteria to do the hard work of
producing usable fuel.

Technologies to convert sunlight to fuels could store intermittent solar energy one day, something
that solar PV cannot do. Another way to crack the storage nut is to convert the sun’s energy into
storable heat. Already, some concentrated solar power (CSP) plants on the market can store energy
throughout the night and generate electricity hours after the sun has set. Yet CSP growth has stalled
owing to its high cost compared with solar PV. To drive down the cost of CSP plants equipped with
storage, researchers are attempting to concentrate sunlight to realize previously unreachable high
temperatures. Greater efficiency combined with cheap and long-lasting thermal storage could boost
the profits of these plants and enable them to stabilize the power grid in response to rising PV
penetration, storing excess energy produced at sunny times of the day and making it available when
needed later on.

To reach solar’s potential, all these non-PV technologies—including convenient solar-generated
fuels and CSP plants that generate electricity 24/7—will need to advance dramatically. And it won’t
do to wait to make the requisite investments until an urgent need for them arises. Technology



development can take decades, and even pumping gobs of money into innovation at the last minute
will compress those timelines to just a limited extent. Only with long-term planning and a willingness
to incur costs up front can countries around the world reap the massive rewards of innovation down
the road.

For its part, Toyota is probably crossing its fingers that the artificial leaf can graduate from the lab
bench to a commercial scale. Aside from betting big on hydrogen, the automaker has pledged to slash
emissions from its cars in 2050 by 90 percent. And without a way to generate hydrogen or liquid fuels
from a clean source like sunlight, its advertised zero-emission Mirai would be just a mirage.

“No Bugs, No Wires”

I was a little nervous on my flight to Los Angeles. This would be the first time that I had hosted an
academic scientist to address members of the Council on Foreign Relations. And to be perfectly
honest, I worried that my guest might feel like a fish out of water over dinner in Beverly Hills,
surrounded by a cosmopolitan collection of executives and ex-ambassadors.

I shouldn’t have worried. My guest, Nathan “Nate” Lewis, a professor at the California Institute of
Technology (Caltech), is a rarity among scientists for his ability to condense complex concepts into
memorable soundbites and weave a compelling narrative that drives home the immense importance of
his various research strands. Nate kicked off his remarks on the future of solar power with this pithy
refrain: “Can’t store? No power after four.” That failing, he argued forcefully, makes it an urgent need
to develop technologies able to store the sun’s energy in a fuel that can be used when needed. His
preferred route, an integrated solar fuel generator, is an elegant device that takes in water and sunlight
and spits out gaseous hydrogen and oxygen. It would be as simple as that, Nate reassured the
spellbound roundtable attendees: “No bugs, no wires.”

By that, Nate meant that his device would avoid all the messiness of real biological systems (“no
bugs”). It would also sidestep the complications and costs that arise when wiring together separate
devices in a piecemeal approach to producing hydrogen fuel. His vision was to create a simple,
elegant hydrogen generator that would outperform nature’s best plants.

Plants, for all their success, are actually terrible at converting sunlight into energy. Even if you
don’t know anything about how photosynthesis works, you can tell from the leaves’ green color that
totally efficient energy conversion might not be a plant’s top priority (black leaves would be much
better at absorbing the sun’s rays). The green chloroplasts in leaf cells function well enough for a
plant’s needs. They perform complex chemical reactions that, fueled by the sun’s energy, turn carbon
dioxide and water into the energy-storing sugars needed for such activities as surviving and
reproducing. When all is said and done, the most efficient plants convert barely 1 percent of the
incoming sunlight into stored energy.

Vegetation nonetheless offers a generic model for turning sunlight into fuel. Early on in
photosynthesis, plants split water and generate hydrogen and oxygen—the oxygen goes into the
atmosphere, while the hydrogen feeds into subsequent chemical reactions. The way plants accomplish
this water-splitting is instructive. The first lesson is that they separate the two half-reactions of
producing oxygen and hydrogen between two different areas, known as photosystem I and
photosystem II. Evolution was no pyromaniac, and this design choice prevents hydrogen from
spontaneously combusting in the presence of oxygen. Second, each of the photosystems where light is



absorbed also contains catalysts, or molecules that speed up the respective half-reaction. Indeed, we
can thank the manganese catalyst that accelerates a plant’s production of oxygen for all the oxygen in
the Earth’s atmosphere. Third, plants separate the two half-reactions with a membrane that not only
keeps hydrogen and oxygen apart, but also allows charged ions to pass through it, which is important
to avoid an imbalance of charge that would halt the two half-reactions.

Researchers developing solar fuel generators likewise need to put together five components. Two
photoelectrodes immersed in water absorb light energy to perform each of the two half-reactions to
split water. Two catalysts speed up each of those half-reactions. And a membrane stops the whole
contraption—called a “photoelectrochemical cell (PEC)”—from exploding.

But the similarities end there. As Nate likes to say, after taking inspiration from feathered birds,
humans ditched the feathers and invented the 747. Unlike plants, PECs of the future probably will not
use two green photoelectrodes that compete with each other to absorb the same part of the sun’s
spectrum. Rather, one of them—the anode, which creates oxygen from water—should harness high-
energy photons, letting the low-energy photons pass through it to be absorbed by the one below—the
cathode, which produces hydrogen. This design is reminiscent of the way tandem solar PV cells
comprising multiple semiconductor layers work, such as a high-bandgap perovskite stacked on top of
low-bandgap silicon.

Wait, you might ask—if a PEC is similar to a solar PV cell, why not use the latter to split water?
Indeed, solar PV panels are much more commercially advanced, and a well-known device called an
“electrolyzer” can use PV-generated electricity to split water and produce hydrogen. Large-scale PV
is already a reality, as are large-scale electrolyzers, which have been used for decades at the High
Aswan Dam in Egypt to supply hydrogen for fertilizer production.12 Given rapid cost declines in
photovoltaics, hooking solar PV panels up to an electrolyzer might seem like an economical way to
produce hydrogen today, rather than waiting for an elusive artificial leaf.

But this approach would violate Nate’s mantra of “no wires,” which he swears by for good
reason. Economic analysis reveals that the PV + electrolyzer approach would produce hydrogen
costing more than $10 per kilogram (fortunately for those of us more accustomed to judging the price
of fuel at the pump, 1 gallon of gasoline is almost exactly equivalent to 1 kilogram of hydrogen in
terms of energy content). By contrast, the cost of producing hydrogen using natural gas—the most
popular way to do it today, though obviously not a zero-emission method—is around one-sixth of that
figure. And, of course, the most important cost target, the price at the pump, was somewhere less than
$3 per gallon in the United States in 2017.13

The wired approach is so expensive in part because the electrolyzer runs during only about 25
percent of the day, while the sun is shining and the solar PV panels are providing their peak
electricity output. Paying off the capital cost of the electrolyzer, therefore, takes four times as long as
would be needed if it were running at full output all the time. Also, the electrolyzers require
expensive catalysts, whereas the two-layered, integrated design of a PEC allows it to function with
cheap catalysts (thanks to requiring low current density).

Beating the cost of producing hydrogen with natural gas—let alone that of gasoline—will require
a PEC that uses extremely cheap and abundant materials for all five of its major components. But
that’s not all it has to do. To succeed in a big way, it needs to be not only cheap, but also safe, robust,
and efficient. Unfortunately, so far researchers have only managed to create PECs with no more than
three of those four characteristics. Like Bill Murray trying to plug gopher holes in Caddyshack, fixing



one problem tends to spawn another.
Start with safety. To prevent hydrogen and oxygen from combining and exploding, a PEC needs a

membrane that separates the two half-reactions. But the half-reaction that produces oxygen from water
also turns that water acidic, whereas the half-reaction that produces hydrogen turns nearby water
basic. Acids are what digest food in your stomach, and bases clean your drain. If safety weren’t a
concern and the membrane could be eliminated, the acidic and basic water would neutralize each
other. But with the membrane in place, scientists have to find materials for photoelectrodes and
catalysts that do not get dissolved or corroded in acidic or basic media. That demand rules out the
many cheap materials that wouldn’t survive under such conditions.14 Therefore, making a PEC out of
cheap materials and equipping it with a membrane to ensure safety can lead to it failing the robustness
test. Gopher alert!

Next, consider a PEC’s efficiency—the amount of the sun’s energy that the device converts into
energy stored as hydrogen. Efficiency depends on how well the photoelectrodes collectively absorb
sunlight and how fast the two half-reactions split water. With carefully chosen photoelectrode
bandgaps and catalysts, a PEC can theoretically achieve more than 30 percent efficiency.15 Expensive
semiconductors offer a diverse buffet of bandgaps to choose from, but cheap materials—especially
those having a high bandgap—present a far more limited menu. Similarly, precious metal catalysts
such as platinum are great at speeding up reactions, but they are rare and costly. So again, plugging
the efficiency gopher hole leads to another problem—high cost—poking its head out.

So, Nate realized that, just as Bill Murray went after all the gopher holes at once using dynamite,
he, too, would have to upgrade his research arsenal (ideally with better results). As the founding
director of the Joint Center for Artificial Photosynthesis (JCAP) at the U.S. Department of Energy
(DOE), Nate wanted to shake up the way that the federal government pursued research. So, JCAP
convened an interdisciplinary group of scientists and coordinated their efforts toward the ultimate
goal of creating a safe, efficient, robust, and cheap integrated solar fuel generator.16 It also threw
massive computational power at the problem of finding materials that could satisfy all four criteria,
systematically simulating thousands of compounds and testing out the most promising candidates in
the lab.17 This strategy turned traditional science on its head. Rather than laboriously sifting through
existing materials hoping to find one that fits the application, this materials-by-design paradigm
started from the end goal and worked backward to create the right materials.

Good old scientific intuition has also played an important role in the research process—as has a
little luck. Two examples stand out. First, Nate’s group, with collaborators at Penn State University,
found inspiration in the catalysts used in oil refineries to strip the air-polluting sulfur out of petroleum
products. These catalysts are cheap, use abundant elements, and are terrific at speeding up the half-
reaction that produces hydrogen.18,19 (Unfortunately, researchers are still looking for a cheap, effective
catalyst for the oxygen-producing half-reaction.)

Second, researchers in Nate’s lab accidentally coated their samples with a thin layer of titanium
dioxide and found a surprising result. Titanium dioxide is the key ingredient in sunscreen, so one
might expect it to block sunlight. Instead, this ultrathin coating let light in while protecting the
photoelectrodes and catalysts from being eaten away by the basic solution—which, remember, is
corrosive like a drain cleaner.20

Together, the borrowed insight from the oil industry and the accidental sunscreen discovery
allowed Nate and the JCAP research teams to make a breakthrough. In 2015, JCAP announced an



integrated solar fuel generator that was over 10 percent efficient at converting sunlight into hydrogen
fuel.21 By itself, the efficiency was pedestrian—others had reached 22 percent for the efficiency of a
PEC.22 But the JCAP device used cheap, Earth-abundant catalysts, and it was able to pump out
hydrogen over two days of continuous operation (figure 7.1). As a proof of concept, it teased the
possibility of a commercially viable product down the road.

Figure 7.1
Diagram of JCAP’s 10-percent-efficient PEC prototype. This illustration displays the architecture of an integrated solar fuel
generator that uses sunlight to split water into hydrogen and oxygen, which are collected from ports on opposite sides of a membrane that
keeps the two half-reactions separate. These reactions occur at the center of the device (inset), at the two photoelectrodes, each of
which is coated with a catalyst that speeds up the relevant half-reaction.
Source: Reprinted with permission from the California Institute of Technology.

Many research needs remain unaddressed. For example, the JCAP device used expensive
semiconductors for the photoelectrodes borrowed from previous solar PV cell record holders. The
next step might be to take a more recent page out of the PV playbook and use perovskites as cheap but
efficient light absorbers—perovskite-based PECs have already reached over 12 percent efficiency.23

And perovskite/silicon tandem structures, which are the front-runners for the next generation of solar
PV panels, might also show the way to 20 percent efficient PECs and beyond.24

If and when this technology leads to a commercial product, it is unlikely to look anything like the
leaves that inspired it. Nate envisions a tarp, rolled out across a vast expanse to soak up the sun’s
rays, with drainpipes to collect the hydrogen that it produces. That is a far cry from the 1-cm2

prototype that JCAP created, but, listening to Nate’s vision, it’s hard not to dream big.

The Holy Grail

Across the country from Nate Lewis, another acclaimed scientist is also on a quest to commercialize
an artificial leaf. Like Nate, Dan Nocera at Harvard University deftly combines science and
communication, moonlighting as a science celebrity—something of a Carl Sagan for solar fuels. He
has a knack for connecting with diverse audiences, from American Physical Society scientific
gatherings to the Aspen Institute’s hobnobbing summits. If his crowd is dining on steak, he’ll warm
them up by asking: “What did you just chew? The sun! The beef was just the energy of sunlight.”25



In 2011, Nocera took the world by storm by announcing that he had invented the artificial leaf. His
preferred demonstration was to plop the device, which looked like a dark postage stamp, into a glass
of water. At that point, it started to bubble up hydrogen and oxygen on either side (though only
converting a tiny percentage of the incoming solar energy into hydrogen).26 Despite its simplicity, the
artificial leaf was the culmination of his life’s work of thirty years, from his days as a graduate
student at Caltech. Having made the breakthrough, Nocera set out to bring his new technology to
market.

Unfortunately, he was about to learn the lesson that almost every other Silicon Valley clean energy
start-up learned: the really hard part comes after making an exciting lab discovery. He would later
lament, “I did a holy grail of science. Great! That doesn’t mean I did a holy grail of technology. And
that’s what scientists and professors don’t get.”27 His start-up, Sun Catalytix, ended up pivoting away
from solar fuel to develop batteries to store energy for the power grid instead (Lockheed bought the
company for an undisclosed amount in 2014).

But, the experience hasn’t stopped him from chasing holy grails. In fact, Nocera has since
switched to chasing an even harder target: harnessing sunlight, water, and carbon dioxide to produce
liquid, carbon-based fuels that could be drop-in replacements for petroleum products. The
prospective benefits of such a technology are compelling. Liquid fuels already have enormous global
infrastructure networks, including storage facilities, transcontinental pipelines, and oil supertankers,
not to mention ubiquitous filling stations around the world. A device that could transform sunlight into
fuels that are already commonly used could piggyback on that infrastructure.

Currently, the most promising route for making carbon-based fuels from sunlight involves solar-
generated hydrogen as an intermediary. Hydrogen is the easiest fuel to make from sunlight—though
doing so is still wickedly complicated—and well-understood industrial processes are able to then
combine hydrogen with carbon dioxide to produce a range of useful fuels known as hydrocarbons.28

A daunting challenge, though, is the need to obtain pure carbon dioxide to combine with the
hydrogen to produce hydrocarbon fuels. The flip side of this challenge is an opportunity: the
production of carbon-based fuels could consume carbon dioxide emitted by coal and natural gas
power plants, as well as such industrial facilities as oil refineries and cement plants, that otherwise
would escape into the atmosphere and contribute to global warming. But obtaining pure carbon
dioxide cost-effectively is difficult, especially because the exhaust from fossil-fueled plants contains
a whole mix of unsavory gases that need to be separated. Various technologies to perform this task
exist, from treating the exhaust with a solution that selectively grabs carbon dioxide molecules to
using a membrane that separates different gases. But all of them are costly at present and can have
other side effects, such as reducing the efficiency of a power plant.29

If scientists can solve the twin problems of cost-effectively generating hydrogen from sunlight and
capturing carbon dioxide from fossil fuel plants, however, then a diverse range of solar fuels would
be in reach. Figure 7.2 envisions solar fuels displacing petroleum across various sectors, from
powering vehicles to producing plastics. Solar-generated hydrogen could be used directly as a
transportation fuel for vehicles like the Toyota Mirai. Or it could be combined with carbon dioxide in
a facility that might be called a “solar refinery,” to create the same range of hydrocarbon fuels that are
produced today in oil refineries and then used in a range of industries and as transport fuels.



Figure 7.2
A vision of the hydrogen economy.
Source: Reprinted with permission from the Royal Society of Chemistry.

As futuristic as all of that sounds, Nocera wants to do something even harder. He wants to bypass
hydrogen production and use sunlight, water, and carbon dioxide to produce carbon-containing fuels
directly. If this maneuver could be done cost-effectively and at scale, it would be the most efficient,
single-shot method of storing sunlight in the most convenient fuels known to humankind.

From a scientific point of view, this task looks nearly impossible. Just splitting water to generate
hydrogen and oxygen is hard enough—that reaction is known as a “four-electron reaction,” in which
four electrons change energy levels or switch from one atom to another. But to create the simplest
hydrocarbon—single-carbon methane, which makes up natural gas—requires shuffling eight
electrons, a far more complex proposition. Harnessing sunlight to directly create carbon-based fuels
will require the discovery of even more new materials to absorb light and catalyze chemical
reactions.30

As a result, a commercial technology to make carbon-based fuels directly from solar energy is
much further away than one that can produce hydrogen. Still, some exciting research breakthroughs
have recently materialized. In an example of scientific cross-pollination, one of these breakthroughs
relies on perovskite to power the production of carbon-based fuel from sunlight, water, and carbon
dioxide. Although this device achieved a record efficiency of 6.5 percent, it relied on very expensive
elements—iridium and gold—to catalyze speedy chemical reactions.31

Professor Peidong Yang of the University of California, Berkeley, had a different idea: using
bacteria as catalysts. He knew that nature uses intricate enzymes as catalysts in photosynthesis; even
though those enzymes often break down in the process of converting sunlight into complex sugars,
plant cells can either rebuild or replace them. Yang realized that genetically engineered bacteria
could behave similarly after being equipped with an arsenal of potent enzymes.32 He then pioneered a
hybrid approach that split water with an inorganic catalyst to make hydrogen, as other artificial leaf
technologies do, and then fed the hydrogen to bacteria, which combined it with carbon dioxide to
produce methane.33

Nocera then took Yang’s research one step further. Whereas Yang’s setup produced only methane,
Nocera sought to produce a much wider array of liquid fuels at higher efficiency. His hybrid device
used a solar PV cell to run a current that, in the presence of an inorganic catalyst, would split water.



Then, the resulting hydrogen would be fed, along with pure carbon dioxide, to microbes that could
produce various fuels.34 The bugs were terrific at converting carbon dioxide and hydrogen into a
variety of fuels, but unfortunately they were incompatible with the inorganic catalyst, which produced
forms of reactive oxygen that destroyed the bacteria’s DNA.

Then in 2016, Nocera and colleagues published a paper in Science triumphantly announcing a new
catalyst. A cobalt-phosphorus alloy, this catalyst not only left the bacteria unharmed, but also self-
assembled out of solution, mimicking the self-healing catalysts found in nature.35 With the catalyst and
bacteria working together in harmony, Nocera’s device was able to achieve 10 percent efficiency in
converting sunlight into alcohol fuels. Nocera reports that the bugs should be able to produce several
other carbon-containing molecules for a range of applications from fueling vehicles to producing
plastics.36 And he followed this up by demonstrating in 2017 that a hybrid catalyst-plus-bacteria
approach could fix nitrogen in the atmosphere to produce ammonia.37 That is a tantalizing discovery
because over 1 percent of global energy is used today in the production of ammonia to fertilize crops
and feed the world. Nocera’s prototype suggests that one day, sunlight could power that process
rather than fossil fuels.

Nocera’s breakthrough violates both halves of Nate Lewis’s mantra—“no bugs, no wires.” The
jury is still out on whether that’s a good idea. Indeed, bacteria are quite finicky, sensitive to the
acidity and temperature of their environment, and thus tough to design around. Smart money, for now,
is on devices that harness sunlight to produce hydrogen advancing faster than those that try to produce
complex carbon-based fuels. But, by combining modern materials with nature’s wizardry, researchers
may yet leapfrog simple hydrogen in pursuit of a viable route to the ultimate holy grail: 100 percent
clean, drop-in replacements for fossil fuels.

Heating Up

For all their promise, solar fuels—hydrogen or even carbon-containing liquid fuels—are far from
commercial reality. But concentrated solar power (CSP), which uses sunlight to generate heat that can
then produce electricity on demand, is already at commercial scale, with the potential to store the
sun’s energy and supplement the intermittent output of solar PV.

CSP’s benefits are less tantalizing than those of solar fuels. CSP-generated heat can be stored for
only a few hours, unlike the long-term storage that fuels offer, and CSP feeds power back into the
electricity grid, leaving unsolved the problem of fueling unelectrified transportation and industrial
uses. In the near term, though, a combination of solar PV and concentrated solar power—with the
latter providing badly needed storage—is the best bet to meet the midcentury target of 30 percent
solar in the global electricity mix.

And yet in recent years, prospects for the CSP industry have looked about as grim as for the
downward-spiraling streamers at the troubled Ivanpah CSP plant in California’s Mojave Desert. A
“streamer” is what workers at the plant call a bird unlucky enough to venture into the “flux field” in
the air above the plant’s 5 square miles of sunlight-concentrating mirrors.38 More than 2,000 birds
succumb to this grisly fate yearly, catching fire and falling to Earth.39 Buffeted by strident
environmental criticism, Ivanpah’s operators have tried everything to keep the birds away, from
spewing respiratory irritants to broadcasting pre-recorded shrieks. They have had limited success—
and the birds aren’t even the plant’s biggest headache.



That distinction goes to the difficulties that the plant has faced in ramping up to its rated power
production. In contrast to a simple PV plant consisting of panels bolted to the ground, Ivanpah relies
on hundreds of thousands of mirrors to track the sun across the sky and perfectly focus their energy on
the same point atop a massive tower nearly 500 feet high. The energy superheats steam, which can
then be piped to spin a turbine and generate power. When a slight misalignment caused the mirrors to
target the wrong point on one of its three towers in 2016, the tower caught fire, melting its metal
pipes.40 This and other engineering snafus prevented the plant from delivering the quantity of power
that it had promised in its contract with a California utility. Faced with a shortfall in revenue in 2016,
the plant neared a shutdown shortly after its expensive construction, which had cost $2.2 billion and
had been largely backed by a U.S. government loan guarantee.

Ivanpah’s woes reflected those of the broader industry. From 2011 to 2014, the CSP industry grew
at a rapid clip of over 40 percent annually.41 But much of that growth reflected the completion of
projects that were conceived before the crash in the price of power from solar PV projects. Since
2014, new CSP projects have slowed to a crawl because the cost of constructing CSP plants has not
come down nearly as fast as the cost of utility-scale solar PV farms. That is true, at least, when
gauged by the costs per generated kilowatt-hour of electricity—irrespective of when those kilowatt-
hours are produced. Whereas the lowest-cost electricity provided by a U.S. CSP plant in 2016 was
nearly 12 cents per kilowatt-hour, the cheapest electricity from a utility-scale solar PV plant was less
than 5 cents per kilowatt-hour.42 Firms in the sector struggled to cope with the abrupt market
slowdown. In 2016, Abengoa, a Spanish company hailed by President Obama for building projects in
Arizona and California, looked as though it was headed for the largest corporate bankruptcy in
Spanish history.43

Since then, the industry’s outlook has improved a bit. In 2017, Ivanpah finally managed to boost its
power output up to the levels that it had promised to deliver to the utility, avoiding a plant
shutdown.44 Abengoa narrowly escaped bankruptcy through a restructuring deal with its creditors.45

And market analysts have forecast a slow but steady growth rate of 10 percent annually through the
end of the decade.46

The key to CSP’s recovery and future growth is storage. Nearly every plant on the drawing board
or under construction in the United States and abroad has built-in storage. And the amount of storage
at these plants is growing. In the past, plants would have stored at most six hours of power in the form
of heat, so they could continue generating after the sun went down. But the 110-megawatt (MW)
Crescent Dunes plant in Nevada, which opened in late 2015, can store up to ten hours of power and
run throughout the night.47 And the same firm plans to open a hybrid solar plant in Chile in 2019 that
will generate PV power by day while stowing heat from CSP in its fourteen hours of thermal storage
to drive electricity production by night.

Storage is so important because it differentiates CSP from PV. Even if PV is cheaper per kilowatt-
hour, CSP becomes competitive when factoring in the value of “dispatchability,” or the ability to
produce power on demand. This will matter more and more as PV penetration increases on power
grids. One study projects that in California, once wind and solar power account for at least a third of
the electricity mix, the value of a kilowatt-hour from a CSP plant with six hours of thermal storage
could be more than double that from a PV plant.

The value is better because CSP with storage can sidestep value deflation. Whereas PV plants
will be forced to produce power when the grid needs it least, CSP plants can store up the extra energy



and discharge it when demand is greatest—and get paid for the excess instead of wasting it. Today,
power markets in the United States and elsewhere offer some compensation for dispatchability, but
less than its true value to the grid. In the future, however, as the strain on the grid rises from PV
penetration, regulators and utilities will face increasing pressure to incentivize dispatchable
resources, like CSP, to come online. Over time, then, CSP is likely to enjoy economic tailwinds
stemming from its storage capabilities. One study forecasts that although PV will race ahead in
deployment, CSP will ultimately catch up as the need for storage grows more acute; by the end of the
century, PV and CSP together could supply a majority of the world’s power.48

Yet CSP systems with thermal storage still need to become cheaper and more efficient before the
technology can truly take off. That will require—you guessed it—technological innovation. One
consistent theme runs through the various strands of research and development (R&D) currently
underway to improve CSP technology: raising the temperature. If a future CSP plant were to run at
much higher temperatures than today’s systems, it could store more energy and produce more power
at a lower cost. But cranking up the heat will require solving some thorny technical challenges.

Fundamentally, CSP works by concentrating the sun’s energy to heat up a heat transfer fluid, which
can rise in temperature, is easy to move through pipes, and can convert its heat into mechanical work
to spin a turbine (or transfer its heat to another fluid, called the “working fluid,” that can do the
mechanical work). Suppose that steam is the heat transfer fluid in a CSP plant—although many other
fluids, such as synthetic oil and molten salts, can be used as well. The first step in this CSP plant’s
cycle is to focus the sun’s rays to vaporize pressurized water to produce high-pressure steam. The
steam is then piped to a turbine, where it expands and cools, and in doing so transfers its energy to
spin the turbine, which in turn generates electricity. Low-pressure steam is then further cooled so it
condenses back to liquid water and can start the cycle anew.

High temperatures are so important in part because the efficiency of the electricity generator
depends on the temperature difference between the hot and cold stages of the working fluid. Heating
steam to a higher temperature before it reaches the turbine, as well as cooling it down more after it
expands, will increase the efficiency of converting heat energy into electricity. Also, higher
temperatures enable better energy storage. The heat-transfer fluid can be stowed in a tank for later use
or can transfer its energy to another thermal storage material. Higher temperatures make the process
of storing and releasing energy more efficient and extend how long the heat can be used to generate
power. Together, these two advantages could reduce the cost of power generation and storage from
CSP.

Textbooks traditionally teach that four different configurations can allow a CSP plant to harvest
sunlight. But only one can achieve high temperatures and store energy and is therefore likely to have a
future. Two designs—parabolic troughs and linear Fresnel collectors—use mirrors to concentrate
sunlight onto a long pipe, an arrangement that generally limits temperatures to less than 400°C. The
third, the Stirling Dish Engine, can reach a high temperature of 800°C but lacks the scale to enable
storage, limiting its commercial future. Not surprisingly, then, new CSP projects are increasingly
slated to use the “power tower” configuration, on which Ivanpah is based. By arranging a whole field
of mirrors, or “heliostats,” to reflect and focus the sun’s rays on a single point at the top of a tower,
CSP can theoretically achieve very high temperatures (figure 7.3). It also has the scale to enable cost-
effective thermal energy storage.49



Figure 7.3
How a CSP power tower works. This schematic illustrates how an array of heliostats focuses sunlight on a receiver at the top of a
tower, imparting the sun’s energy to a heat-transfer fluid. The hot fluid can be stored for later use (or its heat can be transferred to
another energy-storage medium). To generate electricity, the stored heat is used to heat steam that then runs a steam turbine to produce
electricity, the voltage of which can then be increased by a transformer so the power can be transmitted over long distances. In future
designs, supercritical carbon dioxide could replace steam as the working fluid that drives a turbine, in order to enable a higher operating
temperature and greater efficiency of generating electricity.
Source: DOE Sunshot Program.

Reality has not yet caught up with theory. Today’s power towers are limited to temperatures below
600°C. To reach higher temperatures than are possible with water, many of these plants use molten
salts as the heat-transfer fluid. Unfortunately, the most commonly used molten salts, called “nitrates,”
break down near 600°C, precluding them from reaching a higher temperature. In consequence, when
the molten salts transfer their energy to steam, that steam is cooler than it would be in a power plant
fired by natural gas or other fossil fuels. Lower-temperature operation makes the CSP generator,
which converts only 40 percent of the heat captured from sunlight into electricity, less efficient than a
natural gas power plant, which can reach 60 percent efficiency at converting the heat from burning gas
into electricity. When the accounting also includes energy lost from converting sunlight into heat by
using concentrating mirrors, today’s power towers can convert between 20 percent and 24 percent of
the incoming solar energy into electricity.

Researchers are pursuing several options to raise that figure. The first step is to break through the
temperature barrier of current molten salts. Versions called “chlorides” could surmount the 600°C
barrier, reaching 700°C or even higher.50 Alternatively, researchers at Sandia National Laboratory in
New Mexico have invented an elegant “falling-particle receiver,” which showers a stream of hard,
sandlike particles from the top of the tower through the focal point of the concentrated solar rays to
heat them. The Sandia researchers have managed to heat those particles to 700°C—breaking through
the conventional molten salt barrier—and they expect that they can reach as high as 1,200°C. To get
there, though, they will have to design a container for those particles that can withstand the extreme
heat. The concept is elegant because the falling stream of hot particles is versatile: it can be diverted
to transfer heat either to the working fluid of a turbine (to generate electricity) or to a storage tank,
where the particles can remain at high temperature, for nighttime use. Capping off this design is a
bucket elevator that recirculates cool sand back to the top of the tower for reheating.51



These high temperatures would unlock newly efficient ways to run the generator. For example, at
temperatures greater than 700°C, it becomes possible to replace steam with “supercritical” carbon
dioxide (at high-temperature and high-pressure) as the working fluid to turn a turbine. Supercritical
carbon dioxide is always a gas even as it heats up or cools down, so it avoids the expensive energy
losses involved in having to vaporize liquid water to make steam. Researchers expect that this
strategy could increase the efficiency of converting heat energy to 55 percent, nearly on par with a
natural gas plant. And that increased efficiency of power generation would translate to a reduction in
cost—possibly by 40 percent, making CSP with built-in storage an affordable 6 cents per kilowatt-
hour (figure 7.4).52

Figure 7.4
Historical and targeted costs of CSP. The first bar shows the various costs that composed the total cost per kilowatt-hour of
electricity of a parabolic trough CSP plant in the United States in 2010. The second and third bars display the costs for power-tower CSP
plants in 2015 and 2017. Finally, the fourth bar displays the DOE’s targeted cost for a power-tower CSP plant that operates at a higher
temperature and uses supercritical carbon dioxide as the working fluid.
Source: DOE Sunshot Program.

In this chapter, I have emphasized hybrid solutions for generating fuel from sunlight. Hybrid
technology can also enhance CSP. Two hybrid approaches to improve CSP efficiency are being
explored—one for the near term and one for further down the road.

In the near term, a viable way to get to high temperatures is to combine CSP and natural gas.
Mirrors could concentrate and focus the sun’s energy on compressed air, heating it up to 800°C, and
that air could then be heated further to 1,200°C by burning natural gas. This extremely hot,
compressed air would then be able to turn one turbine to generate electricity, and then the exhaust heat
at around 650°C could be recovered to turn a second turbine and generate even more power. Known
as a “combined cycle,” this highly efficient method resembles the way that modern natural gas power
plants generate electricity. Therefore, it may be possible to repurpose much of a gas plant’s
equipment to save on costs.53

In the long term, a hybrid approach that combines CSP and PV might achieve record efficiencies
without the drawback of the carbon emissions produced from burning natural gas. This approach
would seek to put each part of the sun’s spectrum to its most efficient use. The infrared part, which
transmits heat, could be converted to electricity by a CSP system, and the higher-energy photons could



be absorbed by PV panels and converted to electricity as well, resulting in a high overall efficiency
for the hybrid plant.

The biggest barrier to such a hybrid system is a mismatch in optimal temperatures. Whereas CSP
works better at higher temperatures, PV is better suited to lower ones. So more radical ideas might be
called for, including a recent invention at Stanford University of a device in which solar photons and
extreme heat cooperate to shake electrons free of a semiconductor, resulting in an electric current.54

The common theme uniting these exciting research directions is the need to reach higher
temperatures. If the next generation of CSP plants can break through existing temperature barriers, the
market could recover and start to grow rapidly alongside the breakneck expansion of the PV market.
Because of CSP’s built-in storage, CSP expansion could be crucial to enabling high penetration of
solar energy into the power grid. Put more simply, if the CSP market heats up, the planet might not
have to.

Planning for the Future

This chapter and the previous one introduced an array of technologies that share one important
characteristic: The world’s need for them will grow with the passage of time. Whereas silicon solar
panels are presently the workhorse of a growing solar industry in a world where solar generates only
2 percent of global electricity, today’s PV panels may not suffice in a world with higher solar
penetration. To outrun value deflation, solar PV will need to get cheaper much faster, requiring new
technologies—such as perovskite—that are as inexpensive to make as printing newspapers. And, to
smooth out intermittent PV electricity production, CSP must grow rapidly to provide an alternative
way to both harness sunlight and store the captured energy.

Finally, to enable solar energy to supply not only electricity to the power grid, but also fuel for
other applications that resist electrification—such as for running cars, trucks, ships, planes, and
industrial plants—the world will need massive solar fuel generators able to produce large quantities
of hydrogen or even carbon-based liquid fuels. These technologies would be nice to have right now.
But they will be essential in the decades to come if the world is to avoid the effects of catastrophic
climate change and is to transition away from fossil fuels in all sectors of the economy.

Regrettably, scientists cannot snap their fingers once an urgent technology need arises and—poof
—conjure up new contraptions. Rather, the process of converting small-scale research advances into
large-scale commercial projects can span decades, and that timeline resists compression. For
example, one study of CSP projects around the world concluded that the process of scaling up the
technology from the first demonstrations took more than two decades—although much of the progress
took place in the most recent decade.55 One might make the aggressive assumption that the time lag
between the first-of-its-kind demonstration plant and the industry’s ability to repeatably deploy large-
scale projects is a decade.

In that case, what would happen if countries and private firms were to barely fund CSP technology
development over the next ten years, while it seemed as if PV would remain much more competitive
economically? When the year 2030 rolled around, and solar PV had achieved significant penetration
in several markets around the world, torpedoing its economics, countries might belatedly realize that
CSP with built-in storage could alleviate the strain on their power grids. But, at that point, it could
take until 2040 or beyond to push high-temperature, cost-effective CSP projects to commercial scale.



Countries would rue the lost decade of investment in innovation that might have provided a viable
option to mitigate solar’s intermittency as soon as it started causing serious problems.

The situation is even more perilous for the other technologies discussed in this chapter because
their commercial application requires scaling up innovations at the nanoscale to the scale of
humanity’s enormous energy demands. It will take at least several years to build the first real-world
demonstration of a football field–sized tarp coated with perovskite photovoltaics to generate
electricity or configured as a PEC to produce hydrogen. So far, scientists have barely managed to
make fingernail-sized devices, which exhibit dubious durability. From there, it will take another
decade to scale up from a demonstration facility to commercial-scale production and deployment.
Failing to invest in preparing these technologies today will bring massive costs when those
technologies are needed down the road.

Technology innovation, therefore, is a priority whose costs are incurred up front and whose
rewards are reaped years or decades in the future. This priority will not be met by reacting to needs
in real time. Rather, it will take long-term planning. Chapter 10, which makes recommendations to
U.S. policymakers, will lay out a detailed blueprint for how the U.S. federal government can support
innovation and lead a global push for research, development, and demonstration of new technologies.
But the overarching thesis is simple—and Toyota nailed it in one word. It’s that the Mirai—or
“future”—is what the world urgently needs to prepare for.
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PART IV    PUTTING IT ALL TOGETHER

Highlights

The final type of innovation that solar needs in order to achieve its potential is systemic innovation,
which involves refashioning entire energy systems—including physical infrastructure, economic
markets, and public policies—to enable a high penetration of solar energy.
Solar photovoltaic (PV) panels—which produce electricity only when the sun shines—will likely
remain the dominant means of harnessing sunlight. As solar PV’s share of electricity supply rises,
the electricity grid will need to tolerate massive amounts of intermittent power. Chapter 8, “Is
Bigger Better?” contemplates whether it makes more sense to expand the grid to harness sunlight
wherever the sun is shining or to make the grid smaller in a sense, by decentralizing the generation
and consumption of energy through the use of smart-grid technology. Ultimately, the best solution
might be a hybrid of both approaches to make the grid bigger, smaller, and smarter all at once.
The most intuitive solution for the problem of intermittency is to bundle solar PV together with
energy storage. Chapter 9, “No Silver Bullet,” argues, however, that relying only on batteries, the
most familiar storage technology, would be prohibitively expensive. Fortunately, there are many
ways to re-create the same benefits as battery storage. A diverse mix of power plants can flexibly
shift their output to offset variable solar power. And linking the electricity system with other sectors
—such as transportation, heat, freshwater production, or agriculture—can provide flexible sources
of demand to absorb surplus solar power.
The United States has a crucial role to play in advancing the innovation that solar needs. Chapter
10, “A Solar City upon a Hill,” warns that the Trump administration’s policies threaten to dim the
shining example that the United States has historically set as the world’s foremost funder of energy
innovation. To seize the growing economic opportunity that solar presents and compete with the
current market leader, China, U.S. policymakers must increase funding for research, development,
and demonstration of new solar technologies, as well as other energy technologies that solar needs
in order to thrive. In addition to supporting technological innovation, U.S. policymakers should set
an example for the rest of the world by promoting financial and systemic innovations to pave the
way for solar’s continued rise.



 



Chapter 8    Is Bigger Better?

The only thing more surprising than the partnership between a Japanese tycoon and a Chinese
technocrat was the proposal they had joined forces to pitch. The “Global Energy Interconnection,” as
they called it, would cost $50 trillion, link every continent with undersea transmission lines, and
power the globe with clean energy. Windmills on the North Pole and solar panels in the Sahara
Desert would export their power to run the world’s megacities. And oh, by the way, this supergrid
would also secure world peace and harmony.

At least one half of the odd couple had made a habit of proposing audacious goals. For Masayoshi
Son—the second-richest man in Japan, where as something of a celebrity, he is often called just
“Masa”—the supergrid is his latest superlative. Masa has also set his sights on turning Softbank, the
conglomerate he leads, into a business empire that will last 300 years, and in 2017, he launched a
mammoth, $100 billion fund to invest in the tech sector. He has predicted that by midcentury,
computers will surpass human intelligence, achieving an IQ of 10,000.1 His bet on a supergrid fits
right in with his other self-described “crazy ideas.”2

Following the 2011 Fukushima disaster, Masa set out to harness renewable energy as an
alternative to nuclear energy to power Japan. “I was a total layman in renewable energy at the time of
the earthquake,” he admits. Perhaps that inexperience explains a proposal that most experts would
dismiss out of hand. But Masa’s initial vision of Japan importing solar and wind power from the Gobi
Desert resonated with utility executives in Russia, South Korea, and China. In 2016, the three utilities
and Softbank signed a memorandum of understanding to collaborate on a pan-Asian supergrid.3

It was Masa’s Chinese partner, Liu Zhenya—chairman of State Grid Corporation, the national
utility and second-biggest company in the world—who masterminded the plan to ultimately go global
once an Asian supergrid materialized. Unlike Masa, Liu was not known for articulating bold visions.
In fact, he wasn’t known for saying much of anything at all. An engineer by training, Liu had worked
in the state power administration his whole career, quietly ascending to the top of State Grid’s ranks.

But his work spoke for itself. Under Liu’s tenure, China constructed a network of ultra-high-
voltage-direct-current (UHVDC) transmission lines, a technology that has recently fallen in cost and
can transmit power over long distances without excessive losses. China currently has seven of these
gargantuan projects, which ship renewable energy from the remote western hinterlands of the country
to the metropolitan east coast. It also has twice as many projects on the drawing board. By contrast,
the United States is still trying to build its first UHVDC line, a $2.5 billion project to send wind
power from Oklahoma to Tennessee.4

Capitalizing on its success at home, State Grid is now offering its expertise abroad. Brazil has
hired it to build the longest transmission line in the world, measuring more than 1,500 miles, to
deliver hydropower from the Amazon to Rio de Janeiro.5 These efforts represent the first of three
stages that Liu envisions to achieve a global supergrid. First, countries will build their own
transmission grids—China plans to finish this stage by 2025. Next, countries will link up regionally,
in line both with Masa’s early vision of an Asian supergrid and other ambitious proposals, such as a



grid to link sunny North Africa with windy Europe. Then, the grand third stage will bring together the
regional supergrids to form a single global supergrid, linked by transoceanic undersea cables and
electrical superstations where lines would converge (figure 8.1).

Figure 8.1
A global supergrid. This map combines various proposed regional supergrids (for example, in the Asia-Pacific region, Europe and the
Middle East/North Africa, and North America). Black lines represent long-distance HVDC electricity transmission lines.
Source: Reprinted with permission from Gellings (2015).

Now Liu is backing up his vision with action. In 2016, when he reached China’s mandatory
retirement age and stepped down as boss of State Grid, he immediately took up the chairmanship of
an organization devoted to realizing his Global Energy Interconnection dream (Masa is a vice
chairman). He has also written a dense textbook, Global Energy Interconnection, that provides a
technical, step-by-step road map, including the specific technologies that will require further research
and development (R&D) investment to become commercially viable.6 He sums up by arguing that a
global supergrid could “secure a safe, clean, efficient, and sustainable energy supply. With UHV
[ultra-high-voltage] grids as its backbone, such a global energy interconnection transmits primarily
clean energy.”

Given China’s prowess at building large infrastructure—from bullet trains to planned cities—the
supergrid concept is understandably attractive and logical from Liu’s perspective. Indeed, a supergrid
is one way to solve the serious problem of renewable energy’s intermittency, which existing,
balkanized grids around the world are not equipped to handle well. Although the sun will not always
shine over any given location, it will always be out somewhere in the world. A big grid can connect
remote renewable resources with urban centers demanding energy. In general, the bigger the grid, the
easier it is to match up supply and demand.

Yet a supergrid would create its own host of challenges, which Liu’s tome addresses inadequately
despite devoting more than 300 pages to engineering details. Liu appears to find his creative muse in
the last chapter, entitled “Global Energy Interconnection Changes the World,” where the previously
staid textbook starts to veer off the rails with increasingly wishful subsections entitled “Creating a
New Energy Scenario,” “Infusing New Vigor into Economic Growth,” “Creating a Wonderful New
Social Life,” and “Turning a New Chapter of Civilization.”

In a similar vein, in a speech at the United Nations, Liu predicted that “the world will turn into a



peaceful and harmonious global village with sufficient energy, green lands, and blue sky.”7 But Liu’s
predictions about international relations are at odds with how the world actually works. First, getting
countries to pony up $50 trillion, as the plan requires, will be a tall order (“politically impossible,”
as Masa’s advisors have warned him). Also, many countries might worry about importing power from
abroad. Peter Littlewood, professor of physics at the University of Chicago, is skeptical of Liu’s
grand vision, invoking Europe’s tumultuous experience depending on Russia for natural gas. In one of
his characteristically British understatements, he has remarked, “My sense is that countries will be
concerned about being reliant on partners that they may not always be friends with.”8

Despite the political challenges, the practicalities of building a supergrid are worth considering,
as are other out-of-the-box ideas for accommodating growing amounts of clean but intermittent
sources into energy systems. In any case, the supergrid concept underscores the massive scale that
might be needed to enable a global electricity system to rely heavily on fluctuating power sources like
solar and wind. Even if technological innovation were to deliver endless rolls of almost-free, ultra-
efficient solar photovoltaic (PV) coatings, today’s power grids would still struggle to integrate the
resulting gobs of unreliable electricity. Enabling continued expansion of solar PV will also require
arresting its value deflation, so its electricity is worth more than the costs of generating it. To meet
such demands, countries will have to rethink the entire architecture of their power grids, and do it in
time for the world to reach the target of generating a third of its electricity from solar power by
midcentury (and, overall, most of its electricity from zero-carbon sources).

Many believe that the key to accommodating solar’s rise and addressing intermittency will be
storing excess energy in batteries. But batteries remain expensive—at least for now. Grid expansion
is an elegant alternative. Batteries would still have a place but would not be the only, or even the
primary, solution (See chapter 9 for more details). If you build a big enough grid, the need to deploy
massive amounts of expensive storage falls because the vagaries of weather and volatility of demand
average out over large areas. Recognizing the advantage this feature offers, proposals for regional
supergrids all over the world, notably in Asia, Europe, and North America, are gaining steam.

The quest to build ever-larger grids is not the only attempt under way to transform the power
sector, though. In fact, the exact opposite idea has attracted excitement, particularly from New York,
California, and some other U.S. states. Large, interconnected grids are vulnerable to massive failures,
as Superstorm Sandy reminded people living in New York and New Jersey in 2012. But
decentralized grids that rely more heavily on locally sited power resources—such as rooftop solar
panels fuel cells, and batteries—could be more resilient in the face of disasters, natural or otherwise.

Moreover, a decentralized grid could, in theory, be cheaper than a centralized one. Scaling back
investments in the sprawling infrastructure of the traditional grid, from power lines to substations,
could slash customer bills. And those savings might not disappear if the cost gap between cheap
power from large plants and traditionally expensive power from small-scale resources continues to
narrow. Finally, if decentralized economic markets, where customers could trade energy services
with their neighbors, took off, a decentralized grid could operate much more efficiently than today’s
overbuilt, clumsy, and centralized power system.

There are reasons to think that decentralized grids would have more difficulty incorporating solar
power than larger grids would, yet counterarguments can also be made. A decentralized grid would
rely more heavily on local power sources, such as rooftop solar, which is more expensive than
utility-scale solar. And a decentralized grid would be hard-pressed to balance power supply and



demand on the scale of individual communities, whereas a centralized grid can more easily average
out supply-and-demand volatility over large areas. On the other hand, decentralized economic
markets might increase the value of small-scale solar by compensating solar owners for helping to
stabilize the grid. This increase in appeal could speed the deployment of distributed solar power
installations, especially those of an intermediate size of a few megawatts that are both cost-effective
and valuable to the grid. If a decentralized grid were also “smart”—that is, if the grid and the
equipment that it powers could talk to each other—then the grid could adjust to customer demand on
the fly. It could match demand with the fluctuating supply from intermittent solar power, whether from
utility-scale solar plants or distributed installations.

Supergrids and decentralized grids may fall on opposite ends of the size spectrum, but both would
require systemic innovation, or novel approaches to fitting all the puzzle pieces of an energy system
together. Systemic innovation can involve the use of new technologies; indeed, both new paradigms of
the grid will require improved technologies to advance. But systemic innovation is distinct from
technological innovation because it also encompasses getting fancy new widgets to work together
seamlessly. For example, supergrids will require novel network topologies—that is, designs for
laying out new power lines and tying them into existing grids. A decentralized smart grid would add
two-way communication between utilities and customers and employ software algorithms to run the
grid much more intelligently than today.

Which way is the world headed? And is bigger always better? There are no clear answers yet.
The most promising way forward is probably to pursue a hybrid strategy of expanding the grid and
localizing it at the same time, all the while making it much smarter than it is today. Such a hybrid grid
might rely on a backbone of long-distance transmission lines to link faraway regions and deliver
renewable energy from the most sun-drenched, windswept regions. Supplementing these clean energy
highways would be decentralized microgrids serving, for example, neighborhoods, military bases, or
schools, all networked together into a smart grid. Retiring much of the expensive, overbuilt
infrastructure of today’s grid could pay for both supergrids and asset-light microgrids. This hybrid
grid model could weather the volatility of renewable energy both through the wide reach of its long-
distance transmission backbone and the precise responsiveness of the decentralized smart grid.

Although the supergrid and decentralized grid models are each radical departures in opposite
directions from today’s power system, they might actually coexist in a truly advanced hybrid grid.
Perhaps such a future is no more improbable than the partnership between Masa and Liu—two men
with little in common except dreams of a future powered by clean energy.

Let’s Get Together

A 2015 headline in The Guardian announced, “Wind Power Generates 140 Percent of Denmark’s
Electricity Demand.”9 Technically, that was true—it was so windy one summer day that Denmark’s
ubiquitous wind farms generated enough power to meet the entire country’s demand, with surplus to
sell to its neighbors. The bit about the neighbors might sound like an afterthought. But those neighbors
are crucial to Denmark’s ability to supply over a third of its annual electricity from highly variable
wind energy.

Denmark’s grid is part of the larger Nordic Synchronized Area, a grid that also encompasses
Norway, Sweden, and Germany and delivers nearly thirty times as much power as Denmark alone



uses. To that larger grid, Danish wind power is a drop in the bucket. A bucket is indeed an apt
metaphor because the Nordic grid features vast hydro reservoirs in Sweden and Norway, which are
adept at storing volatile renewable energy by pumping water uphill; the power can be recovered on
demand by letting water flow back downhill to run a hydroelectric turbine. Across the whole Nordic
grid, wind accounted for less than 15 percent of the electricity produced in 2015, despite the dramatic
Guardian headline.10

Denmark’s situation is an argument for designing large, cross-national grids. Such grids can be
more efficient than isolated ones because they can draw in energy from whatever sources are
cheapest and most available at the time, regardless of whether those sources are nearby. Larger grids
can also make much more use of clean but intermittent sources, which reduces waste and increases
incentives for expanding the penetration of renewable energy into the electricity sector. The question
for planners of such grids is how best to link up the disparate parts.

In the case of the Nordic Grid, its existence enabled much more wind power to be deployed than
would have been possible if the constituent countries were disconnected from one another. Indeed,
one of the major reasons that Germany is a global leader in renewables, which supplied a third of its
power in 2016, is its ability to export surplus power to its neighbors. And to use even more
renewable energy, Germany is building new transmission lines to Sweden and Norway to access their
extensive hydroelectric storage facilities.

Interconnecting their grids makes it easier for countries to increase their share of volatile
renewable energy while still matching up power supply and demand. On the supply side, the territory
covered by a larger grid can have more diverse weather patterns than an individual country would.
The shared grid makes it possible to exploit these patterns to keep the power supply to customers
steady. For example, a large enough grid will rarely experience overcast skies over its entire
geographical span, so at least some solar panels will continue to produce power as production from
others drops. Similarly, geographically diverse wind turbines will produce less volatile power than
if they are regionally concentrated. The wind and the sun are also anticorrelated in many regions. That
is, at night when the sun sets, the wind blows harder, so a large grid spanning windy and sunny areas
can achieve relatively consistent levels of renewable output. It is true that there are limits to what
grid expansion can achieve. Because the sun moves from east to west, grid expansion from north to
south does not mitigate power fluctuations from the daily solar cycle. Long-distance east–west
transmission lines, however, can help with this daily volatility. Grid expansion also will not help
when a solar eclipse strikes—fortunately, those large-scale events are rare and predictable.11

On the demand side, the larger the grid, the easier it is to match up renewable supply with demand
centers. Often, the best renewable energy resources are far from major urban areas—think about the
sun-soaked Sahara Desert or the windswept Great Plains—but a large grid can link them. In addition,
connecting different demand centers has a similar smoothing effect on overall demand as linking
geographically diverse sources of various kinds of renewable energy supply. When some area needs
a lot of energy, it can obtain it from locales that require less energy at the moment.12

The technology to link faraway regions with transmission lines has actually been around since the
first half of the twentieth century. As early as the 1920s, power systems engineers realized that high-
voltage direct current (HVDC) power lines were better suited than high-voltage alternating current
(HVAC) counterparts for long-distance transmission. This is counterintuitive, given that chapter 5
explained that in the early twentieth century, AC became the global standard of choice for power



grids because it was easy to transform the voltage of AC power (and nearly impossible to do so for
DC power). At high voltages, less electricity is lost in transmission. AC power grids sprang up to
serve burgeoning electricity demand because it made more sense to put power plants relatively far
from where the power was consumed, rather than rely on a DC system, which would require
colocated generation and consumption. Thomas Edison, who favored using DC, was on the losing
side of this argument, even though he publicly electrocuted farm animals with AC to try and turn
public opinion against HVAC. Nikola Tesla sealed AC’s victory by powering New York City with an
AC transmission line from Niagara Falls.

For transmission over really long distances (i.e., hundreds of miles or more), however, even
HVAC just isn’t up to the task. At the high voltages required for those distances (several hundred
thousand to over a million volts), HVDC lines are considerably cheaper and lose less energy than
their HVAC counterparts. In fact, DC power transmission is always more efficient (i.e., loses less
energy) than AC power transmission, and DC power lines require less material than AC power lines,
making them cheaper. But the prohibitive cost of converters to increase and decrease the voltage of
DC electricity at the beginning and end of a transmission line has traditionally ruled out DC for most
grid uses. By comparison, AC voltage transformers are relatively inexpensive.

Still, at the highest voltages and greatest distances, the savings from more efficient and cheaper
HVDC power lines more than compensate for the expensive DC converters (figure 8.2). What’s more,
HVDC lines require less land when built above ground, and they can even be put underground,
whereas long-distance AC lines cannot be put underground because of extremely high energy losses.

Figure 8.2
Schematic cost comparison of AC versus DC power lines. This schematic graph plots the total cost of AC and DC power lines as
a function of their length. AC lines are cheaper over shorter distances because AC terminals, which transform the voltage to higher or
lower levels, are cheaper than DC terminals, which convert the voltage to higher or lower levels. But over longer distances, AC lines
quickly become more expensive because the cost of the power lines overwhelms the cost of the terminal. This is because long-distance
AC lines have high losses and require substantially more material than equivalent-voltage DC lines. Therefore, beyond the breakeven
distance, typically several hundred miles, high-voltage DC lines are the cheapest option, even taking into account the expensive terminals.

Recognizing that the voltage converters were the expensive bottleneck raising the cost of
otherwise cheaper and superior HVDC technology, engineers in Europe and the United States worked
throughout the twentieth century to develop less expensive converters. The first commercial HVDC



project connected an island off Sweden with the mainland in 1954. In the 1970s, a better converter
technology set off a flurry of new lines in Europe, Asia, and North America.13 (One of these is the
Pacific DC intertie, a nearly 1,000-mile HVDC line built in 1970 to connect the Pacific Northwest
with Los Angeles. In 2013, when I was an advisor to Mayor Antonio Villaraigosa of Los Angeles, I
recommended that the municipal utility invest over $100 million to upgrade the Sylmar converter
station serving Los Angeles; those improvements are now ongoing).14

HVDC lines built in the twentieth century were limited to connecting just two faraway points.
More recently, however, a new converter technology known as a “voltage source converter” has
made it possible to tap into an HVDC line at many points along its journey. This capability raises the
prospect of an interconnected, meshed grid of HVDC lines rather than single, one-off projects. Such a
grid could allow many more sources of supply and demand to be connected while minimizing
transmission losses over long distances. What’s more, voltage source converters would enable this
HVDC grid to link to existing AC grids, layering the former right on top of the latter.

For HVDC grids to be widely affordable and effective, more technologies are needed. These
include DC circuit breakers that can shut down massive current flows within milliseconds to ensure
grid reliability. Recent advances in materials known as “wide-bandgap semiconductors” might enable
low-cost, high-performance circuit breakers, voltage converters, and other power electronics for
HVDC grids.15 Further on the horizon, replacing today’s copper or aluminum power lines with
superconducting cables could boost the power that an HVDC line could carry while plunging the
energy losses to virtually zero. Such superconducting lines would need to be cooled to nearly
‒200°C, but the efficiency gains could outweigh the cooling costs.16

Although HVDC technologies are still under development, China is forging ahead, planning to
develop everything that it needs along the way. Having already constructed the largest HVDC network
in the world, it may spend $4 trillion through 2040 reducing emissions from its power sector and
making an even bigger network of UHVDC (which is just HVDC at especially high voltages—around
1 million volts or higher) lines.17 Some of this ambitious buildout might be excessive. Indeed, China
has been known to build “white elephant” infrastructure projects, such as roads and railways to
sparsely populated areas.18 One study suggests that bolstering the good old AC grid could utilize
surplus renewable energy better than building fancy, new long-distance UHVDC lines, which might
backfire by providing distant markets for inefficient, inland coal plants.19 Most experts agree,
however, that China’s transmission expansion will help reduce the amount of renewable energy that is
thrown away because of being generated in remote areas cut off from demand centers.

Building on China’s progress, Liu and Masa envision interconnecting China with other Asian
countries to create a regional supergrid. Though expensive, the prospective benefits—such as the
ability to send remote, cheap renewable energy to faraway cities—could outweigh the costs. Another
advantage of interconnecting grids across national borders is that each country would no longer have
to maintain backup generation capacity independently to ensure power reliability. Instead, the
countries could pool their reserves, eliminate redundancies, and reduce the total capacity needed.
Studies simulating different configurations have found that a Northeast Asian supergrid connecting
China, Japan, South Korea, Mongolia, and Eastern Russia could be cost-effective, despite the high
cost of building new transmission lines.20 But linking Australia, via underwater cables and overland
lines through Southeast Asia, might be a bridge too far for now.21

Another promising regional supergrid proposal would connect Europe with North Africa. This



idea, however, has already faced obstacles. In 2009, a consortium of European investors founded
DESERTEC, a scheme to supply Europe with solar energy from the sun-drenched deserts of North
Africa. But by 2013, the investors backed out and the program collapsed. Still, in 2016, a CSP
project in Ouarzazate, Morocco, came online (travel tip: this plant is less than an hour’s drive from
the popular tourist village of Ait-Benhaddou and is worth a visit just to gawk at the parabolic mirrors
arrayed as far as the eye can see). The project was originally intended to export power to Europe and
may help resuscitate the supergrid vision.22

A recent study confirmed the feasibility of connecting Europe’s AC grid with North Africa via
HVDC lines to dramatically reduce the carbon emissions of the combined supergrid, but the price tag
is over $200 billion.23 So in the near term, proposals to further interconnect Europe’s grid—the
largest in the world in terms of connected generation capacity—have the most realistic chance of
completion. These include connecting the Nordic grid with Russia, delivering offshore wind power in
the North Sea to various countries, and realizing a sixty-year-old plan to link Iceland to the rest of
Europe through Scotland.

Across the Atlantic, North America is an excellent candidate for further interconnection, building
on the well-integrated U.S.-Canada grid. One study focused on the United States found opportunities
for more than 20,000 miles of new HVDC transmission lines to internally link up the entire country to
enable a surge in renewable energy.24 And there are further opportunities for continental grid
integration. Canadian hydropower exports to the United States could rise tenfold if Canada fully
developed its hydropower resources and the two countries built new HVDC connectors.25 The biggest
rewards, however, lie to the south. Cross-border electricity trade between the United States and
Mexico has historically been limited. Now that Mexico has reformed its energy markets, though, the
two countries have discussed integrating their grids with the addition of new transmission capacity.26

This integration would offer the United States access to Mexico’s enormous solar resources in sunny
regions, such as Baja California. In 2016, the three North American heads of state agreed on a
continental goal to reach 50 percent zero-carbon electricity by 2025.27

When it comes to hammering out the details of grid interconnection across borders, there are
opportunities for cooperation (consistent with Liu’s predictions of global harmony)—but also
discord. Different countries have different rules and regulations governing their power markets, and
harmonizing them across borders could prove tricky. Countries are also liable to squabble over how
to allocate the costs of shared transmission projects.

And a whole host of international disagreements could color countries’ willingness to jointly take
the plunge and link up their power systems. For all the camaraderie between Masa and Liu, Japan and
China are riven by serious political and military tensions, including maritime disputes in the East
China Sea. Such tensions might prove the biggest obstacle to countries trusting one another enough to
willingly increase their dependence on traded energy.

Therefore, Liu’s eventual goal of going beyond regional supergrids to achieve a global one is
pretty implausible, requiring more international trust, far more money, and further advances in such
technologies as undersea cables. Nevertheless, that ultimate vision might function as an inspirational,
if perhaps impossible, target toward which even partial progress—such as the establishment of
regional supergrids—would constitute a big step forward for the world. Indeed, bigger grids will be
essential for tapping the world’s best solar and other renewable resources.

Still, the push to create ever-bigger grids has its critics, who contend instead that smaller,



decentralized grids deliver a myriad of benefits in comparison with a centralized model. One of the
most compelling of those benefits could be superior resilience in the face of natural or manmade
disasters.

Bracing for the Next Superstorm

In meteorological terms, Hurricane Sandy in 2012 was a middling storm, a Category 2 runt compared
with the Category 5 monsters that the Atlantic Ocean breeds every few years. But with precise aim
and impeccable timing, Sandy plowed into New York City right at high tide and became a superstorm,
inflicting tens of billions of dollars of damage, the second-highest total in U.S. history. The toll on the
power grid was extreme. More than 2 million residents of New York City faced outages as Sandy
knocked out a third of the generators serving the city, flooded five major transmission substations, and
wrecked power poles and equipment on the distribution grid.28

Thanks to climate change, a higher proportion of future storms will be large. The flood of the
century could soon become the flood of the decade.29 At the same time as natural disasters are
becoming more deadly, the U.S. electricity grid is aging and growing increasingly more vulnerable to
being damaged by storms and other stresses. Even in the absence of aging, the interconnected nature
of the grid makes it prone to large-scale disruptions. Being interconnected is great for delivering
power across great distances, but it is calamitous when a problem in one section rapidly knocks out
many other sections. In 2003, for example, an Ohio power line touched an overgrown tree branch,
causing a cascading failure that blacked out vast swaths of the eastern United States and Canada,
affecting 50 million people. Added to the mundane risks posed by vegetation are the malevolent
threats of foreign adversaries who wish the United States harm and see the grid as a prime target.30

In the aftermath of Superstorm Sandy, New York governor Andrew Cuomo tasked the state’s
energy agencies to develop a comprehensive plan to prepare for future disasters. From that mandate
evolved “Reforming the Energy Vision (REV),” the brainchild of Governor Cuomo’s energy czar,
Richard Kauffman.

REV sought to build resilience into New York’s power grid from the ground up. By redesigning
the grid to rely much more on distributed energy resources, the formerly centralized grid would not be
vulnerable to failure in one fell swoop. For example, a hospital might be connected to the main grid
but also generate and store power with solar panels, fuel cells, and batteries on site. If a disaster
were to knock out the central grid, the hospital still would be able to run its critical equipment.
Importantly, distributed energy resources would be installed in such a way that they themselves were
resistant to failure. By contrast, many diesel generators powering New York City hospitals
succumbed to flooding when Sandy struck, triggering evacuations of those hospitals.

Although a need for resilience inspired REV’s decentralized architecture, many other benefits
soon emerged. Foremost were the enormous potential economic savings from a power system that
required only a skeleton of a central grid and could serve most demand with locally sited distributed
energy resources. Richard Kauffman made the case to reform the traditional model of the grid by
explaining, “We’ve spent $17 billion on the electric system in the past 10 years, and we’re on track to
spend $30 billion in the next 10 years. It doesn’t make the system any smarter or more resilient just to
replace what we have.”31

What’s more, REV could also make the power system cleaner, thanks to the emergence of low-



cost, clean, and decentralized technologies such as rooftop solar panels, batteries, and energy-
efficient appliances. These various benefit streams came together in late 2016 when Con Edison,
New York City’s power utility, successfully deferred the construction of a $1 billion substation in
Brooklyn by soliciting bids for clean, distributed energy from rooftop solar, batteries, and energy-
saving measures.32

I was fortunate to serve as an advisor to Richard and the Governor’s Office during this time,
where I helped design the regulations to transition New York from a twentieth-century power system
to a modern one. I fondly remember one meeting in particular. The team was reviewing a sweeping
new policy that would incentivize New York’s power utilities to support distributed energy resources
rather than pour money into expensive transmission lines and substations. Unremarkably titled “Track
Two,” this regulatory document was typeset in the stultifying, monospaced font that you would expect
to see from a bureaucratic agency.33 But Richard held the sheaf of paper tenderly and announced to the
room that this document might be as important to the power industry as the Declaration of
Independence had been to the United States.

Indeed, the regulatory reforms that document set in motion are declaring independence from the
twentieth-century model of power systems. Under that model, which still characterizes the vast
majority of power grids around the world, utilities operate a top-down grid. Centralized power plants
produce electricity, which is then transmitted and distributed to customers much as the heart pumps
blood through arteries and then capillaries to reach the body’s extremities.

The problem with this power grid is that it is centrally planned, inefficient, and dumb. Utilities try
to forecast demand patterns years in advance as they plan which segments of the grid to build out.
These predictions are often fraught with errors, however. Utilities then oversize system components
so that in the worst case—say, on a hot summer day with very high power demand from air
conditioning—a substation or power line can deliver as much electricity as customers instantaneously
need, even if that equipment is underutilized most of the year. Finally, most utilities have very little
live information about how much power flows over the distribution grid. Until very recently, when
some U.S. utilities began to roll out smart meters, they had no idea how much energy each customer
consumed until a meter reader paid a monthly visit.

These features make the power grid more expensive than it needs to be, and its sprawling
infrastructure has innumerable points of potential failure that threaten the whole system. Utilities,
meanwhile, have no incentive to move away from this paradigm. Quite the opposite, in fact—the
arcane way in which they make money is by collecting ever-higher customer payments to finance grid
infrastructure projects and skimming some profit off the top to return to their investors; this paradigm
gives utilities every incentive to continue building out the grid. Now, the industry certainly deserves
credit for the miracle of delivering highly reliable power to the entire country. This feat led the
National Academy of Engineering to proclaim the U.S. grid the most impressive engineering
achievement of the twentieth century (figure 8.3).34 But this century, a revamped grid can do much
better.



Figure 8.3
The twentieth-century paradigm of the electric grid.
Source: Energy Information Administration (EIA).

In that spirit, REV aims to create a more decentralized, efficient, and smart grid. In a departure
from existing regulations that compel utilities to support distributed energy resources as a matter of
compliance, REV offers utilities new ways to make money. If they can persuade customers to cost-
effectively meet local needs with on-site generation and to adopt energy-efficient appliances that can
be programmed to reduce demand when the grid is under strain, they can avoid building out expensive
new power lines and substations. To align their incentives with those of customers, they should be
entitled to a cut of the cost savings to the power system.

Also, rather than a single, centralized wholesale power market that sets the price for power over a
broad region, REV aims to set up distributed markets that would allow customers to trade energy
services at the local level. It envisions dynamic prices for electricity services that change based on
location, date, and time, so that customers receive finely tuned price signals based on the system costs
that they incur. In a neighborhood with many rooftop solar panels, for instance, the household with a
battery system could take advantage of an attractive price for storage capacity, stowing a noontime
glut of solar power to prevent the energy from overloading the local circuitry and sending the stored
energy back to the grid later on. And because most customers will not want to actively participate in
these complex markets, third-party aggregators could step in to trade on behalf of their clients. This
market-based approach would enable the most efficient use of distributed energy resources to meet
customer needs.

New York’s REV is not alone in its goals. On the West Coast, California is similarly exploring
options to move toward a more decentralized model.35 And, abroad, the United Kingdom has
pioneered regulations that eliminated perverse incentives for utilities to invest only in major grid
infrastructure projects, rather than meeting customer needs in the most efficient way possible.36

Countless other utilities and regulatory bodies are closely watching what happens in such first-mover
jurisdictions as New York to evaluate how they can modernize their power systems as well.

A crucial part of this effort will be using technology to create a smarter grid. Today’s overbuilt
grids exist because utilities have had little ability to see the real-time flow of power and the
instantaneous demands of customers. But much less infrastructure would be required if an intelligent
grid operator—or better, autonomous software programs—could reroute power flows and recruit
distributed energy resources to meet local demand on the fly.

Achieving this scenario will require advanced equipment deployed across the distribution grid.



Sensors on power lines and at substations could provide real-time intelligence about power flows.
Power electronics could dynamically divert power to where it needs to go, rapidly shut down
overloaded parts of the system, and restore service nearly immediately. Not only would the grid be
less prone to massive outages (because it could section off problems before they spread elsewhere),
but it would also be self-healing.37

What does this all have to do with solar? A transition toward a smarter, decentralized grid may
well improve the grid’s resilience, reduce power costs, and give customers more choices over their
energy. But can it help cost-effectively deploy massive amounts of solar power and mitigate solar’s
volatility in the same way as grid expansion can?

At first blush, decentralizing the grid would appear to set back, rather than advance, efforts to
integrate more solar power. Relying more heavily on local power sources would limit the size and
location of solar installations. Instead of faraway utility-scale solar projects in the sunniest locations,
a decentralized grid would recruit locally sited solar panels to power nearby communities. But the
smaller a solar project, the more it costs (because bigger projects enjoy economies of scale). So,
decentralizing the grid could reduce the economic competitiveness of solar power. And it would be
challenging to balance intermittent solar power with local demand.

But distributed markets to facilitate local trade in energy services could increase the market value
of distributed solar power. For the grid to maintain a highly reliable power supply, it needs to
maintain certain attributes of that power, such as the frequency and voltage, at very precise levels.
The equipment that connects distributed solar power to the grid—the inverter—could actually help
the local distribution grid accomplish those goals.38 Now that smart inverters have hit the market, they
can perform these services and thus help to ensure high-quality power at local scales, earning
distributed solar generators revenue in new distributed markets. And, if the value gap between utility-
scale and distributed solar power narrows—because distributed solar would become more valuable
and offset its high cost—deployment of distributed solar could start to catch up with that of utility-
scale solar.

The way to cost-effectively deploy distributed solar power is to aim for the Goldilocks zone that
sits between installations that are tiny and those that are massive. Rooftop solar installations are
expensive because they are small and highly customized. Utility-scale installations are much cheaper,
but they are remotely sited and require expensive transmission lines to deliver their power. In the
middle are solar installations sized at just a few megawatts. These are small enough that they can be
sited in the often empty surroundings of a grid substation, enabling them to plug right into the grid with
limited additional expense. But they are large enough that they enjoy economies of scale that drive
down their cost. In addition to being economically favorable, these installations—equipped with
smart inverters—are an ideal size to help stabilize the grid.39

Finally, a smarter, market-driven decentralized grid also could make it easier to deal with the
unreliability of solar PV installations—be they big, small, or Goldilocks-sized. Such a grid could
modulate customer demand so that it matches up with fluctuating solar output. This demand-side
solution to the problem of solar’s intermittent supply is what we turn to next.

A Grid Hive Mind

Each January, while the world’s most powerful business and political leaders hobnob at the World



Economic Forum, leaders of the North American energy industry meet in Vail, Colorado, for the
“Davos of Energy.” Just as Davos has increasingly shined a spotlight on clean energy and climate
change, so too has the Vail crowd expanded beyond just the oil and gas industry. On the final day of
the 2017 summit, when participants took to the ski slopes, I found myself seated on a chair lift next to
Microsoft’s chief sustainability officer, Rob Bernard, with a long ride ahead of us.

We were on the first lift run of the day, at the crack of dawn, and the temperature was barely above
zero Fahrenheit. But I forgot about the chill as Rob excitedly shared Microsoft’s idea for how it might
be possible to eliminate nearly all the carbon emissions from its data centers by running them only
during periods of abundant renewable energy supply on the grid.40 “The opportunity is huge,” he
gesticulated with his oversized gloves. One of Microsoft’s data centers in the state of Washington
alone uses as much energy as 40,000 homes.41 Many of its operations—such as backing up or
indexing its cloud customers’ data—can be flexibly scheduled to increase or decrease the data
center’s instantaneous power consumption. And, by using a machine-learning algorithm to predict,
based on past records and current weather data, when such renewable generators as solar panels will
flood the grid with power, Microsoft can adjust its data centers’ operations to consume that surplus
solar power. Rob’s idea was so captivating that I realized that my fingers were freezing only when the
end of the lift interrupted our conversation. Graciously, he guided me down the quickest run to the
lodge so I could warm up with some hot chocolate.

What Rob was proposing was an example of a general strategy called “demand response,” in
which customers adjust their power consumption to help the grid balance supply and demand.
Demand response has actually been around for decades, although not in nearly as nimble a form as
what Microsoft and others are pursuing today. Currently, utilities have various programs in which
they pay customers to turn down the air conditioning on a hot summer day when high demand is
straining the grid (to cite just one example). In some cases, utilities can directly control customer
appliances to crank up the thermostat a few degrees.42 And some large industrial power customers
already regulate their demand at a greater scale. In most of the major U.S. electricity markets, they
can sell negative megawatts (“negawatts”) of power savings alongside the megawatts of power
supplied by conventional power plants.43

But this is just the beginning for demand response. A wave of start-up companies has persuaded
venture capital investors to fund demand-side innovations, early returns from which are much more
promising than the flopped investments a decade ago in clean energy supply technologies.44 As
smarter grids gain the ability to harness a wide range of distributed energy resources and coordinate
them, a much wider range of customer equipment—large and small—could act in concert to modulate
demand in a way that matches up with intermittent renewable energy supply.

Many trends are on course to converge at enabling this reality. First, customers are increasingly
buying appliances that connect to the Internet—be they smart thermostats, washing machines, lights, or
refrigerators. Industrial power customers are also connecting their equipment to the Internet. By 2020,
the overall number of devices composing the “Internet of Things” is on track to reach 50 billion—
double the number in 2015.45 These devices can be remotely controlled (for example, via a
smartphone app), changing their instantaneous energy consumption. The same applies to the power-
intensive equipment in large buildings, which increasingly is controlled through smart building energy
management control systems.

Second, utilities are rolling out “smart meters” that measure household power consumption on a



much more granular basis than every month—some measure it every hour, minute, or even second.
These meters can communicate with the grid to help both grid operators and customers find out what
the other needs. Over half of American households have smart meters now. Although the torrents of
data pouring in from these meters have overwhelmed some utilities, others have started to manage
power flows on the distribution grid intelligently to meet local customer needs.46

Third, two-way communications networks and software solutions are emerging that can be
overlain on the new hardware to orchestrate effective demand response by managing distributed
energy resources in concert. A utility can use these tools to act as the nerve center and centrally
control everything on the grid, from power lines and substations to customer appliances.

But decentralized control algorithms are becoming available as well and should mirror the
decentralization of the grid’s hardware. In the future, the utility might coordinate only the
macroscopic, or large-scale, operation of the grid, a virtual eye in the sky sending broad control
signals via the cloud. But numerous local networks may also operate at the grid’s edge, connecting
individuals within a local community, such as a neighborhood or a university. Autonomous software
algorithms at the local level could speedily coordinate the functioning of distributed energy resources
to match up local supply and demand and respond to the coarse signals sent from the central utility.
This might resemble an ant colony, in which decision-making is decentralized but manages to advance
the goals of the entire collective.47

What could the grid’s new hive mind mean for solar power? One exciting prospect is the
emergence of virtual power plants. If distributed energy resources all over the grid could act in
concert, their collective effect could be the ideal complement to solar’s intermittency. For example,
batteries might absorb energy as surplus solar power floods the grid. Or a combination of
thermostats, water heaters, and electrical equipment might instantaneously scale back power demand
to compensate for drooping solar output.48 Already, countries around the world are experimenting
with this strategy. To cope with worsening blackouts in southern Australia, for example, a utility
switched on the world’s largest virtual power plant in Adelaide in 2017, networking together 1,000
home batteries to better balance supply and demand.49 (Tesla also has plans in the region to deploy
the world’s largest battery system to help improve the grid’s reliability.)

Thus, a decentralized grid could make it easier to absorb large amounts of intermittent solar
power. And combining the best features of centralized and distributed grids could integrate even more
solar power. Expanding a centralized grid—possibly culminating in a supergrid—would smooth out
solar output through geographical aggregation and also connect faraway solar supplies with the needs
of power-hungry cities. Meanwhile, the demand response capability that could emerge from a
decentralized grid’s hive mind would complement the supergrid’s activities, adjusting demand in
response to variable solar supply.

Back at Microsoft, engineers are working to bridge the gap between the supergrid and distributed-
grid strategies by combining virtual power plants with virtual transmission lines. Their idea is to
swap out electrical HVDC transmission lines for much cheaper optical fibers that could create a
different kind of supergrid. In their vision, a global network of interconnected data centers could shift
energy-intensive computation around the world to wherever renewable energy output is strongest at
that moment. So when the sun is shining over Europe, U.S. data centers would scale back their power
consumption and transmit their data over to Europe to be processed and sent back.50 Thus, demand
response on a decentralized grid could give rise to an optical supergrid.



That idea is a little far-fetched—and possibly unworkable, given the latency, or delays, that would
accumulate from trying to move data around the world to follow the sun. Also, data centers account
for only a small (but rapidly growing) fraction of the world’s power consumption. And yet, the core
insight—a hybrid approach that would combine the demand response capability of a decentralized
grid with the interconnections of a supergrid—is sound. An electrical, not optical, hybrid grid is not
so far off, and it might represent the world’s best shot at integrating massive amounts of solar power.

Best of Both Worlds

“Can you hear me now? Good!” That Verizon representative’s pithy refrain from a memorable ad
campaign sums up one of the remarkable successes of the twenty-first century: widespread cell-phone
coverage networks. (If the ad instead conjures up frustrating experiences with cell phone carriers, at
least remember that a couple of decades ago, there was no service to complain about.) Somehow, cell
networks provide reasonably reliable 24/7 service to customers who collectively are forever starting
and ending calls, surfing the Web, and moving around unpredictably. Embedded in that success is an
important lesson for how to construct a hybrid power grid that copes well with unpredictability.

The way that cell phones access the network of cell towers is complex and dynamic. In the
simplest case, a cell phone will access the nearest tower, which offers the strongest signal. If too
many users saturate a single tower, your cellphone may be rerouted to a network of towers farther
away. Sophisticated protocols hand off cellphone connections between towers when you are on the
move.

In a similar way, in one expert’s sketch of a hybrid grid, a honeycomb of micro-grids might
connect to one another dynamically in a cellular fashion, rerouting power flows to adapt to congestion
and instantaneous customer demand.51 Recall from Chapter 5 that a microgrid networks together a
community—perhaps a neighborhood, university, hospital, military base, or large office building—
linking distributed energy resources that produce and consume energy. These microgrids would also
be connected to a central grid but would each have locally sited control systems and the capability to
operate autonomously.52 And they would derive a large fraction of their electricity supply from
megawatt-scale distributed solar installations located on site or nearby.

In the case of a disaster, microgrids designed with resilience in mind can disconnect from the main
grid and continue to operate. Such independence can also stop a spreading blackout in its tracks.
Microgrids can even make it harder for hackers to attack the overall grid by keeping localized
intrusions from spreading.53 To avoid having to overbuild power-generation sources and network
capacity to ensure that the power supply can meet demand at the local community level even when the
demand is unusually high, these modular microgrids could be networked together to connect
dynamically with each other and trade energy services.

In this conception, long-distance transmission lines would then form a central grid backbone that
connects neighboring regions (and even countries) to create a supergrid. Existing proposals for a
supergrid call for adding HVDC interconnections to dramatically expand the grid’s reach and access
faraway renewable resources. But those proposals would largely leave the underlying grids
interconnected by HVDC untouched. The hybrid grid, by contrast, would reengineer the underlying
grids as well.

Much of the existing, overbuilt AC grid would become unnecessary—it would be replaced by



bare-bones connections between microgrids. If the microgrids were to run on DC electricity (which
is increasingly a good idea given advances in DC power electronics), then the entire hybrid grid
would run on DC, from high-voltage, long-distance transmission lines to local, cellular microgrids.54

This would minimize conversion losses from DC to AC, reduce energy consumption thanks to
efficient DC appliances, and bring a myriad of other benefits, such as the prospect of underground,
long-distance power lines. The grid would thus come full circle from the early days before Edison’s
DC technology was superseded by Tesla’s AC grids.

Figure 8.4 portrays an illustrative schematic of what this hybrid grid might look like. It would
combine microgrids that efficiently use distributed energy resources to regulate supply and demand at
the local level with long-distance transmission links that can shuttle power between faraway regions
and access remote but rich renewable resources. And it would replace much of today’s existing,
bloated grid that relies on expensive AC transmission and distribution infrastructure, relying on asset-
light microgrids at the local scale and HVDC lines at the regional and global scales.

Figure 8.4
Schematic of what a hybrid grid might look like. The left panel represents a continent-sized supergrid (pictured: the regional
supergrid connecting Europe and North Africa proposed by DESERTEC). The symbols represent renewable energy generators, and the
lines represent long-distance, HVDC transmission lines. The right panel zooms in to reveal the decentralized microstructure of the hybrid
grid. At this scale, the grid consists of networked microgrids with their own distributed energy resources (clockwise from top left are a
college campus, a neighborhood, an industrial facility, and a military base). These networked microgrids connect to the superstructure of
HVDC lines that connect disparate regions and enable access to faraway renewable resources.
Important note: This schematic is not exhaustive—that is, many other resources, like conventional power plants, can plug into this hybrid
grid, though they are not shown owing to space constraints.
Source: DESERTEC map obtained from Wikimedia Commons.

Achieving a hybrid grid would be the pinnacle of systemic innovation. But steep barriers stand in
the way. Almost everywhere, clumsy regulations and conservative utilities are unwilling to move
beyond the twentieth-century paradigm of the power system—even in such pioneering states as New
York and California, progress is slow. There are also considerable technical details to work out—
including standards for how smart microgrids can talk to one another and effectively emulate a
cellular network.55 Cost is another issue. HVDC lines are expensive, and although a decentralized
network of microgrids is a highly efficient setup that avoids the high capital costs of traditional grid
equipment, utilities that have already financed the existing grid need to recoup their investments even



as a new model of the grid emerges. And of course, there are geopolitical considerations, as the long-
distance transmission parts of a hybrid grid might compel countries to depend on unsavory neighbors.

But as more solar power connects to the grid, overwhelming utilities, regulators may be forced to
take rapid action. Cost will always obstruct change, but the compelling value proposition of the
hybrid grid—saving money by greatly reducing today’s bloated AC infrastructure and investing it
instead in highly valuable, long-distance HVDC lines—could attract firms and governments to the
new model.

And countries might just be willing to interconnect with their neighbors, friendly or not. Because
the hybrid grid would both increase regional connectivity and decentralize control over power supply
and demand, communities would become more self-reliant in the event of disruptions to long-distance
power flows. Indeed, that is the point of the hybrid grid—to achieve the best of both worlds between
decentralizing the grid and creating supergrids. And by dramatically improving the grid’s versatility,
the hybrid grid could be the best way to handle an influx of centralized and distributed solar power.

All of this means that perhaps Masa and Liu, the visionaries behind the global supergrid, actually
weren’t thinking big enough to envision going beyond even a supergrid to a hybrid grid. Or rather,
they weren’t thinking both big and small enough.
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Chapter 9    No Silver Bullet

The pundits were united in their scorn—surely, this time, Elon Musk, the provocative CEO of Tesla
Motors, had gone too far. On June 21, 2016, Tesla had announced plans to acquire SolarCity, the
dominant player in the residential U.S. solar market but a company with no apparent connection to
Tesla’s electric car market. Tesla’s shares plunged by as much as 10 percent as analysts panned the
deal. One prominent investor even called the deal “shameful.”1

The dominant narrative was that SolarCity, whose business model required fronting huge sums of
capital to finance rooftop solar systems that homeowners would pay back over time, had been
hemorrhaging cash and needed a bailout. Already, SpaceX—which Musk also helms—had lent
hundreds of millions of dollars to SolarCity, which was run by Musk’s cousins, Lyndon and Peter
Rive. Now, analysts fumed, SolarCity’s sale to Tesla would constitute a bailout within the family. On
top of this, Tesla was facing production delays for its new Model 3 mass-market car, and an
autonomously piloted Tesla Model S had just crashed, killing its driver. How could this be the right
time to merge with an embattled firm from another industry?

Musk actually agreed with his critics that the timing wasn’t ideal. But wryly, he quipped that the
merger “may even be a little late.”2 As obviously disgraceful as the proposed sale was to the pundits,
combining the two companies had been just as obviously a no-brainer for Musk for over a decade. In
2006, Musk published “The Secret Tesla Motors Master Plan” on his blog, promising to build an
expensive electric vehicle (EV) for early adopters, use the proceeds to fund development of a
cheaper EV for the masses, and in parallel produce cheap, zero-emission solar power.3

Now, the Tesla/SolarCity merger was a logical culmination of a single, overarching goal. What
united both companies was Musk’s drive to transform the way that the world produces and consumes
energy. Solar power was a crucial component of that vision, but it was incomplete on its own. Only
paired with energy storage—which Tesla Motors conveniently sold in the form of EVs and home
batteries—could solar power actually meet most of a household’s energy needs.

Confident in this logic, Musk shrugged off the opposition to his merger plans. He’d heard this type
of criticism many times before. For a man who thinks decades and centuries ahead, Musk was never
likely to be fazed by day-trader hysterics. In addition to plotting a transformation of the world’s
energy systems, he has set his sights on building reusable launch vehicles and spacecraft to colonize
Mars. What sets him apart from other dreamers is an intimate familiarity with the details of his
various ventures—from personally leading the investigation into faulty tanks of supercooled
propellant that caused a SpaceX rocket to explode in 2016 to insisting on the specifications of
retractable door handles on Tesla EVs to minimize their aerodynamic drag.4

This approach has led to astounding results. Among many other milestones, SpaceX won the race
to land and relaunch a rocket, and Tesla cars have become so popular that over 300,000 eager buyers
put down deposits within a week of the Tesla Model 3 announcement in 2016.

Still, Musk would need his investors to see the future in the way that he did—and it would help to
restore the public hype over his companies and vision. So in October 2016, a couple of weeks before



shareholders were due to vote on the proposed merger, Musk unveiled a stunning new product, hidden
in plain sight.

At an event in Universal Studios, on the set of the television show Desperate Housewives, Musk
interrupted his own speech to ask the audience if they noticed anything funny about the houses on the
set. To the crowd’s disbelief, it turned out that the houses—elegant but otherwise ordinary to the eye
—actually had roof shingles and tiles that concealed silicon solar photovoltaic (PV) cells. What’s
more, these solar roofs would cost less than ordinary roofs (although that’s a bit of hyperbole, given
that Tesla’s solar roofs aim to replace such materials as terra cotta and French slate, which can be
more than twenty times as expensive as ordinary asphalt shingles). To underscore his thesis that
SolarCity’s products belonged under (or on) the same roof as those of Tesla Motors, Musk opened a
garage door to reveal gleaming Tesla EVs and the company’s Powerwall home battery. The tableau
was a vivid depiction of Musk’s vision of the future, in which solar panels and batteries work hand in
hand to eliminate a household’s carbon footprint—all in considerable style.

Predictably, aversion turned to adulation. Shareholders overwhelmingly approved Musk’s
proposed merger, and they were repaid handsomely. The combined firm promptly soared in value,
and by April 2017, it reached a market cap of over $50 billion—more valuable than any U.S. car
company.5 On its website, Tesla Motors quietly changed its name to just “Tesla,” signaling to the
world that the ultimate energy company had arrived—it wasn’t just a car company anymore.

Musk is betting the house—solar roof tiles and all—on his hypothesis that energy storage is
crucial to enabling a solar-powered future. In particular, he is betting on a particular energy storage
technology: lithium-ion batteries. Although these batteries were almost exclusively used in laptops
and other consumer electronics a decade ago, Tesla is deploying them en masse not only to power its
vehicles, but also as stand-alone battery packs, sized for individual households, or even as large-
scale backup resources for the power grid.

Musk believes that he can re-create the dramatic cost declines achieved in solar by similarly
scaling up the production of lithium-ion batteries. So out in the Nevada desert, Tesla has built its first
Gigafactory, which aims to produce more lithium-ion batteries in 2018 than the entire world had
produced just five years earlier. Word of the facility’s size has sparked a lithium-ion arms race, as
rivals from China (BYD) and South Korea (LG Chem and Samsung) have ratcheted up battery
production in anticipation of the Gigafactory. All this activity assured that Musk’s prediction of
falling battery costs would be a self-fulfilling prophecy. Indeed, in 2016, the cost of a battery pack
plunged, going from more than $400 per kilowatt-hour (kWh) of storage capacity to less than
$200/kWh (figure 9.1).6



Figure 9.1
Comparison of lithium-ion battery and solar PV panel costs. This chart plots the falling cost of a solar PV panel, expressed in
dollars per watt of power-generating capacity; and that of a lithium-ion battery pack, expressed in dollars per watt-hour of energy-
storage capacity. (The cost of solar panels is just one component of the cost of a fully installed solar PV system; similarly, the cost of
battery packs is just one component of a fully installed battery installation). The y-axis is logarithmic.
Source: Bloomberg New Energy Finance, industry reports.

The logic of using battery storage to enable a high penetration of solar power is seductive. After
all, combining the two technologies would yield a perfectly flexible power source, freed from the
intermittency of sunlight. And if batteries were to get cheap enough, most, if not all, of solar’s flaws
would appear to vanish. Paired with batteries, solar PV would no longer be afflicted by economic
value deflation because, instead of being worth nothing, any excess power output from solar panels at
sunny times could be stored and sold to the grid during periods of peak demand. Power grids would
no longer strain to accommodate intermittent solar power and match supply and demand—the
batteries would handle that. And if Musk succeeded in popularizing mass-market EVs, a grid
powered by solar panels and buffered by batteries could loosen oil’s viselike grip on transportation
by charging up EVs.

Unfortunately, although pairing solar with grid-tied battery storage may be cognitively satisfying, it
is no silver bullet. The combined cost of solar PV and lithium-ion batteries still exceeds that of a
conventional power plant fueled by natural gas. Were that combined cost to plummet even faster than
existing forecasts predict, lithium-ion batteries would still be ill-suited for storing large amounts of
solar power for long durations—such as days, weeks, or even months. The need for such long-
duration storage arises because of seasonal differences in how much solar energy strikes Earth, for
example between winter and summer.

That lithium-ion batteries are ill-suited to long-term, mass storage shouldn’t be surprising, given
that they are great for powering your smartphone. Different applications demand different
performance characteristics from a storage technology, such as how long it will live, how much
energy it can store, and how fast that energy can be charged or discharged. A whole portfolio of
storage technologies exists, including many different flavors of battery, pumped hydro storage,
compressed air storage, and more. Each of these has different comparative advantages, whether
powering an EV, balancing the power grid’s instantaneous imbalances between supply and demand,
or storing energy for the long haul. And brand new technologies at the lab bench hold promise to
perform each of these functions better than existing products.



In addition, there are still more ways to store energy so as to add flexibility to otherwise
inflexible, intermittent solar output. For example, if other power generators could adjust their output
rapidly to compensate for fluctuating solar output, this ability would be equivalent to adding storage,
at a fraction of the cost.

Indeed, a rich variety of academic studies has demonstrated that the cheapest way to zero out
carbon emissions from the global electricity sector is to surround renewable energy with a mix of
other resources, including storage, but also nuclear reactors and fossil-fueled power plants whose
emissions are captured and stored. Some academics and environmentalists, however, prefer to rule
out such a diverse power mix, recommending instead that countries rely solely on renewable energy
and storage. That constraint would be foolhardy and disastrous. Jesse Jenkins at MIT points out that
powering the United States with just renewable energy and battery storage would require “37.8
billion Tesla Powerwall 2.0 home energy storage systems.”7

Rather, for solar to take center stage and achieve its midcentury target of powering a third of
global electricity demand, it will need a truly diverse supporting cast. Unfortunately, power markets
around the world are not set up to accommodate a diverse power mix. Because of how these markets
work, solar and wind generators are pushing down wholesale power prices and driving more reliable
generators like nuclear plants out of business. Reversing this trend will require markets to carefully
value the different dimensions of flexibility that the grid will need so as to integrate large servings of
solar. Reformed markets could induce investors to build reliable, flexible power plants to
complement solar. They could also encourage developers of solar installations to upgrade the
electronics that connect solar to the grid so solar can be part of the solution rather than just the
problem.

Given the desirability of a diverse power mix, when Musk boasts that with Tesla battery packs
backing up homes and power grids, “you can basically make all electricity generation in the world
renewable and primarily solar,” he is not describing an affordable, realistic future. But when he
convinced his shareholders that merging an electric car company with a solar company made perfect
sense, he was on to something more promising. That’s because connecting the transportation and
electric power sectors is an important step en route to reaching the long-term target of using the sun to
power a majority of humanity’s energy needs by century’s end.

In the future, EVs could act as mobile batteries for the grid, intelligently charging and discharging
to compensate for intermittent solar power on the grid without drivers even noticing. The next step
beyond linking the transportation sector is to add the heat sector. Homes, commercial buildings, and
industrial facilities all demand heat, but they can do so flexibly, thus providing effective storage of
fluctuating solar energy output.

The linkages don’t have to end there. Solar can meet pressing needs even outside the energy
sector. For example, solar could power desalination facilities to provide fresh water, which will be
increasingly scarce as climate change accelerates. Solar also could power a range of agricultural
needs and make it possible to preserve food that otherwise would be wasted. In addition, these newly
linked sectors could, in effect, provide storage of solar power by putting surplus output to valuable
use.

The lesson here is that solar needs storage to thrive—but that storage can come in a myriad of
different forms. Elon Musk has presented some of them to the world with his customary panache.
Now it’s time for other innovators to step up with equally bold ideas to complement Musk’s vision.



A Class of Its Own

For all the hype over lithium-ion batteries, it might come as a surprise to many that virtually all the
energy storage that exists today around the world does not actually take the form of electrochemical
batteries. Rather, pumped hydro storage facilities—which pump water from a lower reservoir to an
upper reservoir to store energy and release it by letting the water flow back downhill to run a turbine
—account for 95 percent of global energy storage capacity.8 It is also not clear that lithium-ion
batteries will, or should, ever dominate the energy storage landscape in the way that pumped hydro
has to date. Rather, a whole class of various storage technologies exists that offers a range of
solutions to the world’s diverse storage needs.

Asking which storage technology is best, or even cheapest, is a meaningless question. There are
too many different performance attributes of storage, each of which matters for different applications.
Figure 9.2 lays out the landscape of different storage technology categories, plotted according to two
of the most important performance characteristics: power capacity and discharge time. Technologies
with high power capacity can provide a surge of instantaneous power. And technologies with long
discharge times store a lot of energy and can thus provide a constant supply of power for hours, days,
or longer. Pumped hydro storage is in the upper-right portion of the graph in figure 9.2, indicating that
it can deliver a lot of instantaneous power and sustain that output for long periods of time, which is
why it provides almost all the energy storage for power grids around the world, backing up massive
power plants and compensating for swings in demand from megacities.

Figure 9.2
Overview of various electricity storage technologies and attributes. This illustrative chart assesses energy technologies by how
much power they can instantaneously supply or store (x-axis) and for how long they can do so, a measure of energy-storage capacity (y-
axis).
Source: Energy Information Administration (EIA).

Not every application of energy storage requires high power capacity and discharge time, though.



In fact, storage can help stabilize the power grid at a variety of power and time scales. For example,
to guarantee that alternating current (AC) electricity is of high quality—that is, has desired and stable
voltage and frequency—a grid operator might turn to storage resources that react within milliseconds
to charge or discharge small amounts of power for just a few seconds. That need falls in the lower-
left corner of figure 9.2. Other needs include filling the gap between supply and demand while a
slower generator, perhaps fueled by natural gas, ramps up. This kind of use might require megawatts
of power capacity over a few minutes. Still another need, which falls in the upper-right corner of
figure 9.2, is to shift generated power from one period of the day, when demand is low, to another
period, when it is high—requiring a high power capacity and hours of discharge time.9

Just as the grid’s needs are all over the map of figure 9.2, so too are the sweet spots of various
different storage technologies. Some of them are great at producing bursts of high power. These
include good old flywheels, which are just spinning masses that store energy in the form of
mechanical rotation (one is on the front of your bike in spin class). Newer technologies include
supercapacitors, which look similar to batteries and store electrical charge along a highly corrugated
surface, and superconducting magnetic energy storage (SMES), which stores energy in the magnetic
field created by the current in an ultracold, superconducting coil of wire.

Electrochemical batteries—which store energy in the form of chemical bonds—take up a big
swath of figure 9.2. Their output ranges from small to medium-sized power flows that can last
anywhere from seconds to hours. But that big, blue region obscures the diversity of battery types. In
addition to familiar lead-acid (car) batteries and increasingly popular lithium-ion batteries, others
like sodium-sulfur and flow batteries have their own advantages, like the ability to store substantial
amounts of energy to discharge over several hours.

Lithium-ion batteries have become the fastest-growing, most-hyped storage technology for several
reasons. Compared with other commercially available technologies, lithium-ion has a reasonably
high energy density—that is, it packs a lot of energy per unit of mass—which is why it has come to
dominate consumer electronics and then EVs. Lithium-ion batteries are also quite reliable in charging
and discharging. On the other hand, they can be flammable—witness Samsung phones catching fire on
flights in 2016—and their performance can degrade over several hundred discharge cycles.

Researchers are also pushing the performance limits of lithium-ion batteries. The label “lithium-
ion” encompasses a whole class of battery chemistries that all charge and discharge by shuttling
lithium ions from one side of the battery to the other but can vary in their exact constituents. Elon
Musk and Tesla use one of the oldest designs, fashioning one end of the battery (the “cathode”) out of
nickel, cobalt, and aluminum (NCA). A more recent version, the nickel-manganese-cobalt (NMC)
battery, found its way into the Chevy Bolt, the 238-mile range, mass-market EV that beat Tesla’s
Model 3 to market in 2017.

Whether lithium-ion batteries will ultimately prove to be the best solution to power EVs is still up
in the air (although studies suggesting that they are close to their energy density ceiling are
discouraging because longer-range, affordable EVs will require more energy-dense batteries).10

Certainly, though, they cannot meet the full range of the power grid’s needs. For one thing, they suffer
from their own form of value deflation. These batteries are best suited to providing short bursts of
stored energy to meet brief spikes in energy demand. But the more batteries that are connected to the
grid, the fewer spiky demand peaks there will be to shave, degrading the value of the marginal battery
addition.11



As solar penetration increases, the grid will need much more than just smoothing brief spikes in
demand. But lithium-ion batteries are unsuited for many of those needs because installations of them
tend to be able to provide only up to four hours of storage—less than the duration needed to buffer the
variation in solar output between day and night or on longer timescales.

The reason for the time limit may not be obvious to a casual observer. After all, lithium-ion
batteries come in modular units that look just like the cylindrical batteries in your television’s remote.
It may seem logical, therefore, to assume that stacking enough of the batteries together could shift the
output of a large, utility-scale solar farm’s output by, say, six hours to match an evening spike in
customer demand. Such a move might, in fact, be physically feasible but is economically unviable.
Lithium-ion batteries have a fixed ratio of energy and power density—the bigger the stack of
batteries, the more power that they can instantaneously discharge and the longer they can do it. A
battery installation sized to discharge for over four hours will end up underutilizing its power
capacity, and underutilization prevents the project developer from paying off the high up-front capital
cost of the batteries.

A completely different kind of battery—the flow battery—might be a better solution for storing
solar power for several hours, or even days. Flow batteries stow energy in the form of liquids that
charge and discharge by exchanging ions across a membrane. In a big advantage over lithium-ion
batteries, the amount of energy stored in a flow battery can be increased almost without limit just by
adding more tanks of liquid, without changing the power capacity. Because its power capacity is
decoupled from the discharge time, a flow battery can be sized to cost-effectively store intermittent
renewable energy for long durations to help the grid balance supply and demand. Moreover, flow
batteries have much longer lifetimes than lithium-ion batteries.

At the moment, flow batteries are a less mature—and hence more expensive—technology than
lithium-ion batteries, and they rely on rare elements (like vanadium).12 Reliance on scarce materials
should be a red flag for a storage technology with any hope of backing up massive amounts of solar
power around the world. (Lithium-ion batteries likewise face issues with scarcity of materials
because of their reliance on cobalt, which is one of the world’s most expensive metals and is found
primarily in war-torn Congo.)13

To sidestep the high cost and messy risks of resource scarcity, researchers are trying to make
inexpensive flow batteries out of Earth-abundant materials, although they are a long way from
commercializing a product.14 Others have opted against both the flow battery and lithium-ion battery
designs but ensured that their alternatives use Earth-abundant materials. For example, the MIT spin-
out Ambri manufactures a liquid-metal battery that could cost-effectively provide several hours of
energy storage and has a much longer lifetime than lithium-ion batteries.15

These developments are steps in the right direction toward cost-effective storage that can buffer
the daily fluctuations of solar energy. But a whole portfolio of existing and new technologies will
likely be required to achieve this at scale. Lithium-ion batteries, complemented by such high-power-
capacity technologies as supercapacitors, might be able to smooth solar volatility over seconds or
minutes (such as when clouds pass overhead, briefly blocking the sun). They might also shift solar’s
output within a couple of hours to better line up with demand. But innovative products made of Earth-
abundant materials will probably be needed to shift solar’s output over longer time scales.

Unfortunately, the inexorable rise in manufacturing scale of lithium-ion batteries threatens to lock
out new, contender technologies, just as silicon solar panels have locked out subsequent generations



of solar materials.16 In a repeat of the solar manufacturing glut a decade ago, the production arms race
among lithium-ion battery producers is on track to reduce costs through enormous scale and
oversupply, while creating a moat around the industry that emerging technologies cannot cross. And
just as it is dangerous to bet on a single solar horse, so too is it suboptimal to bet only on lithium-ion
batteries and risk shutting out other technologies that could enable greater solar penetration.

More broadly, it is dangerous to bet even on the entire class of storage technologies to do all the
heavy lifting of integrating solar power. Certainly storage has an important role to play—but not the
only role. This limitation is clearest when examining the seasonal variation in solar output, which any
form of storage would struggle to cost-effectively smooth out. In several parts of the United States, for
example, the average solar radiation in the winter is less than half of that in the summer. Because
seasonal customer demand may offset only some—or none—of that variation, massive amounts of
solar power would need to be stored in the summer months and discharged in the winter months in a
scenario with high solar penetration and no other options to balance supply and demand. The cost of
seasonal storage would be prohibitive—possibly several times more than the entire existing power
system.17

Today, there is really only one commercially available technology capable of providing seasonal
storage: pumped hydro storage. But in many parts of the world, including the United States, it is
exceedingly difficult to site new, cost-effective hydro facilities in an environmentally friendly way, so
a massive buildout is unlikely. Moreover, seasonal storage is an extremely uneconomical way to run a
storage resource. Storing energy in the summer and discharging it in the winter cycles the storage
resource only once a year, making it virtually impossible to earn enough revenue to defray its capital
costs.

Large-scale compressed air storage—in which electricity is used to compress ambient air for
storage in an underground cavern and is recovered by expanding the air to run a turbine—is another
example of a technology that might provide seasonal energy storage. Yet its viability is hampered by
the limited availability of appropriate geological storage caverns. Some researchers and firms have
proposed surprisingly low-tech but intriguing ideas, such as having a train lug concrete slabs uphill to
store potential energy. It remains to be seen, however, whether those ideas will successfully leave the
station.18

All of this means that grid-scale energy storage technologies cannot be the only solution for coping
with the intermittency of solar energy. Successful energy systems will require both storage and other
ways to adjust electricity flows flexibly. Chapter 8 proposed extending the geographical reach of the
grid and creating a smart, decentralized grid to enable responsive demand—both of which are
important tools to ease the integration of solar power. But there are many more puzzle pieces that
could add further flexibility. Truly transforming the world’s energy systems this century will require
taking advantage of all of them.

Getting to Deep Decarbonization

I recently learned that such a logical conclusion can run afoul of politics and preferences.
Proceedings of the National Academy of Sciences of the United States of America (PNAS) is one of
the world’s most highly respected scientific journals. Each year, it honors six exemplary articles from
disparate fields. In 2015, one of the awards went to an article whose lead author was a Stanford



professor of atmospheric science, Dr. Mark Jacobson. Entitled, “Low-Cost Solution to the Grid
Reliability Problem with 100% Penetration of Intermittent Wind, Water, and Solar for All Purposes,”
the paper claimed to lay out a way to power the entire United States only with existing technologies.19

The best part was that this system would be cheaper than using fossil fuels—and just as reliable.
This proposal caused a stir in the popular media, thanks to the enthusiastic stamp of approval from

a prestigious journal. It all sounded like a dream scenario—power from all-natural sunshine, wind,
and water, without any need for dangerous nuclear reactors or complicated capturing and storage of
carbon emissions from fossil-fueled plants.

Unfortunately, this dream scenario was just that: a fantastical dream. As it turned out, the paper
was filled with implausible assumptions, and its headline conclusion was almost certainly erroneous.
Instead of a “low-cost solution,” the paper’s proposal would be astronomically expensive and
complicated. It would require adding hydroelectric generation capacity equivalent to 600 Hoover
Dams. It would take trillions of dollars of investment in new electricity transmission lines and
infrastructure to produce, transport, and store hydrogen. It would demand an expansion of solar and
wind power capacity well in excess of any buildout of power plants that the world has ever seen.20

And it would require underground thermal energy storage—a technology to store heat in groundwater
or bedrock underground that is unproven at any meaningful scale—beneath “nearly every home,
business, office building, hospital, school, and factory in the United States.”21

That last line is a quote from a rebuttal in the same journal, which I wrote with twenty of the
scholars I respect most in the fields of energy science, economics, and policy. We thought that the
Jacobson paper created a dangerous illusion that today’s renewable energy and energy storage
technologies could cost-effectively decarbonize the world’s energy systems. On top of this, the paper
excluded viable options like nuclear power—effectively tying one arm behind the back.

The day after we published our rejoinder, the front page of the New York Times business section
reported “Fisticuffs over the Route to a Clean-Energy Future.” Other media outlets declared a “Battle
Royale,” a “Bitter Scientific Debate,” and “One of the Most Vitriolic Fights in Science Publishing.”22

And my coauthors and I were accused of being fossil-fuel shills by no less an expert than Mark
Ruffalo (the actor who plays the Incredible Hulk). The episode underscored that the topic of how the
world slashes its carbon emissions is politically fraught, even in the supposedly apolitical realm of
academia.

Politics aside, getting to near-zero emissions—or as insiders call it, “deep decarbonization”—in
the power sector is a crucial prerequisite to limiting climate change, and it will be an uphill battle
even with all options on the table. A survey of eighteen different models of the global economy
concluded that to halt runaway carbon emissions in the atmosphere, emissions from electricity would
need to fall by between 80 and 100 percent by 2050, and emissions from all other sources would
need to vanish by 2100.23,24 The urgency behind cleaning up the power sector is that many other uses
of energy—including aviation, shipping, heavy-duty trucking, and fertilizer production—are tougher
or impossible to decarbonize.25 So it is crucial to apply existing and emerging technologies to slash
emissions in the power sector, while electrifying as many other uses of energy—among them,
passenger vehicle transportation—as possible. Down the road, it will also be important to find clean
fuels to replace oil to zero out emissions from more stubbornly dirty sectors. It may even be
necessary to figure out how to suck carbon out of the air. Decarbonizing power is the least difficult of
these monumental tasks, so it makes sense to start there.



Complicating the path to deep decarbonization of the power sector is the pesky fact that
eliminating the first 10 percent tranche of emissions is much easier than eliminating the last one. For
example, thanks to the favorable economics of switching from coal to natural gas–fired power (whose
emissions are only half those of coal), U.S. emissions fell by several percentage points from their
peak in 2007.26 But reducing emissions from natural gas plants, for example by capturing and storing
them, is hugely expensive at present. Similarly, the first solar panel on a grid can displace some
fossil-generated power without disrupting the balance between supply and demand. But a high
penetration of solar power leads to skyrocketing costs to accommodate its intermittency.

Hence, a power system can easily get stuck in a cul-de-sac off the highway to deep
decarbonization. For example, a review of decarbonization studies concluded that steadily increasing
renewable energy, switching from coal to natural gas, and just maintaining existing nuclear and
hydropower capacity could reduce power-sector emissions by over 50 percent.27 But reducing
emissions by 80–100 percent would require a surge in new nuclear reactors, carbon capture and
storage setups for almost all fossil plants, and an explosion of new solar and wind capacity.28 It is
crucial, then, to start planning and investing today in a power system with all the right elements to
reach deep decarbonization decades later.

In such a system, three broad classes of power supply are needed. The first is renewable energy,
mostly from wind and solar power. But because these sources are intermittent, much more reliable
power is needed, from what Jesse Jenkins at MIT calls “flexible-base” resources. These include
nuclear reactors and a type of natural gas power plant known as a “combined-cycle gas turbine,”
which is the most efficient type of gas plant. (For natural gas plants to contribute to a decarbonized
power system, they would need to be equipped with carbon capture and storage). The flexible-base
plants would consistently pump out power but would be capable of cranking their output up or down
to compensate for fluctuating renewable energy. Still, because these plants might not be able to
immediately adjust their output in response to capricious solar and wind generators, a third class of
fast-acting resources would fill the gaps and provide surges of power during rare spikes in customer
demand. This third class might include another type of natural gas plant—an “open-cycle gas
turbine”—that is less efficient than a combined-cycle gas turbine but can change its power output
more quickly. Other fast-acting resources include batteries and demand response systems (possibly
controlled by a grid hive mind as discussed in chapter 8).

No two of these classes can cost-effectively meet customer demand without the third. Figure 9.3
illustrates the challenge of trying to cut out flexible-base resources and power the United States using
only renewable energy and energy storage resources. Doing so would require enough batteries or
other storage capacity to hold between eight and sixteen weeks worth of all U.S. electricity
consumption—an absolutely massive quantity. For some perspective, the United States currently has
storage equivalent to about forty-three minutes of its power consumption, and nearly all that storage is
in the form of pumped hydropower.



Figure 9.3
Estimates of battery storage capacity needed to power the United States with 100 percent renewable energy. The top row
represents the amount of stored electricity that would be needed to supply one week of national electricity demand if no other supply
sources were available. The remaining four rows display the estimates from each of four academic studies of the amount of energy-
storage capacity that would be needed to ensure that U.S. electricity demand were reliably met in the event that all electricity supply
came from renewable sources.
Source: Jenkins and Thernstrom (2017).

Adding flexible-base resources is the much saner route, and this lesson applies around the world.
For example, a study of China’s power system concluded that the cheapest route to reducing
emissions by 80 percent by 2050 entails an even mix of renewable energy and flexible base,
comprising nuclear reactors and coal plants equipped with carbon capture and storage.29 Although
some studies—including careful ones by the National Renewable Energy Laboratory (NREL) and the
Climate Policy Initiative—suggest that the share of renewable electricity could get all the way to 80
percent, they also maintain that flexible base would still play an essential role.30,31 Other studies that
purport to demonstrate the feasibility of relying on 100 percent renewable power sources would find
far lower power system costs if they removed their artificial constraints on which zero-carbon power
sources are allowed.

My collaborators at MIT and GTM Research and I have done just that: We simulated the Texas
power grid without arbitrarily excluding any source of power. Predictably, we found that the most
economical penetration of solar PV rose as it got cheaper (figure 9.4). But no matter how cheap solar
got, flexible-base resources—not solar—provided a majority of the system’s electricity. Then, we
really stacked the deck in solar’s favor, imagining a dream scenario in which batteries were four
times cheaper than they were in 2016 (we assumed a cost of $150/kWh for a fully installed battery
system, even though such a system is projected to only fall in cost to $280/kWh by 2040).32 Yet, even
with the option to store energy in extremely low-cost batteries, the economical penetration of solar
inched up by only around 5 percent—flexible base was still indispensable. Thus, batteries have a
limited—albeit important—role to play in enabling greater solar penetration.



Figure 9.4
Grid penetration of solar PV as a function of PV and storage costs. For each of the assumptions of the installed cost of solar PV
along the x-axis, the filled bars represent the proportion of total electric energy, measured in kilowatt-hours (kWh), that solar PV would
generate. The dotted extensions above the bars illustrate the additional amount of electricity that would be economical to generate with
solar PV if a fully installed battery system cost only $150/kWh. These results were obtained by simulating a region with similar weather,
grid transmission capacity, and electricity demand to Texas and then determining the cheapest set of power-generating resources to
reliably meet demand.
Source: Brown, Jenkins, Sepulveda, and Sivaram (2017).

Still, it will take innovation to deliver zero-carbon, flexible-base plants, such as advanced nuclear
reactors. Importantly, this is not because today’s nuclear plants are technically incapable of operating
flexibly (a common misconception). Actually, nuclear plants can ramp their output up and down to
help the grid balance supply and demand, as they have done in France for decades.33 Rather, the
trouble with today’s nuclear plants, known as light-water reactors, is that they are expensive and—in
extremely rare circumstances—vulnerable to meltdowns or other accidents.

The 2017 bankruptcy of Westinghouse, a nuclear pioneer that faced mounting costs and delays to
construct its plants, has dimmed the prospects for new nuclear reactors in the United States. But
newer designs (actually based on ideas shelved decades ago), known as “Generation IV” nuclear
reactors, could be both cheaper and safer. Unfortunately for the United States, China and Russia are
leading the race to commercialize advanced nuclear reactors, while America lags mostly because of
limited government research and development (R&D) investment and outdated regulations that
discourage new plant designs.34

Similarly, carbon capture and storage technologies need to become vastly cheaper to enable
fossil-fueled plants to provide zero-carbon, flexible-base power. The historical trend of carbon
capture and storage demonstration projects ballooning in cost is not encouraging. Some cite this
pattern as evidence for the superiority of an all-renewable solution, and they argue that betting on
carbon capture and storage might open the door for the continued burning of fossil fuels. Then, if cost-
effective carbon capture and storage technology does not materialize, the world will be locked in to
fossil fuel infrastructure.

Two developments in Texas suggest that carbon capture and storage does not have to be
impossibly expensive. First, through the Petro Nova project, the power producer NRG has retrofitted
one of the largest coal plants in the United States—the WA Parish Generating Station outside Houston
—with equipment to capture its carbon dioxide emissions. The project was completed on time and on



budget, and by pumping the carbon dioxide into the ground to bring lucrative oil back to the surface,
the project generates revenue to defray its capital costs. Nearby, the start-up NET Power has built an
even more advanced pilot plant in which supercritical carbon dioxide derived from burning natural
gas drives a turbine, making it simple to capture the resulting carbon emissions. Still, much more
progress needs to be made, both on the technology to capture carbon as well as to invent valuable
uses for it. If plants can make money by selling carbon dioxide to make cement for buildings or
carbon fiber for planes and cars, for example, then the attractiveness of zero-carbon fossil electricity
could skyrocket.35

With a strong foundation of flexible-base power in place, the quantities of solar power and energy
storage required to achieve deep decarbonization become much more tractable. Continued cost
declines for both solar and storage will nonetheless be important to make their deployment cost-
effective. Storage can improve the economics of solar power.36 Therefore, it makes the most sense to
talk about solar generation and storage costs in the same breath rather than separately. One study
found that if the costs of both solar and storage were to plunge together, the share of solar in the
American West could triple. This intuitively makes sense—solar paired with storage looks to the grid
like a really flexible power plant, so their combined cost would drive the optimal level of
deployment. Don’t forget about flexible base, though; the same study found that even with rock-bottom
solar and storage prices, the most cost-effective power mix included a 43 percent share of supply
from flexible base.37

The lesson here is that deep decarbonization of the power sector—a prerequisite for limiting
climate change—will require a diverse cast of characters. Both flexible-base power and fast-acting
resources, including those that store energy, are jointly needed to enable solar power to shine. Alas,
deep decarbonization is not one of the goals of the free market. As a result, it has become increasingly
difficult for all three categories of zero-carbon power resources to coexist in the rough-and-tumble of
power markets.

From Capacity to Capability

Another aspect of systemic innovation, in addition to designing the power mix of the future, is
conceiving the markets that will enable that mix to emerge. Chapter 3 recounted the ways that the rise
of solar has wrought havoc on power markets around the world, from Chile to Germany. Surplus
solar power is forcing the price commanded for the resulting electricity below zero and driving other
kinds of power plants out of the market. In particular, flexible-base power plants are struggling to stay
in business, even though they are crucial to enabling high penetration of the renewable energy that is
slashing their bottom lines right now.

For example, nuclear power plants from Germany to the United States are shutting down, largely
because they can no longer cover their costs. The U.S. nuclear reactor fleet—which generates a fifth
of the country’s electricity and most of its zero-carbon power—is in danger of losing half its reactors
to early shutdowns by 2030.38 Nuclear’s economic woes stem from two main causes (other than
project mismanagement): cheap natural gas and a surge in solar and wind power. Both trends have
upended the way that electricity markets have historically kept nuclear plants in business.

In the old paradigm of a power market, every power plant would provide a bid for how much
power it could produce and the price at which it was willing to sell it to the grid. Nuclear plants



would offer to sell power at a low cost because once a plant is up and running, spitting out the next
kilowatt-hour of energy does not cost much. Fortunately for those plants, the market would accept
bids in ascending order to meet all the customer demand. So, once bids from the low-cost plants, such
as nuclear reactors, were accepted, the market would have to accept higher-cost bids, such as from
natural gas turbines that would charge an arm and a leg to burn expensive fuel and boost output
quickly when demand surged. Markets also paid every power plant the same, “market-clearing” price
—that is, the price charged for the last bid accepted (that of the expensive natural gas turbine). This
practice was a relief for the nuclear reactors because, despite the low cost of producing power, the
plants relied on high ongoing revenues to pay off the hugely expensive construction costs of the plant.

Together, cheap renewable energy and natural gas have turned that old market paradigm on its
head. As the penetration of solar and wind power rises, these generators are happy to offer to sell
their power at zero cost to the grid because they have zero fuel costs. Their influence, along with that
of cheap natural gas, drags down the market-clearing price. In other words, solar and wind generators
compete with nuclear power to have their low-cost bids accepted by the market. Whoever wins ends
up getting paid only a pittance. And nuclear plants that can no longer pay off their capital costs go
bust.

The same thing would happen to the economics of solar and wind generators, except that they are
protected by policy or contract structures. Public incentives, such as the German feed-in tariff,
supplement the income that renewables ordinarily would make from depressed market prices. And
because most solar power is contracted through long-term power purchase agreements (PPAs) with a
locked-in price, solar owners are guaranteed that their costs will be covered even as the market price
craters. Some places, such as the state of New York, have opted to provide incentive payments to
nuclear plants to similarly insulate them from an imploding market.39 But in most other U.S. markets,
nuclear is left out in the cold as renewables thrive.

Today’s markets thus have a “missing money” problem: they fail to pay enough to flexible-base
plants, such as nuclear reactors and fossil-fueled plants (whose emissions, ultimately, need to be
captured and stored), for investors to want to build more. This state of affairs is untenable if deep
decarbonization is to be achieved.

Some jurisdictions have tried to fill the missing money gap; their efforts fall into three categories.
First, California (among others) obligates the utilities that transmit and distribute power to sign long-
term contracts with reliable generators to guarantee that they will have enough power for forecast
customer demand—plus a 15 percent safety margin. This way, investors in power plants have some
long-term security that the rug won’t be pulled out from under them as rising solar output reduces
market prices. Second, most of the states on the U.S. East Coast, as well as several European
countries like the United Kingdom, have created separate “capacity” markets, which pay reliable
generators to sit around until the grid calls on them urgently for support.

The third category is exemplified by Texas, which is known for going it alone. A paragon of free-
market economic purity, Texas has preserved an “energy-only” wholesale market that works just as in
the past, except with an extremely high cap on the instantaneous price for a kilowatt-hour of
electricity. Under this approach, if power supplies are really scarce, a power plant can save the day
by selling its wares for $9,000/kWh. That mouthwatering possibility, even if it happens only once
every year or even less frequently, is a strong incentive for investors to build flexible power plants.
But, in most places, the prospect of astronomical power prices is a political nonstarter—and some



scholars argue that the missing money problem would still persist.40

Each of these approaches has its own die-hard adherents. In Europe, an ongoing effort to create a
unified, continentwide power market faces hurdles owing to the twenty-eight different capacity
market schemes created by the member-states of the European Union.41 Some members, including
Germany, want to abolish capacity markets altogether. Others, including France, which does not share
Germany’s obsession with shutting down nuclear plants, are not so sure. Many argue that, by paying
reliable plants to sit around rather than actually producing power, capacity markets raise customer
prices. Just as many others counter that this approach is a sort of insurance that is well worth the
investment, lest rolling blackouts and surging prices cost customers even more dearly.

Setting this stale debate aside, other, innovative options could modernize power markets,
accommodate a rising share of renewable energy, and fund a strong foundation of flexible-base
power. The first priority is minimizing the amount of expensive reserves needed to accommodate
renewable energy unpredictability. Better weather forecasting technology is emerging that can help by
enabling grid operators to predict more accurately what solar and wind output will be like hours or
days in advance and calling in compensating resources accordingly.42 The advent of “deep
learning”—the artificial intelligence algorithms that run your Alexa device at home and learn from
past experience— could make forecasts of solar production even more accurate and precise.43

In addition, markets should operate on a quicker cadence, reducing from an hour to five minutes or
less the time interval between successive decisions on which generators to dispatch and how much to
pay them. More powerful computers and smarter grids make this overdue change possible.44 This
would enable grid operators to dispatch other generators to react to renewable energy volatility most
efficiently, rather than relying on the crutch of overbuilt reserve capacity.45

Another important step is to retool power markets so that they value the capability to meet the
grid’s needs, not just the nameplate capacity of how much power a generator can provide. An
essential capability is the provision of inertia. Recall from chapter 3 that conventional power
generators give the grid inertia, so if one plant goes down, the synchronized rotation of other
generators prevents the grid’s frequency from plunging for long enough to allow alternative supply
sources to ramp up. But solar panels do not produce electricity through physical rotational motion,
and thus do not provide any inertia to the grid. Inverters that connect solar to the grid can be
programmed to provide synthetic inertia, however, that recreates the effect of the real thing. A study
of the western United States found solar power would achieve much higher penetration if all utility-
scale solar plants had smart inverters that provided synthetic inertia.46

In fact, solar plants can do even better than conventional power plants when it comes to supporting
the grid and ensuring that the power system operates within narrow frequency and voltage bands.47 By
delivering such ancillary services, solar power could be part of the solution rather than the problem.
In 2017, First Solar demonstrated just how useful a utility-scale solar plant could be to the grid. In
collaboration with California’s grid operator, a 300-megawatt (MW) First Solar plant proved that it
could beat conventional natural gas plants at rapidly boosting the grid’s frequency level.48 Another
plant in Arizona was even able to support the grid in the middle of the night, when its solar panels
produced no power but its sophisticated power electronics propped up the voltage on a transmission
line after an unplanned shutdown of an upstream nuclear reactor.49 California is already starting to
compensate solar plants for the advanced capabilities that they offer. If other states and countries do
the same, developers might follow suit and build advanced solar plants that can stabilize the grid.



In addition to the market tweaks described above, even more fundamental changes to the design of
electricity markets could help the power system accommodate expanding use of intermittent
renewable energy. For example, some scholars have suggested splitting wholesale energy markets
into two in order to insulate flexible-base and renewable resources from destructive competition. The
first market would be for on-demand, or firm, power from plants whose output can be reliably
controlled. The other market would be for variable power from unpredictable generators, such as
solar and wind, which cannot guarantee their output.50 Prominent energy analyst Michael Liebreich
argues that the difference in prices between the two markets, which he dubs the “Firm Spread,” will
rise as value deflation accompanies the rise of variable solar and wind power. And that spread will
attract reliable sources of firm generation capacity, as well as innovation to develop such new,
flexible resources as virtual power plants or storage technologies.51

Ideas like that one are still very much on the drawing board. But that is the sort of innovative
market design that might be required to ensure that a diverse mix of zero-carbon power resources
coexists. Indeed, the power sector is supposed to be the easy one to decarbonize. The rest of the
economy, starting with transportation, presents even thornier challenges.

Batteries on the Go

The most obvious way to extend decarbonization from the power sector to the transportation sector is
through vehicle electrification. Seduced by Elon Musk’s sleek creations, masses of customers would
buy EVs, plug them into their garage outlet, and replace oil with electricity produced by zero-carbon
sources. Simple, right?

Probably not. Even if customers were to flock to EVs—which is still very uncertain—it is unclear
whether the grid would be able to cope with them. Level II chargers, which can recharge an EV in a
few hours, add the equivalent of an entire household’s power demand to a neighborhood distribution
circuit. These circuits are not sized to handle many EVs, since they normally serve only five to ten
homes. Even worse, charging a Tesla at one of the company’s Supercharger stations suddenly sucks as
much power from the grid as two hundred window air-conditioning units running all at once. So,
utilities are anxiously eyeing massively expensive upgrades across the distribution grid if EV
adoption really takes off.52

The story would be different if EVs could support, rather than strain, the grid. After all, from the
grid’s point of view, an EV is just a battery on the go. If EV batteries could double as an energy
storage resource for the power grid, the 50 million EVs that Bloomberg projects will be sold globally
in 2040 could be put to work smoothing the volatile output from solar power.53

Indeed, linking the transportation and power sectors could add even more flexibility to integrate a
high penetration of solar power, although doing so won’t be easy. In the near term, as smart grids
learn how to talk to EVs, they might orchestrate small changes in how fast an EV charges up while
plugged in. This cooperation could provide ancillary services for maintaining the grid’s voltage and
frequency levels without an EV driver ever noticing the difference. In the longer term, as more EVs
hit the roads and grid operators become more sophisticated, the grid could actually harness the full
capability of EV batteries to absorb or supply energy as needed. EVs, acting in concert with other
grid resources, such as stationary batteries and power plants, could store solar power and discharge
it when customer demand peaks.54



Transportation is not the only energy sector that could be linked to the power sector to provide
flexibility. Linking the heat and power sectors could be an equally important way to enable a high
penetration of solar power. Such a link would not be new. Existing cogeneration plants, which
produce both power and heat, can serve densely populated communities, as well as such industrial
facilities as chemical plants, refineries, and paper mills that require both electricity and heat.
Expanding cogeneration is one way to harness sunlight to meet demand for heat. Although most
cogeneration today relies on burning fossil fuels, it could be powered by solar thermal collectors.
Indeed, pilot projects from Denmark to Saudi Arabia have demonstrated the viability of using solar
thermal to drive the cogeneration of both power and heat. In those projects, heat from the
cogeneration facilities was piped into district-heating networks, which connect a community’s homes
and buildings and can more efficiently provide heat than individual boilers.55

In addition to combining the production of heat and power through cogeneration, it is possible to
manage the demand for heat in ways that would smooth out the amount of electricity that utilities
deliver to customers in the course of a day. New electric heat pumps and electric water heaters are
highly efficient at space and water heating, either for individual homes or for district heating
networks. A smart grid connected to such devices could switch on heaters when the electricity supply
is high, essentially pre-heating a room or hot-water tank in anticipation of need, rather than waiting
for customers to call for heat only later, when solar energy is no longer available.56

In effect, just as was the case with linking the transportation and power sectors, linking the heat
and power sectors could provide another big battery to store intermittent solar power in the form of
hot air and water. Indeed, integrating all three of these sectors would maximize the flexibility of the
combined power-heat-transportation system.57 Electrification—of both vehicles and heating
appliances—is one way to accomplish this. And if solar-driven water splitting technology, discussed
in chapter 7, were to become commercially viable, then solar could drive a hydrogen economy that
would also link the transportation and heating sectors.

Aware of such possibilities, just before President Barack Obama left office, his administration
released an ambitious “United States Mid-Century Strategy for Deep Decarbonization” road map. It
projects that for the United States to reduce its economywide carbon emissions by 80 percent by
2050, 60 percent of the miles driven by vehicles will need to be fueled by either electricity or
hydrogen, and electricity must supply the majority of space and water heating.58

Chapter 8 introduced the concept of how linkages between the electricity grids of different regions
to form a supergrid could raise the potential penetration of solar power. This chapter added others,
between the power, transportation, and heating sectors. These linkages all add flexibility to the
overall energy system, making it possible to run an economy off volatile solar energy. But the
potential benefits of interconnectivity don’t end there; interactions with processes outside of today’s
energy sector offer additional ways for the electricity sector to accommodate intermittency.

Beyond Energy

On July 31, 2012, an unseasonably dry summer day, the biggest blackout in human history hit India.
Altogether, 700 million people lost access to power (adding that figure to the numbers of people
without any access to begin with meant that more than 1 billion Indians went without electricity that
day). The culprit? Grid-connected irrigation pumps.



Delayed monsoon rains had driven millions of farmers to set their pumps on overdrive to suck up
groundwater from deep underground to irrigate their crops. The combination of the spike in electricity
demand and the dilapidated Indian electricity grid was too much for the system to handle. This
episode was a stark reminder that energy, water, and food systems are inextricably intertwined, and
the needs of the food and water sectors could increase demands on the energy sector. Intelligent
management of those connections, however, can increase the flexible operation of each sector and
ease the strains they put on one another. Indeed, done right, increasing the links between energy,
water, and food offers yet another way to accommodate a rising share of volatile solar energy and put
that energy to good use.

Start with water. Countries around the world will increasingly face water scarcity as populations
grow and the climate changes. Already, the production and transportation of freshwater require
massive energy consumption. Nowhere is this more true than the parched Middle East. Much of the
region’s freshwater supply comes from desalination of seawater—a technology so energy-intensive
that it consumes between one-tenth and one-third of the electricity produced in countries in the
Persian Gulf.59

Those desalination plants could provide flexibility for the grid to accommodate a high share of
solar power. By adjusting their output, desalination plants can modulate their demand for electricity,
operating more when the sun is shining and less when it is not, and therefore making use of excess
daytime solar capacity. There are economic limits to how flexibly they can run—if they operate
below full output for too long, they will struggle to earn enough revenue from water sales to cover
their capital costs. But, they could certainly be an additional puzzle piece in constructing a flexible,
solar-powered grid.60 The biggest benefit could be cheap water. Recognizing this, Saudi Arabia
wants to slash the cost of its water by over 80 percent by investing heavily in solar-powered
desalination.61

New desalination technologies are on the horizon that could also take advantage of the waste heat
from a concentrated solar power (CSP) plant, improving its economics compared with a CSP plant
producing only electricity. The most popular desalination technology today—reverse osmosis, which
forces salty water through filtration membranes—runs on electricity. But multiple-effect distillation
desalination, in which heat is used to vaporize water in multiple stages and leave behind the salt,
could become cost-competitive if the technology advances. Combining this technology with CSP
could make fresh water even cheaper in the thirsty Middle East.62

What about food? The 2012 blackout that occurred in India when the agricultural sector’s pumping
of water overwhelmed the grid highlights the way a poorly managed linkage between the power and
agricultural sectors can lead to disaster. In this case, it might actually make more sense to delink
agricultural demand for irrigation from India’s overstretched power grid.

Irrigation pumping is an ideal application for distributed solar power because it does not require a
highly reliable and constant power supply and can instead tolerate volatile solar output. If their
irrigation pumps were powered by solar panels, farmers would not need to connect them to the grid.

The use of solar would have a couple of major benefits. First, fewer connected pumps would
lower demand on the strained power grid. Second, solar-powered irrigation pumps could limit
wasteful pumping practices. Farmers in India receive subsidized electricity from the grid, perversely
incentivizing them to run their pumps more often and deplete groundwater supplies. Indeed, India is
the largest user of groundwater for agricultural purposes in the world. If a solar irrigation pump were



designed to pump only a sustainable amount of water, it could better preserve groundwater supplies.
(If solar costs continue to fall, however, oversized solar irrigation systems might also enable wasteful
pumping.) The Indian government has embarked on an ambitious program to replace 26 million
groundwater irrigation pumps with solar pumps.63

A pilot project planned in Karnataka, in the south of India, aims to harness sunlight to provide
electricity, food, and water to nearby communities. The first step will be to concentrate solar
radiation with mirrors to generate steam. That steam will then drive a turbine to generate electricity,
and the waste heat will be used to distill water and provide refrigeration to preserve food.64 In a
sense, the distilled water and preserved food are storage technologies, converting ephemeral sunlight
into a more permanent form that can be consumed when needed.

Neither of those storage technologies is anywhere near as flashy as the battery packs on the
Desperate Housewives set under Elon Musk’s solar roofs. But they are nonetheless important pieces
for solving the puzzle of how the world can harness sunlight to meet not only its energy needs, but
also other basic needs, such as food and water.
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Chapter 10    A Solar City upon a Hill

My favorite conference happens every February in National Harbor, Maryland. The setting—a
gorgeous convention center with an expansive, nineteen-story glass atrium that looks out onto the
Potomac—evokes an ambience of sweeping possibilities. This is the ARPA-E Summit, the flagship
event of a futuristic government agency tasked with finding and funding the most innovative energy
technologies. Hundreds of scientists and entrepreneurs showcase their research at endless rows of
booths brimming with posters, prototypes, and pitch decks. Like kids in a candy store, college
students from all over the country furiously take notes as they chart careers in energy innovation.

I remember my first summit vividly. The year was 2012. I was still a graduate student, working on
perovskite photovoltaic (PV) cells and eager to peer out of my technology silo to survey other
technologies, from next-generation batteries to software that could manage the smart grid. But my top
priority was to meet Dr. Arun Majumdar, the founding director of the Advanced Research Projects
Agency-Energy (ARPA-E).

An acclaimed scientist from Berkeley in his previous life, Arun had deftly transitioned to the role
of D.C. dealmaker in 2009, when President Barack Obama tapped him to run the new agency. He
quickly drummed up strongly bipartisan support for the Advanced Research Projects Agency-Energy
(ARPA-E), which was modeled after the Defense Department’s early-stage innovation arm, the
Defense Advanced Research Projects Agency (DARPA), which, among many other successes, helped
create the Internet. Energy and climate issues provoked deep disagreements between Democrats and
Republicans at the time, and still do. Yet both sides of the aisle—from Senator Chris Coons (D-DE)
to Senator Lamar Alexander (R-TN)—heaped praise on Arun and his new agency.1

I ended up cornering Arun at a bar at the end of a long day of sessions. I peppered him with
questions about science, policy, and the future of energy, which he casually fielded while waving to
old friends and cracking jokes. Looking back, I’m a little embarrassed for harassing the poor man,
who probably just wanted to sip his beer and reflect on a successful summit. More broadly, ARPA-
E’s model has enjoyed early success. Through 2016, less than a decade after its founding, the
agency’s grants to researchers developing early-stage energy technologies had already stimulated
even more investment—nearly $2 billion—in those projects from the private sector.

When I returned in February 2017 for the annual summit, the mood was different. The technology
showcase was still impressive, and the speakers still presented optimistic visions of roads filled with
autonomous electric vehicles (EVs) or a grid run by sophisticated artificial intelligence. But Donald
Trump was now president, and the elephant in the room was the unanswered question of whether his
administration would continue to prioritize energy innovation.

The answer emerged a month later: an emphatic “no.” The Trump administration’s budget
proposal to Congress set out to slash funding for research and development (R&D) into renewable
energy by 70 percent. Similarly, it aimed to eviscerate R&D related to the power grid and nuclear
energy. And one proposal in particular was particularly concerning: ARPA-E would be completely
defunded. The curt rationale in the president’s so-called skinny budget was that “the private sector is



better positioned to finance disruptive energy R&D and to commercialize innovative technologies.”2

This is a statement of pure ideology. In fact, America’s history of sporadic support for energy
innovation has demonstrated exactly the opposite. Whenever public support for energy innovation has
waned, so too has private-sector investment, promptly stalling progress on developing and
commercializing new technologies. Fortunately, the president’s proposal was sharply rebuked by
lawmakers in his own party—a Senate subcommittee chaired by Sen. Alexander reported that it
“definitely rejects this short-sighted proposal” to defund ARPA-E.3

American politicians are fond of calling the United States a shining “city upon a hill,” and when it
comes to energy innovation, America has historically lived up to this billing. As I write this in 2017,
the United States still outspends every other country on energy R&D, its researchers lead their global
peers in securing patents for energy inventions, and its firms, such as General Electric, continue a
proud tradition of investing in new technologies. But that primacy is not guaranteed. For nearly two
decades, federal investment in R&D across all fields has flatlined, after half a century of brisk
growth. Projections indicate that if public funding for energy innovation in particular stagnates in the
coming years, China will surpass the United States (figure 10.1).

Figure 10.1
Historical and projected government funding for energy innovation in top countries. The black bars display current public
funding for R&D and demonstration of energy technologies. The gray bars correspond to countries’ commitments under Mission
Innovation to double their funding levels.
Source: Mission Innovation.

Stagnant U.S. funding would be disastrous on many levels. First, it could preclude the
technological innovation that solar energy needs to realize its potential. Even if China and other
countries step up their funding for energy R&D, the United States has by far the most well-developed
innovation institutions and top-flight talent; therefore, without U.S. leadership, the global pace of
energy innovation will slow. Then, such breakthrough technologies as perovskite PV, solar fuel
generators, and high-temperature concentrated solar power (CSP) plants may languish on the drawing
board, falling short of commercialization. Similarly, the constellation of enabling technologies for a
flexible system that can accommodate volatile solar PV output—from flow batteries to advanced
nuclear reactors—might also progress more slowly. Limited to existing silicon solar PV and a
mediocre supporting cast, solar energy is likely to fall short of supplying a third of global power



demand by midcentury or a majority of humanity’s energy needs by century’s end.
Canceling funding for energy innovation also would directly harm U.S. economic prosperity and

competitiveness. That’s because even if solar energy does not achieve its full potential, solar PV is
still on track to grow significantly, and the United States will fail to capture a significant piece of this
growing pie if it does not invest in innovation. Bloomberg forecasts that even with no major
technological shift away from silicon solar PV, fifteen times more solar power than the amount
installed through 2016 will be added globally through 2040.4 More broadly, today’s global clean
energy market is worth $300 billion, and it is set to grow rapidly. China has raced ahead to a daunting
lead, not only dominating the production of solar panels, but also leading in the manufacture of
batteries and wind turbines. Its dominance will only grow if unchallenged by innovative products
from the United States. Not only would that constitute a missed economic opportunity, but the United
States might even rely to an unhealthy level on imports of Chinese clean-energy products, reminiscent
of U.S. dependence on foreign oil in decades past.

Skeptics of the need for U.S. leadership might counter that the United States has already lost the
race to manufacture such clean energy products as solar panels, which China’s economy is
structurally better adapted to produce. Moreover, solar panels are low-margin commodities, a
business that the United States should want no part of. These arguments are certainly true, and the
United States should not be competing to manufacture commodities. Rather, the U.S. economy shines
when it invents new technologies, applies advanced manufacturing techniques, and constantly
improves the performance of its products faster than the competition can keep up. Today’s solar
industry—reliant, as it is, on silicon photovoltaic panels—may appear unsuited to U.S. strengths, but
by investing in technological innovation, the United States has the ability to reshape the industry to
better harness its core competencies.

To do so, U.S. policymakers’ first priority should be to boost R&D funding for next-generation
solar technologies, as well as for the raft of other technologies that will be needed to support a solar-
powered energy system. But federal dollars alone are insufficient—the private sector ultimately must
provide the bulk of the investment to bring promising technologies to market. To adapt to this reality,
the federal government will need to modernize the way it provides support for innovation, taking care
to do so in a way that also attracts private sector investment. ARPA-E is a good start and should be
expanded, not eliminated. In addition, the government will need to fill the gaping funding hole for
demonstrating first-of-a-kind, commercial-scale energy projects, so the private sector knows when a
technology is ready for prime time.

Technological innovation presents a tantalizing opportunity for the United States to develop new
solar technologies to be used around the world. In addition, America can set an example for how to
promote the other forms of innovation that solar needs to achieve its potential. For example, tweaking
the U.S. tax code could accelerate financial innovation, opening the spigots of capital flow to deploy
more solar. And to advance systemic innovation, federal and state governments could work together
on improving the power grid’s ability to flexibly accommodate a high penetration of solar power—
for example, by building long-distance transmission lines, modernizing markets, and encouraging a
diverse, zero-carbon power mix. These proposals tend to get less airtime than others, such as putting
a price on carbon emissions to create a level playing field between dirty and clean energy sources.
But a carbon price is no panacea—just a sensible policy that should be accompanied by others that
advance innovation.



Unfortunately, today’s solar policies mostly fail to advance any of the three types of innovation.
Costly federal tax credits and state renewable energy mandates encourage more deployment of
existing solar PV technology (and can even discourage the commercialization of emerging solar
technologies) without preparing for a future in which the value of solar PV plunges below its cost.
Today’s policies are at best an expensive effort to trim U.S. carbon emissions and create jobs
involved in the installation of solar projects. Instead, by investing in the three types of innovation
needed to continue solar’s rise, the United States can reap the economic rewards of an advanced
solar industry and serve as a solar city upon a hill—an example for the rest of the world to follow to
substantially displace fossil fuels with solar energy.

Still, it will take more than just domestic policies to enable solar to reach its global potential. In
particular, commercializing a suite of new solar technologies could require public funding from
countries around the world and a newly transformed solar industry willing to invest in innovation.
U.S. leadership can make that happen. Through Mission Innovation, an international initiative to
advance energy innovation, the United States should urge other countries to invest more in R&D and
help them set up their own institutions like ARPA-E. (Before making recommendations abroad,
however, the United States must invest in innovation at home, and President Trump should walk back
his pledge to pull out of the Paris Agreement on Climate Change in 2020, a move that would destroy
U.S. credibility with international partners.) And the United States should reduce trade barriers,
opting instead to foster a globalized solar industry. These steps might appear to help the competition.
But this is a competition that plays to U.S. strengths. Indeed, in other innovation-led industries, such
as semiconductor manufacturing, U.S. firms command global supply chains and invest liberally in the
next technology generation.

The United States is fully capable of transforming solar—from how it is financed, to what it looks
like, to how flexible the system that it plugs into is—and enjoying the benefits of doing so. President
Trump should rethink his administration’s priorities. Energy innovation remains a goal that is just as
rational and bipartisan today as it was when both sides of the aisle resoundingly applauded the
creation of ARPA-E.

Third Time’s the Charm?

The assertion in President Trump’s budget statement that the private sector is best positioned to
finance applied energy R&D and commercialize technologies is not new. The roots of that sentiment
stretch back more than half a century, to the final years of World War II. In late 1944, President
Franklin Delano Roosevelt wrote a letter to Vannevar Bush, who had run the wartime Office of
Scientific Research and Development, which honed radar, mass-produced antibiotics, and launched
the Manhattan Project. In the letter, President Roosevelt wondered if the scientific innovation that had
given the Allies the advantage—and would ultimately win them the war—might also “be used in the
days of peace ahead for the improvement of the national health, the creation of new enterprises
bringing new jobs, and the betterment of the national standard of living.”5

Absolutely, responded Bush. In a report entitled Science: The Endless Frontier, he argued that the
government should fund “research in the purest realms of science,” which would generate “a stream
of new scientific knowledge to turn the wheels of private and public enterprise.” He cautioned,
though, that federal support must come with “complete independence and freedom for the nature,



scope, and methodology of research.”6 A prolific scientist and inventor himself, Bush was no doubt
aiming to secure a healthy funding stream for his fellow scientists that came with no strings attached,
so that they could freely pursue interesting research. He would succeed wildly. From 1953 to 2012,
federal funding for basic scientific research would increase from $265 million to $38 billion.7

(Although there is no hard-and-fast distinction, a rule of thumb is that basic research aims to fill gaps
in the body of scientific knowledge, whereas applied research aims to solve practical problems in the
real world.)

But the model of innovation that Bush proposed was seriously flawed. In the more than seventy
years since the publication of his landmark report, it has become clear that just funding basic
scientific research is not enough to guarantee new commercial technologies, especially in energy. Yet
along the way, Bush’s philosophy has entered the conservative canon. President Ronald Reagan and
his advisers fused Bush’s support for basic research with their free-market principles, concluding that
federal support for applied R&D would encroach on the private sector’s territory. The Trump
administration, focused on paring back what it perceives as a bloated government, is channeling
Reagan’s aversion to applied R&D to hack off any government program that advances technology
development with an application in mind.

The available evidence, however, does not bear out the thesis that government support for applied
R&D cramps private investment. In fact, two short-lived waves of investment in applied energy R&D
over the last half-century suggest exactly the opposite conclusion. The first wave, both initiated and
abruptly ended by the federal government, demonstrated that unpredictable federal funding for
applied R&D can chill the private investment climate in energy innovation. The second, led by
private investors who ran out of money, demonstrated that emerging technologies face a gap in
funding that the private sector is unwilling or unable to fill. Still, learning the lessons of these two
failed waves of investment in innovation can inform a policy strategy to induce a third, sustained
wave.

The first wave came in the 1970s in response to the oil crisis. Under President Jimmy Carter, the
United States steeply ramped up funding for R&D into both solar PV and CSP (figure 10.2). These
funds focused on applied activities to improve solar technology, spanning efforts to boost efficiencies
in the lab and demonstrate solar technologies on a large scale. But as steeply as federal support rose,
it plunged even more quickly. Spared an energy crisis by cratering oil prices in the 1980s, President
Reagan had a free hand to slash applied R&D activities that did not comport with his vision of small
government and free markets.



Figure 10.2
Historical U.S. DOE funding for applied R&D in solar technologies. Record of funding levels for DOE-sponsored applied R&D in
solar PV and CSP. Note that DOE also funds basic science research that is relevant to solar technologies; and other U.S. federal
agencies, like the National Science Foundation, also fund solar R&D. DOE funding, however, represents the bulk of funding dedicated to
the development of new solar technologies.
Source: Schmalensee et al. (2015).

This move crippled solar innovation in the United States. It stranded federally funded research
projects midstream, and it halted the $2 billion demonstration program before it could fully show the
commercial potential of solar technologies.8 Rather than create space for the private sector to take
over and invest in innovation, it led to a 50 percent decline in private investment in solar R&D from
1985 to 1995, when federal funding for applied R&D remained low.9

The salient lessons here are first, that unpredictable government funding for applied R&D can
chill the private-sector investment climate; and second, that sustained low funding levels can keep the
private sector away rather than creating space for it to invest in innovation. Notably, Reagan did
largely spare basic scientific research, and his budgets would serve as a template for decades; basic
science would account for 60 percent of all energy R&D into the late 1990s.

In the second wave of investment in solar innovation, driven by the private sector, Silicon Valley
venture capitalists invested $25 billion in start-ups (many of them solar companies), from 2006 to
2011, and lost over half their money.10 These venture-backed start-ups failed in large part because of
the terrible timing of China’s surge in silicon solar panel production, which produced a flood of
cheap supply that washed away upstart technologies before they could reach commercial scale. The
start-ups themselves weren’t blameless, and many made poor business decisions (for instance, to
prematurely scale up production of products that weren’t yet ready for commercial prime time).

The start-up bust also stemmed in great measure from the inadequacy of private-sector support.
My collaborator Ben Gaddy and I have looked at hundreds of clean energy technology start-ups that
received funding from 2006 to 2011 and concluded that the venture capital model was a particularly
bad fit for solar companies. Venture capital is great for getting software companies off the ground
because they need limited capital and can return eye-popping sums to their investors if they succeed.
The model also can work for more capital-intensive medical technology start-ups because large
firms, like pharmaceutical companies, are often willing to coinvest or acquire start-ups.

But when it came to start-ups developing new solar materials—or battery chemistries, or biofuel
syntheses—venture capitalists found themselves all alone. The major oil companies were exiting,



rather than entering, the solar space. And government funding for applied R&D peaked in 2009,
thanks to one-time stimulus funding, but then it dropped away (figure 10.2). Left to fund solar
companies with capital needs in the hundreds of millions of dollars to set up production facilities and
with commercialization timelines that might stretch a decade or more, venture investors often insisted
that companies race to scale up and abandoned their bets once the companies ran out of money. The
lion’s share of their losses on clean energy technologies came from start-ups developing new
materials, chemicals, and processes. Their clean energy software bets, by contrast, paid off
handsomely (figure 10.3).

Figure 10.3
Venture capital investments and returns by clean energy technology subsector. These figures were calculated from a database
of all known clean energy technology start-ups receiving their first substantial (“A-round”) investments from venture capital firms
between 2006 and 2011. For each subsector, the bars compare the total quantity of A-round investment in that subsector’s start-ups with
the returns that those A-round investors realized when any of those companies were either acquired or taken public on the stock market.
Each bar has an associated uncertainty range that arises from gaps in publicly available data.
Source: Gaddy, Sivaram, Jones, and Wayman (2017).

Some might say that this episode proved that the federal government has no business intervening in
applied technology development. After all, the U.S. government lost a half-billion dollars on an
infamous loan guarantee to Solyndra. But the overall federal loan program for energy projects
actually ended up in the black, not the red (it also had notable successes, such as funding Tesla).11

On that count, the federal government might be faulted for actually not taking enough risk, rather
than too much. Apart from a few risky bets, the loan program focused on funding large-scale
demonstrations of well-understood technologies, such as solar PV farms. That money might have been
better spent in smaller chunks than a half-billion dollars, and on demonstrating emerging technologies
at a moderate scale to intrigue private investors. Because venture capitalists were unable or
unwilling to foot the bill for such technology demonstrations, promising energy start-ups perished in
the so-called Valley of Death, unable to reach the scale needed to attract more conservative, deep-
pocketed investors.

The lesson from this discussion is not that all government funding for applied R&D and
demonstration is effective. Rather, it is evident in hindsight that the Department of Energy (DOE) loan
program should have targeted demonstration of earlier-stage technologies and spread out its funds
among more projects. The surge in energy R&D funding in the 1970s produced boondoggles such as
the $4.5 billion Synfuels program, which failed to produce any alternative to oil (though Laura
Anadon and Greg Nemet argue in a recent retrospective that the program generated valuable
technologies for other energy applications).12 Certainly, it is important to improve on past attempts to



design more effective government schemes to support applied R&D and technology demonstration.
But, without any government support at all, there is little chance that the private sector alone will
carry new solar technologies through the Valley of Death.

Taking a step back from energy, the thesis that funding only basic science (with no intended
application) is the best way to support innovation is out of touch with the reality across many fields.
In fact, in the postwar period, the most prolific supporter of innovation has been the U.S. Department
of Defense, which bets on technologies with clear national security aims in mind. The military’s goal-
oriented approach to funding technology bets at the early stage (through DARPA) and continuing to
support the development of those that show promise has resulted in many successes, including the
deployment of precision missiles, stealth fighters, and drones.13 Some efforts have been plagued by
cost and schedule overruns—notably, the ongoing development of a joint strike fighter—but the
military can still boast that it played a principal role in enabling America’s technological primacy
today.

Sometimes, as a welcome side benefit, the military’s targeted investments have ended up having
broader application that was anticipated. For example, the military was the only buyer of integrated
circuits back in the 1950s; it planned to use them in missile guidance systems but ended up spawning
the entire semiconductor industry, whose chips are now in your iPhone.14 Similarly, the military’s
objective in creating ARPANET—the precursor to the Internet—was to make it easier to share results
from the few, spread-out research computers around the country. Obviously, that mission has now
expanded to include sharing cat memes.

The Department of Defense’s successes are a powerful argument in favor of including applied
R&D alongside basic science in the government’s portfolio of support for innovation. In fact, Venky
Narayanamurti, former dean of engineering at Harvard, argues in his 2016 book that the distinction
between basic and applied R&D is artificial.15 In 1945, Vannevar Bush’s model—that public support
for basic science would lead linearly to private funding of technology development—might have been
believable. Since then, too many examples of innovation’s twisted, nonlinear path have emerged to
continue to separate basic and applied R&D. Venky’s book looks back at Bell Labs, a hotbed of
innovation in the postwar period, and concludes that cross-fertilization of researchers thinking about
theoretical, “pure science” problems with those turning these insights into real products, such as
transistors, is the most effective way to develop technologies that improve society. Similarly, the best
research labs today, such as the Howard Hughes Medical Institute, ignore the distinction between
basic and applied R&D.

The right question to ask, then, is not if the federal government should support applied innovation.
The case for doing so is open and shut. Much more important in the twenty-first century is figuring out
how to do so most effectively.

How to Fund Energy Innovation

In 2016, I served on a review committee to evaluate postdoctoral researchers who had applied for
grants from the DOE’s “SunShot” program. The goals were to pick dynamic, talented researchers who
were studying innovative solar PV technologies, such as perovskite or quantum dot cells, and to
prepare a new generation of leaders in this field.

The applicants rose to the challenge. Some projects had the potential to shatter existing efficiency



records. Others focused on bread-and-butter studies of repeatable manufacturing processes. Some
researchers had many years of experience, whereas others were fresh out of PhD programs, though
with multiple top-tier journal articles to their names. I couldn’t help but think, “We should be funding
every single one of these applicants.”

Reality set in when the committee convened to compare applicants. It soon became clear that only
a handful of the researchers would actually receive funding, given the program’s strict budgetary
limits. Most would be turned away. Although they might receive support from other U.S. funding
sources, such as the National Science Foundation, those streams are also limited. Outside the United
States, by contrast, they would be highly prized targets to be snapped up by other countries in Europe
or Asia that would eagerly fund their cutting-edge research. Letting them go elsewhere would amount
to the United States shooting itself in the foot—the economic returns that they were capable of
generating would far outstrip the up-front investment in their research.

To accelerate solar innovation, the U.S. government’s first priority should be to dramatically boost
funding for applied R&D into breakthrough solar technologies. Researchers at the Massachusetts
Institute of Technology (MIT) point out that one way to do this is to reallocate funds that currently go
to supporting less cutting-edge activities, such as research into reducing the soft costs of rooftop solar
installations or making existing silicon solar panels live a little longer. That shift would be sensible.
Out of the DOE’s more than $200 million budget for applied solar energy R&D, less than half goes
toward new solar PV and CSP technologies.16 Although some R&D into incrementally improving
existing technology might fill a gap that the private sector is failing to address, the government would
be far more effective if it funded the next generation of technology development.

It would be a mistake, though, to fixate on shifting around nickels and dimes within the tiny budget
that the federal government assigns to solar R&D. A generous accounting across all government
agencies, lumping together everything from fundamental scientific research on semiconductor physics
to economic analyses of solar manufacturing costs, yields an estimate for solar R&D of less than
$400 million in 2015.17 By comparison, the federal government spends over ten times as much on tax
breaks for the oil and gas industry.

U.S. policymakers should recognize that its paltry funding pales in comparison with the
importance of solar innovation. This mismatch afflicts the broader state of support for energy
innovation. As figure 10.4 illustrates, U.S. federal funding for energy innovation is several times
lower than for health and space R&D. Left off the chart is funding for defense R&D, which is greater
than that for all nondefense R&D combined.



Figure 10.4
U.S. federal investment in nondefense R&D, by function. Each bar breaks down the federal government’s budget for nondefense
R&D, measured in billions of 2016 dollars. Note that “Nat. Res./Env” refers to “Natural Resources” or “Environment.”
Source: American Association for the Advancement of Science.

And neglect for energy R&D has been growing. From 1979 to 2017, energy R&D dropped from
13 percent to 2 percent of all federal R&D. Gravely concerned about the “economic, security, and
environmental consequences” of underinvestment, several business leaders including Bill Gates
called in April 2017 for the federal government to more than double funding for energy innovation to
$16 billion annually.18

Still, just boosting funding for R&D is not enough. The federal government also needs to invest
those dollars more intelligently. To do so, it should adopt many of the techniques used by ARPA-E,
which takes a highly goal-oriented approach to funding “game-changing” technologies early in their
development, with an eye toward their ultimate application.19 For example, recognizing that existing
PV or CSP technologies harness only a fraction of incoming sunlight, ARPA-E has invested in a
portfolio of “hybrid technologies” that generate both power and heat and use thermal energy storage
to smooth out intermittency.20 Each ARPA-E portfolio of investments is linked by a pressing problem
rather than siloed into a particular scientific discipline. And unlike most federal R&D funding
streams, which are difficult to discontinue, ARPA-E is ruthless about cutting off funding to projects
that are clearly missing their milestones.

Although ARPA-E is still less than a decade old, early analyses suggest its approach is effective.
Anna Goldstein, a researcher at Harvard, was kind enough to share some of her preliminary findings
with me.21 On average, researchers funded by ARPA-E are five times more likely to produce patents
and publications, compared with those funded by other DOE arms that fund energy R&D. And when
ARPA-E funds start-ups, they tend to receive more follow-on funding from the private sector than do
energy start-ups funded by other parts of the government. Anna isn’t alone in lauding ARPA-E—in
2017, the National Academy of Sciences released a major report endorsing the agency’s early
performance.22 Recognizing the early success of the model, President Obama’s administration urged
Congress to increase ARPA-E’s budget from $300 million to $1 billion. 23



Even so, the federal government cannot bootstrap the commercialization of new energy
technologies all by itself. Rather, the private sector ultimately must provide the lion’s share of
investment—the point of government funding is to encourage private entrepreneurs, investors, and
firms to make bets on promising technologies. In addition to ARPA-E, which has succeeded in
attracting private follow-on investments for the technologies it selects, the Obama administration
devised several other institutions to encourage collaboration between the public and private sectors.
These deserve to be expanded.

The first new set of institutions, called “Energy Frontier Research Centers (EFRCs),” aims to
connect fundamental scientific research with urgent technology needs. Several of the thirty-six
existing EFRCs are directly relevant to solar energy conversion, including the Center for Advanced
Solar Photo-Physics at Los Alamos National Laboratory. EFRCs are located in universities or
national laboratories, where private firms can fund or collaborate with academic researchers.24

Another set of institutions that convene researchers from industry, academia, and federally funded
laboratories is the network of Energy Innovation Hubs.25 These hubs are housed in U.S. National
Laboratories, a network of seventeen crown jewels of American innovation whose origins date back
to the Manhattan Project but which today are leaders in conducting energy R&D. Four hubs exist as of
2017, including the Fuels from Sunlight hub at Lawrence Berkeley National Laboratory and the
Batteries and Energy Storage hub at Argonne National Laboratory.

Although these hubs can anchor a regional innovation ecosystem and convene the public and
private sectors to intensely push toward solving major technology challenges, hubs received a total of
less than $100 million in 2016—less than 2 percent of federal funding for energy innovation. It would
be eminently sensible to expand the hubs and add new ones. These additional hubs might advance PV
and CSP technology, as well as help develop flexible power grids to integrate high levels of
intermittent renewable energy.

To make investment in energy innovation more palatable to the private sector, the federal
government should provide shared facilities for private use in order to reduce the steep and redundant
capital costs of each firm building its own facilities. The National Laboratories make their labs and
equipment available for a fee, and they have recently rolled out innovative programs, such as
Cyclotron Road, to fund and house entrepreneurs who can develop their technologies using the
extensive resources on campus.26 This arrangement can fill the gap left by venture capital investors
skittish about funding research into, for example, new solar materials.

Further down the line of technology development, the national network of federally funded
manufacturing institutes (Manufacturing USA) offers facilities for firms to develop the processes to
make new products.27 So, for example, a company might be emboldened to invest in developing a
high-temperature CSP collector if it can experiment with the advanced equipment at a federal facility
to figure out how to manufacture such a product at scale.

Finally, the biggest gap that the private sector alone has not filled is for demonstrating new
technologies at commercial scale. Achieving successful demonstrations is absolutely crucial to bring
down the risks perceived by private investors and firms weighing whether to undertake the time and
expense to bring a technology to market. Unfortunately, the DOE’s Loan Programs Office, which made
the infamous Solyndra bet, is politically embattled and unlikely to be the vehicle to fund
demonstrations in the future.

There is no shortage of good ideas about what could replace it. The group of business leaders that



recommended boosting funds for energy innovation to $16 billion annually also recommended the
creation of a private corporation, funded by a single congressional appropriation of $20 billion over
a decade, to invest in technology demonstrations.28 Because this corporation would be held at arm’s
length from the government, it would be insulated from political meddling. And, it would take equity
stakes in companies and projects rather than just insuring loans, so that the company could actually
make money off its bets. To allay concerns that such a corporation would crowd out the private
sector, it might be required to make each of its investments alongside private partners, which would
attract rather than repel private investment.

Others have suggested recruiting state governments to guide the funding of demonstration projects
that make the most sense from a regional context. And still others have proposed using prizes to
attract private investment in demonstration projects. The National Aeronautics and Space
Administration (NASA) has used such a strategy effectively (for example inducing Elon Musk’s
SpaceX to meet a series of performance milestones).29 An energy prize might foster competition
among firms and entrepreneurs to, for example, demonstrate a large-area installation of flexible,
highly efficient PV coatings or generate substantial quantities of hydrogen from a solar fuel generator.
Given the scale of the funding gap, all these different avenues for the government to support
technology demonstrations are worth pursuing.

A likely objection, however, is that doing so would encroach on the free market and “pick winners
and losers.” But this approach of providing government support—not just for fundamental science in
the lab, but also for applied research, manufacturing scale-up, and commercial demonstrations—is
exactly what the military has done, with striking results.

Its process starts with DARPA making numerous bets on high-risk, unproven technologies. Then
the military can fund the most promising projects, and it has provided support for manufacturing and
for demonstrating at scale for decades—from transistor factories in the 1950s to a planned refinery,
announced in 2017, to produce biofuels for the U.S. navy.30 And the various service branches will
often purchase the end product of a technology that the military has supported, giving firms the
confidence that their products will ultimately find a buyer if they perform as desired.

In fact, the military could become the most effective supporter of clean energy innovation. New
solar technologies in particular could provide direct security benefits for the military. For example,
lightweight, flexible solar coatings could improve the operational versatility of U.S. troops and
reduce the need for costly and vulnerable fuel convoys. Indeed, some scholars have argued:
The [Department of Defense (DOD)] is better placed for catalyzing rapid innovation in energy technologies than the DOE because the
DOD is a major customer for energy-consuming systems and equipment for its roughly 500 permanent installations, as well as for
operational equipment (spending $10 billion a year on liquid fuels alone). The scale of the resources that the DOD brings to technology
development is impressive. It employs more than 30,000 engineers and scientists in R&D and procurement, and its annual R&D spending
comes to about $80 billion, with procurement spending in excess of $100 billion. The DOD thus has the incentives and capacity to be a
smart and demanding customer for new energy technologies.31

This two-pronged model of inducing innovation—funding technology development and creating a
market for the products that emerge—has worked for the military and could accelerate innovation in
solar technology, as well as for a range of other energy technologies needed for a solar-powered
future. Clearly, the federal government currently underfunds R&D and demonstration of new
technologies and should boost its support.

One might be forgiven for assuming that the government is doing well on the other prong, given
that its subsidies to deploy solar power vastly outweigh its expenditures in research, development,



and demonstration. Unfortunately, it turns out that U.S. policies to create the right market conditions
for solar to thrive are also in need of reform.

No Taxation without Innovation

The problem with U.S. public policies that seek to encourage market adoption of solar power is not
how much money is spent, but what that money is spent on. The goal of solar policy should be to
encourage financial, technological, and systemic innovation that enables a sharply rising share of
solar energy to decrease customer costs and carbon emissions at home, while providing an example
of what works to the rest of the world. Today’s policies do not accomplish this. And even widely
endorsed proposals to tax carbon emissions are not policy silver bullets; a carbon tax would need to
be paired with support for new technologies to stimulate innovation most effectively.

At present, the largest federal subsidy for solar power is the investment tax credit, worth 30
percent of the up-front cost of a solar installation. In 2015, the federal government extended this
credit through 2020, at which point the tax credit steps down to 10 percent over the next two years.
As a result, the U.S. Treasury forecasts that the federal government will spend over $2 billion per
year subsidizing solar power. Another federal tax incentive, which allows solar project owners to
apply an accelerated depreciation schedule, could cost another $200 million annually.32

These tax incentives promote the wrong things, however. They almost exclusively benefit mature
technologies—mostly silicon solar PV panels. Given the choice between an emerging, innovative
technology and a commercially established one, both of which are equally eligible for the same tax
credit, an investor will prudently choose the established one, even if the emerging technology might
be cheaper and more efficient when produced at scale.33

A better approach would be to design incentives that fell in value as a technology got cheaper,
weaning it off subsidies that it would not need and focusing support on the deployment of newer
technologies that need an early boost. A rational policy would also cut support for technologies that
failed to improve their cost or performance over time. Finally, none of these incentives should be
disbursed through tax breaks, which can be hard to monetize in the first place; instead, direct cash
incentives could be twice as effective at stimulating deployment without raising the fiscal burden on
the federal government.34 These are all promising policy directions for Congress to pursue rather than
choosing to extend the current investment tax credit beyond 2020, when the phase-out begins.

Critics of eliminating tax credits might contend that the credits have been crucial to establishing a
thriving U.S. solar market. Indeed, through 2016, the United States had installed over 40 gigawatts
(GW) of solar and was second only to China as the largest annual market in the world. Domestic
subsidies played a large role in these achievements. Yet, I would counter that, from here on out,
subsidizing existing solar technology will do little to reduce the U.S. carbon footprint, let alone the
world’s. It will speed arrival of the day when existing solar technology penetrates as much of the
market as it ever will, but solar will never go further if various forms of innovation do not
materialize.

From an economic point of view, the solar industry is fond of trumpeting that it has created over a
quarter of a million jobs in the United States.35 But most of those jobs are in the installation of
projects using imported solar panels; government support for those jobs provides limited knock-on
economic benefits. By contrast, investments in innovation could deliver a much higher return on



public spending, generating nearly five additional jobs for the economy from stimulating a single new
job in advanced manufacturing.36 Therefore, from both environmental and economic perspectives, any
subsidies would be more effective if they were pointed toward innovation.

Critics might also argue that if fossil fuels receive billions in tax breaks, it is only fair for solar
power to receive similar handouts. This observation raises an important point. The U.S. government
should eliminate the $4 billion in tax breaks for oil and gas companies, which—as research I
commissioned at the Council on Foreign Relations demonstrated—does not actually improve U.S.
energy security or reduce prices at the pump.37 Still, even if those fossil fuel subsidies persist, it will
still make sense to reform solar subsidies to encourage innovative new technologies that will be even
more competitive with fossil fuels.

In addition to the federal solar investment tax credit, many states have supported solar
deployment. One way they do that is through a mandate known as a “renewable portfolio standard,”
which sets a quota for the share of electricity the state must procure from renewable sources such as
wind and solar. Again, these policies can justifiably claim important achievements in deploying solar
power, most notably in California. But, as with the investment tax credit, they do little to support
technological innovation, mostly supporting the deployment of existing silicon solar panels instead.

Moreover, renewable portfolio standards obstruct systemic innovation by discriminating against
nonrenewable, zero-carbon sources, such as nuclear power or fossil plants with carbon capture and
storage. This discrimination runs counter to the goal of building a diverse mix of power resources to
enable deep decarbonization. So, in California, although the share of wind and solar is rocketing
upward, the last remaining nuclear plant is slated to close, in a state where nuclear contributed 15
percent of its power as recently as 2011.38

By contrast, in 2016, New York enacted policies to encourage both renewable energy and nuclear
power, aiming to get most of the state’s electricity from clean sources by 2030.39 Policies like these,
which do not discriminate against nuclear and other nonrenewable clean energy resources, are far
more sensible than renewable portfolio standards. More states should enact them to ensure that a high
penetration of solar power is made possible by the continued existence of flexible base resources,
which, as chapter 9 noted, are plants that can be ramped up and down to compensate for fluctuating
renewable energy output.

Mandates may not even be necessary to encourage renewable energy deployment. Texas provides
an instructive case study. Although the state had mandated 10 GW of renewable capacity by 2025, the
energy industry paid little attention to the mandate, and Texas blew through the target in 2012, over a
decade early (although most of the installed capacity was wind rather than solar). The actual driver of
renewable energy growth, rather than the renewable portfolio standard, was Texas’s buildout of
transmission lines that linked faraway, windy regions like the Texas Panhandle—known as a
“Competitive Renewable Energy Zone (CREZ)”—to demand centers in major cities. Emboldened by
the CREZ transmission lines, developers eagerly added generation capacity, and Texas is now the
biggest wind powerhouse in the country.40 Texas’s growth was motivated by the favorable economics
of renewable energy once sufficient transmission capacity was in place, rather than by the government
mandate.

Investments in expanding the electricity grid exemplify policies that advance systemic innovation
to lay the groundwork for much higher penetrations of solar power in the future. Therefore, the federal
government and states should work together to install a network of long-distance, high-voltage direct



current (HVDC) transmission lines across the country to expand access to remote but rich renewable
energy resources. The Trump administration has already expressed its eagerness to put new
infrastructure projects in the ground. It could do so by exerting federal regulatory authority to speed
up the siting and permitting process for new transmission lines.41

In tandem with this kind of initiative, state governments should work together to link their power
markets, so renewable energy generated in one state can travel via long-distance transmission to
demand centers in other states. For example, if California moves forward with its embattled plan to
link its power market with those of its neighbors in the West, it may not have to throw away thousands
of megawatts of surplus renewable power that exceed in-state demand. Transmission expansion and
power market reforms are steps that, in the near term, may support only the expansion of existing
technologies. But by promoting systemic innovation that enables a flexible grid capable of hosting
more solar power, these policy steps would set the stage for emerging technologies to ultimately
succeed existing ones.

Similarly, U.S. policymakers should undertake policies that spur financial innovation as well.
Again, although this approach may benefit only existing technologies in the near term, financial
innovation that unlocks vast pools of capital could make it possible to scale up advanced
technologies rapidly in the future. A step that lawmakers could take in this direction would be to pass
the MLP Parity Act. Recall from chapter 4 that Master Limited Partnerships (MLPs) are financial
vehicles used extensively to finance oil and gas infrastructure such as pipelines and pay no corporate
income tax. Renewable energy firms attempted to recreate the MLP with the growth-oriented YieldCo
model (bundling together a portfolio of renewable energy projects to be traded on the stock market),
which blew up in their faces. But the bipartisan MLP Parity Act, first introduced in 2012 by Senator
Chris Coons (D-DE) and Senator Jerry Moran (R-KS), would enable institutional investors to invest
in listed MLPs comprising solar power assets. Safe, tried-and-true vehicles, these MLPs could speed
the flow of capital into solar.42 And down the road, if newer technologies can achieve commercial
scale, they would benefit from the availability of this financing structure to tap into institutional
investors’ deep pockets.

Finally, no discussion of clean energy policy would be complete without mention of pricing
carbon. A carbon tax, a trading system for carbon pollution with an overall cap, or some other system
to create economic pain for those entities that cause greenhouse gas emissions would indeed be a
welcome correction to existing markets, which do not penalize polluters.43 In addition to a steady
chorus of just about every economist singing its praises, prominent politicians on both sides of the
aisle support a price on carbon. In the first year of the Obama administration, the U.S. House of
Representatives passed the Waxman-Markey Bill to create a carbon cap-and-trade scheme, enticing
eight Republicans to cross the aisle (the bill, however, was never taken up by the Senate). More
recently, an all-star delegation of senior Republican statesmen paid a visit to the White House in
2017 to convince President Trump of the merit of a revenue-neutral carbon tax. Their plan would
apply a price on carbon emissions across the U.S. economy, scrap the entire patchwork of clean
energy deployment subsidies and mandates that drive conservatives crazy, and deliver a politically
attractive tax break to working-class families.44 This solution would seem to be elegant and efficient,
right?

Probably not on its own. As the MIT economist Daron Acemoglu and colleagues argue, a carbon
tax solves one important market failure but leaves another unaddressed. It corrects the market’s



failure to put a value on the damage from carbon emissions, which levels the playing field between
clean and dirty sources of energy. That adjustment sets up the market to cost-effectively match energy
supply and demand while limiting pollution.

Whereas this policy is ideal for efficiently dispatching existing technologies, however, it is not
ideal for accelerating innovation.45 Absent government support for R&D—which creates scientific
knowledge and intellectual property for the good of all, but which the market does not fully value—
technological innovation proceeds more slowly than it would with government support. Acemoglu
and colleagues find that even with a price on carbon, delaying investment in technological innovation
can set back a clean energy transition and steeply raise its cost.46

Pricing carbon is an elegant, important policy, but it is by no means a panacea. Rather, an ideal
policy portfolio for smartly promoting clean energy in the United States would direct a substantial
fraction of the proceeds from a nationwide carbon tax to boost funding for technological innovation.
This policy would be a grand bargain that would exchange ineffective mandates and clean-energy
subsidies with a single carbon tax. (Importantly, environmental regulations, such as pollution controls
on coal power plants—which are justified by health concerns—should remain.) This new approach
could still be politically palatable, with substantial funds left over to compensate those who might be
hardest hit by a carbon tax. It is crucial that support for energy innovation is prioritized in such a
grand bargain. Otherwise, the United States might forego the game-changing technologies that it and
the world need.

Executing Mission Innovation

I will never forget the Paris Climate Change Conference of 2015. For two weeks, the world’s
attention fixated on the diplomats hammering away at a historic agreement. I caught glimpses of U.S.
secretary of state John Kerry emerging from the negotiating room in the middle of the night, somehow
energized, even as his staff trailed sleepily behind him. A brightly lit Eiffel Tower bore the ominous
message: “No Plan B.” At last, on the final day, weary ministers joined hands and raised them in
triumph, having signed a nonbinding agreement to limit global warming to 2°C. That agreement set up
a framework for the countries of the world to curb their emissions, hold one another accountable, and
ratchet up the ambition of their targets over time.

But for all the drama, the most important element of the Paris summit was decided on Day 1, on
the sidelines of the formal negotiations. That day, the triumvirate of Bill Gates, President Obama, and
Prime Minister Narendra Modi of India led the unveiling of an initiative to boost global energy
innovation: Mission Innovation. All told, twenty world leaders signed up to double their countries’
public funding for energy R&D within five years. And twenty-eight billionaires, led by Gates,
pledged to invest billions to bring breakthrough energy technologies to market.

This was the crucial breakthrough that happened in Paris, for the development of radically
superior technologies is what will enable countries to make increasingly ambitious emissions
pledges. And both the public and private sectors will need to come together to fulfill the promise of
accelerating innovation.

Unfortunately, early actions by the Trump administration threaten to undo recent progress. In June
2017, the president announced his intention to withdraw the United States from the Paris Agreement
in 2020. Following through on that pledge would wipe out the international goodwill President



Obama and Secretary Kerry earned from negotiating the accord, damaging U.S. credibility on global
energy and climate issues (and destroying diplomatic capital America needs to advance other foreign-
policy priorities). In addition, President Trump’s determination to renege on the U.S. commitment to
double its R&D spending threatens to further erode U.S. credibility as a leader on energy innovation.
Other countries, including China, are eager to advance innovation in America’s stead, though, both
increasing R&D funding at home and coordinating the direction of energy innovation abroad.47

Trump is misguided; if he continues to exclude energy innovation from his “America First”
agenda, America could well end up last. The United States has compelling reasons to lead
internationally on energy innovation. In particular, reshaping solar into a global, technology-driven
industry would make use of and enhance U.S. strengths. Today, both the production and deployment of
solar energy are concentrated in Asia. The combination of Chinese scale and tried-and-true silicon
solar technology has proved unbeatable so far. The United States should not attempt to try and beat
China at its own game.

Rather, the United States should spearhead a global push to commercialize new solar
technologies. My colleague Dan Sanchez at Stanford and I have urged the United States to share
lessons with other countries from its experience setting up ARPA-E to support innovative
technologies.48 And researchers at Columbia University have proposed an initiative for some of the
top funders of solar R&D—the United States, South Korea, Japan, and Germany—to freely share
information and coordinate their funding priorities to advance new solar technologies rapidly.
Importantly, such a collaboration would intimately involve private-sector firms, encouraging them to
invest corporate dollars in R&D and seeking to bring new technologies to market.49

Precompetitive, international research collaborations play to U.S. strengths, because of the surfeit
of talented scientists and engineers and boldly innovative firms in the United States. In the
semiconductor industry, U.S. firms collaborate with international competitors all the time, often
sharing the capital cost of R&D and factories so that they can afford to invest proportionally more of
their revenue in advancing innovation. By spearheading a major solar research collaboration effort,
the United States could inculcate norms currently lacking in the global solar PV industry. For
example, the average Chinese solar company invests just 1 percent of its revenues in R&D, whereas
the average American semiconductor firm invests more than ten times as much.50

Naysayers might contend that an energy industry will never resemble a high-tech sector. Energy is
dominated by lumbering utilities and state-owned behemoths, it is politically bedeviled, and its core
products—kilowatt-hours of electricity or gallons of gasoline—are low-margin commodities. Tech
companies, by contrast, are nimble, write the rules as they go along, and use the high margins from
computer chips, iPhones, and the like to fund ongoing R&D.

It would be better instead, the critics might continue, to employ aggressive trade policies to
protect domestic solar manufacturers beleaguered by cheap Chinese imports. And indeed, the United
States has rightfully imposed tariffs to retaliate against Chinese solar dumping that wiped out
innovative Silicon Valley start-ups. At the time of writing, the Trump administration was preparing to
erect additional, sweeping trade barriers to imported silicon solar cells and panels from around the
world, relying on the rarely invoked Section 201 of the 1974 Trade Act. But trade barriers are blunt,
destructive tools that should be only a small component of America’s innovation strategy. Deployed
recklessly, they can provoke trade wars that might stymie U.S. chances of taking the helm of an
innovative industry with a global supply chain along which goods, services, and capital can flow



efficiently across borders.51

Rather than retreating within its borders, America should embrace the chance to reshape the global
solar industry in its innovative image. There are important differences between solar panels and
semiconductors, and the business model of the latter may not translate exactly to the former. But that is
no excuse to accept the current industry’s culture of painfully slow technology progress, especially
given the exciting advances emerging from top labs around the world.

Remember, the great solar game is not over; it is just beginning. To meet the goals set out by this
book, solar power will have to grow over thirtyfold by midcentury, and much more beyond that
horizon. Although the United States finds itself at a daunting disadvantage to China’s early lead,
America can win back market share and deliver planet-saving technologies by leading a global push
for innovation.

I’ve spent a decade studying solar. Today’s industry is barely recognizable from the one I started
in. But for humanity to finally tame the sun, solar technology and the solar industry must become even
more unrecognizable in the decades to come. Now, that is a future I look forward to.
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Glossary

Scientific Terms
Alternating current (AC)    An electric current that reverses its direction many times a second and is almost universally used in
modern electricity grids. Solar photovoltaic (PV) panels are often connected to a grid through an inverter that converts direct current
(DC) to AC electricity.

Bandgap    A property of a semiconductor that determines how much energy an electron must gain, for example from sunlight, to break
free of its host atom and contribute to an electric current. The most efficient solar cell designs use multiple semiconductor layers, each
with a bandgap optimized for harnessing the energy of a portion of the sun’s spectrum of colors.

Current    A flow of electric charge. The current of a solar photovoltaic (PV) cell is related to how many electrons flow out of the cell.

Direct current (DC)    An electric current that runs in a single direction. DC electricity is more efficient to transmit than alternating
current (AC) electricity, but it is currently only economical to transmit DC over very long distances (hundreds of miles or more). Solar
photovoltaic (PV) panels produce DC electricity.

Electron    A subatomic, elementary particle that is negatively charged, typically bound to the positively charged nucleus of an atom, and
the source of an electric current when moving freely.

Energy    The capability of doing work. Energy comes in many interconvertible forms, including kinetic, chemical, potential, thermal,
electric, and radiant (from light) energy. Electric energy is measured in kilowatt-hours (kWh).

Energy density    The amount of energy stored per unit volume (in colloquial usage this term is often used to refer to the amount of
energy stored per unit mass, for example, in a battery).

Kilowatt-hour (kWh)    The amount of electric energy delivered by 1,000 watts (W) sustained over one hour. For reference, a typical
U.S. household consumes roughly 900 kWh of electricity per month.

Photon    An elementary particle that is the fundamental constituent of light (otherwise known as electromagnetic radiation) and carries
an amount of energy proportional to its frequency.

Power    The amount of energy produced or consumed per unit time. The power output of a solar photovoltaic (PV) cell is the
instantaneous product of its electric current and voltage. Electric power is measured in watts (W).

Semiconductor    A material that can switch between an insulator and conductor of electricity. In a solar photovoltaic (PV) cell, sunlight
transfers energy to a semiconductor’s electrons, which then flow out of the cell as electric current. Silicon is the most commonly used
semiconductor for solar cells as well as for other electronic devices such as computer chips.

Voltage     The amount of energy, per unit of electric charge, that is driving an electric current in a circuit. The voltage of a solar
photovoltaic (PV) cell is related to how much energy is in each electron that flows out of the cell.

Watt (W)    A unit of electric power. For reference, a conventional incandescent lightbulb continuously consumes 60 W of power when
turned on, and a typical solar panel produces up to 300 W at midday. Other commonly used units of power include kilowatt (kW; 1,000
watts), megawatt (MW; 1 million watts), and gigawatt (GW; 1 billion watts). The largest solar farms can produce hundreds of megawatts
of power.

Solar Industry and Technology Terms
Amorphous silicon    A solar photovoltaic (PV) material that can be used to make flexible, thin, and cheap solar cells, though these
cells are less efficient than crystalline silicon solar cells.



Cadmium telluride (CdTe)    A solar photovoltaic (PV) material that is deposited as a thin film. Although over 90 percent of all solar
panels are based on silicon technology, most of the rest are made from CdTe. The U.S. firm First Solar is the largest manufacturer of
CdTe solar panels.

Commercial and industrial (C&I)    One of the market segments for the deployment of solar photovoltaic (PV) systems. C&I
systems are typically smaller than 2 megawatts (MW) and can be installed on large rooftops of businesses or warehouses or mounted on
the ground.

Community solar    Projects in which consumers can band together to collectively own or lease a solar installation, often on the scale of
several megawatts (MW), and use the generated power to offset their power purchases from the grid.

Concentrated solar power (CSP)    A solar technology that uses mirrors to concentrate sunlight to generate heat that can then be used
to drive a turbine and produce electricity. Although many CSP configurations exist, the power tower design—in which a field of mirrors
(heliostats) concentrate sunlight on the top of a central tower—is gaining popularity. This design is compatible with thermal energy
storage, which enables a CSP plant to produce electricity during the night.

Copper indium gallium (di)selenide (CIGS)    A solar photovoltaic (PV) material that is deposited as a thin film. Many Silicon Valley
start-up companies, including Solyndra, tried and failed to commercialize this technology.

Distributed solar    The use of solar photovoltaic (PV) panels on rooftops or in a ground-mounted arrangement smaller than a utility-
scale project. Distributed solar projects can be sited close to where the power they generate will be used.

Efficiency    For a solar photovoltaic (PV) cell, the efficiency is the percentage of the energy embodied in sunlight that the cell converts
into electricity—as of 2017, the record efficiency for a silicon solar cell is 26 percent, and the record for a multijunction cell comprising
several layers is 46 percent. The record efficiency for a concentrated solar power (CSP) plant is 31 percent conversion of solar radiation
into electricity. For a photoelectrochemical cell (PEC), the efficiency is the percentage of energy in sunlight that is converted into
hydrogen fuel, the record for which is 22 percent.

Feed-in tariff    A policy mechanism designed to attract investment in renewable energy technologies by offering long-term contracts to
buy power at a fixed price from renewable energy projects; the price is typically based on the cost of that technology rather than on the
prevailing market price of electricity. Germany’s feed-in tariff scheme played an important role in driving the growth of the solar industry
in the 2000s.

Gallium arsenide (GaAs)    A solar photovoltaic (PV) material from which solar cells even more efficient than silicon cells can be
made. Although solar panels made out of GaAs and other semiconductors are more popular than silicon panels for space applications,
they are too expensive for economical deployment on Earth.

Inverter    An electronic device that converts direct current (DC) electricity to alternating current (AC) electricity. Solar photovoltaic
(PV) panels are connected to the grid through inverters.

Investment tax credit (ITC)    A subsidy from the U.S. federal government for the installation of some renewable energy projects,
including solar power projects. The subsidy is a tax credit worth 30 percent of the upfront cost of a solar installation, and it is scheduled
to decline to 10 percent by 2022.

Net metering    A policy under which electricity customers who generate their own electricity send it to the grid—for example, during
the daytime when rooftop solar panels generate power—and offset the expense of consuming electricity from the grid at other times,
such as nighttime.

Off-grid    The smallest of the market segments for the deployment of solar photovoltaic (PV) systems. Off-grid solar systems, which
can be as small as a single solar panel, are typically installed in regions of the developing world with limited or no connectivity to a main
grid.

Organic solar cell    A photovoltaic (PV) technology based on organic polymers, which could one day enable nontoxic, flexible, colorful,
and semitransparent solar cells. As of 2017, the record efficiency for organic solar cells is 12 percent.

Pay-as-you-go (PAYG)    A system for customers to pay for power from off-grid solar systems on an ongoing basis, rather than paying
for the cost of the system upfront. Startup companies are increasingly using PAYG offerings to market solar home systems (SHS) to
rural customers in sub-Saharan Africa and South Asia. This requires the startups to find sources of capital to finance the upfront cost of
the solar systems.

Perovskite     A solar photovoltaic (PV) material from which solar cells of 22 percent efficiency have been made as of 2017. This
technology could enable low-cost, flexible, and highly efficient solar cells, but the most likely near-term route to commercialization is to
layer perovskite on top of existing silicon solar cells to boost their efficiencies.

Photoelectrochemical cell (PEC)    A device that harnesses the energy embodied in sunlight to split water and produce hydrogen fuel.



A PEC consists of two stacked photoelectrodes, each of which is coated with a catalyst that speeds up the production of either hydrogen
or oxygen, and a membrane that separates the reaction products.

Photovoltaics (PV)    Technology to convert the energy in sunlight into electricity using solar PV cells made out of semiconductors that
exhibit an electric voltage and current upon exposure to light. Many solar PV cells connected together form a solar PV panel, which is
the building block of a solar PV system.

Power-purchase agreement (PPA)    A contract for the sale of electricity. Most utility-scale solar projects are contracted through
PPAs to sell power to a utility for fifteen or more years, providing certainty of future revenues to a developer that undertakes the risk of
financing and constructing a solar project.

Quantum dot solar cell    A solar photovoltaic (PV) device consisting of semiconductor particles that are only a few nanometers in
diameter. As of 2017, the record efficiency of a quantum dot solar cell is 13 percent.

Residential    One of the market segments for the deployment of solar photovoltaic (PV) systems. Residential systems are typically
installed on top of a household’s roof and are smaller than 50 kilowatts (kW).

Silicon    A semiconductor out of which nearly all solar photovoltaic (PV) cells are made, as well as electronic devices like microchips.
After it is mined, silicon is purified into polysilicon, cast into cylindrical ingots, sliced into thin wafers, and then processed to make solar
cells.

Soft costs     Non-hardware costs associated with deploying solar power. These costs include permitting, financing, and installation as
well as acquiring new customers and paying suppliers. These costs can represent over half of the cost of a residential solar installation.

Solar home system (SHS)    Typically used in the developing world to power rural homes unconnected to a main grid. An SHS
combines solar panels of up to 300 watts (W) of power-generating capacity with batteries, electronics, and energy-efficient appliances.

Solar panel    Also known as a module, a solar photovoltaic (PV) panel is the basic building block of a solar system and consists of
many solar cells connected together.

Solar power satellite     A technology under consideration to harness solar energy outside the Earth’s atmosphere and beam it down to
the planet’s surface, in the form of microwaves, for terrestrial electricity use.

Tandem solar cell    A photovoltaic (PV) cell consisting of two semiconducting layers—one optimized to absorb high-frequency light
and the other to absorb low-frequency light. More generally, a multijunction solar cell can employ two or more layers to more efficiently
convert sunlight into electricity than a single semiconductor layer can.

Thin film    A category of solar photovoltaic (PV) technologies—including copper indium gallium (di)selenide (CIGS), cadmium telluride
(CdTe), and amorphous silicon—based on the deposition of materials only a few micrometers thick.

Utility-scale     The largest of the market segments for the deployment of solar photovoltaic (PV) systems. Utility-scale projects range
from several to several hundred megawatts (MW) of power-generating capacity, and their owners typically contract to sell solar power
to a utility for a fixed price and duration.

Value deflation    The reduction in the value of the electricity generated by solar photovoltaic (PV) panels as more of them connect to
the grid and supply electricity in excess of demand in the middle of the day.

General Energy Terms
Battery    Electrochemical devices that store and release electric energy by using chemical reactions. Lithium-ion batteries, which
operate by shuttling lithium ions between two electrodes, are increasingly popular for powering electric vehicles as well as for stationary
uses such as stabilizing the electricity grid. Many other battery designs exist or are under development—from well-established lead-acid
batteries to promising flow batteries.

Capacity    The amount of electric power that can be generated by a power plant, typically measured in megawatts (MW). Conventional
power plants, such as those that use fossil fuels, can consistently produce an amount of power close to their capacity, whereas
intermittent sources, like solar and wind power, only produce at their rated capacity when the weather permits.

Capacity markets     Economic markets created to ensure the reliability of the electricity grid by requiring electricity customers to pay to
reserve power-generating capacity from power plants in future years.

Carbon capture, utilization, and storage     A process that captures carbon dioxide emissions from sources like coal-fired power
plants and either stores or reuses it so it will not enter the atmosphere. Carbon dioxide can be used to generate economic value—for
example, by improving the extraction of oil or serving as a raw material input for the production of plastics or cement—and it can be
permanently stored in geological formations.



Decarbonization    The elimination of emissions of greenhouse gases (of which carbon dioxide is the most prevalent) from the global
economy.

Demand response     The modification of customer demand for electricity to reduce strain on the grid and better match up electric
demand with supply, for example from intermittent sources such as solar power. Strategies include financial incentives and behavioral
programs to encourage demand shifts as well as direct utility control of a customer’s appliances.

Desalination    An energy-intensive technology that removes salt from saline water to produce potable water.

Distributed energy resources     Decentralized, locally sited equipment to generate, store, or use electricity, including diesel generators,
rooftop solar panels, fuel cells, batteries, and smart appliances.

Distribution    The final stage in the delivery of electric power, which carries electricity from the transmission system to individual
customers. The distribution system comprises substations that lower the voltage and distribution lines that deliver power to customers.

Electric vehicle (EV)    A vehicle that relies on one or more electric motors for propulsion, rather than an internal combustion engine.
Most EVs are powered by charged lithium-ion batteries, though fuel-cell EVs consume hydrogen fuel to produce electricity that then runs
the car’s motors.

Electrolysis     The use of electricity to split a substance. In the electrolysis of water, a device called an electrolyzer runs an electric
current through water to split it into oxygen and hydrogen fuel.

Energy storage     The process of storing energy, or converting it from one form to another, for later use. Energy storage technologies
used—or under development for future use—in the electric power sector include pumped hydro storage, electrochemical batteries,
superconducting magnetic energy storage, supercapacitors, flywheels, compressed air, and underground thermal energy storage.

Flexible base     Power plants that can consistently generate electricity but can also modulate their power output to compensate for
fluctuating renewable energy. These resources include nuclear reactors, hydropower plants with reservoir storage, and fossil-fueled
power plants.

Fossil fuel    A fuel consisting of ancient, decomposed organisms that contains a large proportion of the element carbon. Fossil fuels—
which include coal, natural gas, and petroleum—account for the large majority of human energy use, and the greenhouse gas emissions
resulting from their combustion by humans is the largest contributor to global climate change.

Fuel cell    A device that converts the chemical energy from a fuel, such as hydrogen, into electricity, using an electrochemical reaction
(in contrast to a combustion engine, which burns fuel). Applications of fuel cells include powering electric vehicles as well as supplying
electricity to the grid or directly to end-users.

High-voltage direct current (HVDC)    A technology to transmit electricity over long distances (hundreds of miles or more) to
minimize power losses in transit and reduce costs. The term ultra-high voltage direct current (UHVDC) is applied to lines operating at
voltages of 1 million volts or more.

Hydrogen    A colorless, gaseous fuel that releases energy when combined with oxygen to form water, either electrochemically in a fuel
cell or through combustion. Most production of hydrogen fuel today relies on fossil fuels such as natural gas, but solar energy could be
harnessed to split water and produce hydrogen. If produced in this way, hydrogen fuel could be used without causing the release of any
harmful emissions.

Hydropower (or hydroelectric power)    The world’s largest source of renewable electricity, which uses the downhill flow of water to
drive a turbine and generate electricity. Hydropower plants can often vary their power output, for example if a dam regulates the level of
a reservoir. In addition, pumped hydro storage can store excess electric energy by pumping water uphill from a lower reservoir to a
higher one and then running a turbine later on when there is a need for electricity.

Inertia    A property of conventional power generators connected to the electricity grid that aids reliability by resisting changes to the
operating frequency of the grid. Because conventional, synchronous generators contain large masses rotating at the same frequency, an
imbalance between the grid’s electric supply and demand that raises or lowers the grid’s operating frequency is countered by the
system’s inertia, affording grid operators time to fix the imbalance. Some generators, like solar photovoltaic (PV) panels, do not
contribute inertia (although inverters can be programmed to simulate it, through synthetic inertia).

Light-emitting diode (LED)    A more efficient lighting technology than conventional incandescent bulbs. Like solar photovoltaic (PV)
cells, LEDs are made out of semiconductors. LEDs fell in cost by a factor of ten between 2009 and 2015.

Microgrid    A small network of interconnected equipment to generate and use electrical power. Typically, microgrids have the capacity
to generate less than 15 megawatts (MW) of power. They are often connected to the main grid, but they can also be standalone, off-grid
systems, for example in rural areas. Some grid-connected microgrids can continue to operate as autonomous islands even when there is a
blackout on the main grid.



Nuclear power    The use of the energy contained within atomic nuclei to produce electricity. A nuclear reactor harnesses the heat
released from the splitting, or fission, of atomic nuclei to generate steam, drive a steam turbine, and generate electricity. Most nuclear
reactors are light-water reactors, which use water to cool and moderate the nuclear reaction.

Renewable energy    Energy from sources that are not depleted when used. These include solar, wind, geothermal, wave, tidal, and
hydropower. Some sources, such as solar and wind power, are intermittent, whereas others, such as geothermal, are more constant.
Biomass is also a renewable source of energy, but unlike other renewable sources, it can generate significant net emissions of
greenhouse gases and other pollutants depending on how biomass is grown, harvested, used, and replaced.

Renewable portfolio standard (RPS)    A regulation that requires companies that supply electricity to customers to produce or procure
a specified fraction of their electricity from renewable energy sources. For example, California’s RPS requires that by 2030, retailers and
public utilities procure half of their electricity from eligible renewable energy sources, which include power from solar, wind, geothermal,
biomass, and small hydropower facilities but exclude large hydropower facilities as well as zero-carbon sources such as nuclear energy.

Smart grid    An electricity grid equipped with digital technologies enabling two-way communication between a utility and its customers,
sensors, responsive transmission and distribution grid components, and software and protocols able to dynamically manage the grid.

Smart meter    An electronic device that records a customer’s electric consumption in intervals of one hour or less and communicates
that information to the utility for monitoring and billing.

Substation    A collection of electrical equipment that transforms the voltage of electricity. High voltages are best for long-distance
transmission, whereas low-voltages are best for safe electricity use. Substations can raise the voltage to send power from a generator
along a transmission line, connect multiple transmission lines, or reduce the voltage to transfer power between the transmission and
distribution system.

Transmission    The bulk movement of electricity at high voltages over long distances, starting from power generators and ending at
electrical substations that reduce the voltage of electricity for transfer to the distribution system.

Utility    In the electric power industry, an electric utility delivers electric energy for use primarily by the public. Utilities can be publicly
or privately owned. In many parts of the United States known as regulated markets, a utility is guaranteed a monopoly over a defined
service territory to generate, transmit, distribute, and sell electricity to customers, and government regulators oversee customer rates.
Elsewhere, regulated utilities only own the transmission and distribution grid, whereas private companies generate electricity to sell to
utilities and, in some cases, retail electricity to customers. Often, such private companies are unregulated arms of holding companies that
also own regulated utilities.

Wholesale electricity market    A market for competing generators of electricity to sell their output to retailers, who then sell it on to
customers. In the United States, wholesale electricity markets often span multiple states and follow an auction process in which bids to
sell electricity are accepted in ascending order until all electric demand is met, and the highest accepted bid sets the market-clearing
price.

Wind power    A form of renewable energy that uses air flow through wind turbines to produce electricity. Like solar power, wind
power is intermittent and depends on wind speeds. Wind turbines can be sited on land or at sea; offshore wind turbines are becoming
increasingly economical.

Business and Finance Terms
Asset-backed security    A tradable financial asset with income flows that are derived from a pool of underlying assets.

Capital    Wealth in the form of money or other assets. Investors provide equity capital to fund a business venture in exchange for an
ownership stake in that venture. Debt capital is provided by investors with the expectation they will be paid back with interest.

Cost of capital    The rate of return demanded by investors who provide debt and/or equity capital to a business venture. A solar project
will require more expensive capital if it is perceived to be a riskier investment.

Economies of scale     Cost advantages obtained as a result of increasing the size of a business operation. For example, by increasing its
production of solar panels, a factory can spread its fixed costs over more units, thereby decreasing the cost per solar panel. Economies of
scale also apply to the downstream deployment of solar projects; a larger solar project can spread overhead costs over a larger power-
generating capacity, reducing the cost per watt of the project.

Green bond (or climate bond)    Fixed-income financial instrument comprising assets, such as renewable energy projects, that are
helpful for reducing greenhouse gas emissions or adapting to climate change.

Institutional investor    An entity that pools money to purchase assets. Institutional investors include banks, insurance companies,
pension funds, hedge funds, sovereign wealth funds, and endowments. Collectively, they manage over $100 trillion and will be important



to scaling up solar power.

Lease     A contractual arrangement in which a user pays the owner of an asset to use it. In the United States, firms such as SolarCity
(now part of Tesla) marketed solar leases to drive growth in the market for rooftop solar panels, from which homeowners could purchase
power on an ongoing basis rather than paying the high, upfront cost of the solar system.

Master limited partnership (MLP)    A publicly traded entity that pools a portfolio of income-producing assets. To qualify for
exemption from corporate taxation, 90 percent of an MLP’s income must come from qualifying sources, which include activities such as
the production and transportation of depletable natural resources. Most MLPs own and operate fossil fuel pipelines and similar assets.

Real estate investment trust (REIT)    A company that owns income-producing real estate, can be publicly traded, and is not subject
to corporate taxes so long as it distributes 95 percent of its income to shareholders.

Securitization    The financial practice of pooling various types of debt, such as residential mortgages, auto loans, or credit card debt,
and selling the portfolio’s cash flows as tradable securities to third-party investors. Securitization is an increasingly popular way to raise
debt capital for distributed solar projects.

Venture capital (VC)    A form of financing provided by firms or funds to small companies in exchange for an ownership stake. Such
investments are based on the perception that the ventures could grow substantially in value, often through the development of new
technologies and products.

Innovation Terms
Business model innovation    Introduction of product offerings, revenue models, or operational practices that are new to a particular
sector.

Demonstration    The first use of a technology at scale and in real-world conditions with the aim of demonstrating the technology’s
feasibility and commercial potential. New energy technologies are likely to require successful demonstrations to persuade private
investors to take them to market. Demonstration typically follows research and development (R&D) and requires a larger scale of
funding; recognizing that demonstration is an important aspect of the technology development process, the U.S. Department of Energy’s
strategy for energy innovation involves the promotion of research, development, and demonstration (RD&D).

Experience curve     A graphical illustration of the industrial principle that increased production of a product or delivery of a service
leads to lower unit costs of the product or service. This relationship exists for several reasons, including learning—the improvement in
production efficiency and cost that accompanies repeated performance of tasks—as well as economies of scale.

Financial innovation    Popularization of financial instruments, institutions, or markets that are new to a particular sector.

Innovation    The introduction of something that is adopted in a real-world context for the first time. (Alternatively, an innovation can
refer to the technology, business model, etc., that has been introduced and adopted.)

Lock-in (technological)    A form of economic path dependence in which the next technological generation cannot replace the current
one. Technological lock-in can occur if an incumbent technology gets an advantage against emerging technology upstarts; even if the
upstarts might have the potential to cost less and perform better upon further development and scale production, they may flounder in a
free market that favors first movers. A well-documented case of lock-in is the global dominance of nuclear light-water reactors over
alternative designs; in addition, the current dominance of silicon solar photovoltaic (PV) panels may in the future prevent technological
succession.

Research and development (R&D)    The first stage of development of a potential new service or product, encompassing scientific
research and applied technology development, often with an aim to solve a real-world problem. Companies, nonprofits, and governments
engage in R&D, and economic theory predicts that the private sector has insufficient incentives to invest in the socially optimal level of
R&D, both in general and specifically for new energy technologies.

Systemic innovation    Implementation of novel approaches to designing a particular system. An energy system includes physical
infrastructure (e.g., the power grid), economic markets (e.g., wholesale power markets), and public policies (e.g., regulations that govern
power utilities).

Technological innovation    A technological product or process that has been commercialized, or brought to market, for the first time.
Even if a firm does not invent a technology, it can innovate by successfully introducing that technology into the marketplace.

Organizations
Advanced Research Projects Agency-Energy (ARPA-E)    A U.S. government agency, housed within the Department of Energy,
that is tasked with promoting and funding research and development (R&D) of advanced energy technologies. It is modeled after the



Defense Advanced Research Projects Agency (DARPA).

Department of Energy (DOE)    A U.S. federal department with oversight over energy, nuclear weapons, and radioactive waste
disposal. The DOE sponsors substantial research, development, and demonstration of solar energy technologies, notably through its
SunShot program.

California Independent System Operator (CAISO)    An independent, nonprofit entity that oversees the operation of California's
electric power transmission grid and wholesale electricity market.

Green bank    A financial institution, typically supported by a local or national government, that uses innovative financing techniques to
stimulate private investment in clean energy technologies. In the United States, the states of Connecticut and New York founded the first
green banks.

International Energy Agency (IEA)    An intergovernmental organization, comprising twenty-nine member states in the developed
world, that promotes energy security, economic development, and environmental protection and publishes research on energy markets
and technologies.

International Renewable Energy Agency (IRENA)    An intergovernmental organization that promotes the adoption and sustainable
use of renewable energy.

Joint Center for Artificial Photosynthesis (JCAP)    A U.S. Department of Energy Innovation Hub, with two main centers at the
California Institute of Technology and Lawrence Berkeley National Laboratory, the primary mission of which is to find a cost-effective
method to produce fuels using only sunlight, water, and carbon dioxide.

Multilateral development bank (MDB)    An institution created by a group of countries that provides financing and professional
advising to promote economic development. Examples include the World Bank, Inter-American Development Bank, and the Asian
Development Bank.
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