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This is an emergency as serious as war itself.

—Franklin D. Roosevelt

We're not alone. Good people will fight if we lead them.
—Poe Dameron, Star Wars: The Rise of Skywalker

Americans will always do the right thing—after exhausting all the alternatives.
—Winston Churchill
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PREFACE

In this book I approach the climate emergency from a new angle. I look
for solutions, not barriers. Solving climate change should taste at least as
good as carrots, at best ice cream, but it should not be painful. Instead, I'd
like to offer a no-regrets pathway to success.

All too many people in climate advocacy or climate work are begin-
ning with the question of “what is politically possible?” That could be
a result of the frustration that drives many people, including our chil-
dren, to march and protest for more rigorous climate action. But aiming
only for what is politically possible is the art of limiting ambition before
you begin.

This book doesn’t start with the question of what is politically possi-
ble, but asks what is technically necessary to reach a climate solution that
is also a great economic pathway for a country. After we realize what is
technically necessary, America needs nothing short of a concerted mobi-
lization of technology, industry, labor, regulatory reform, and, critically,
finance. Every stakeholder needs to coordinate their efforts to create the
lowest-cost, zero-carbon energy system for all citizens.

The book provides details about one probable pathway to total decarbon-

ization. Because I am trying to paint a picture of the future that is com-
plete and compelling, some readers might think I am “picking winners”
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Xl PREFACE

among clean-energy solutions. This book attempts to be technology
agnostic—but not at the expense of exploring the likely technological
outcomes. Fusion would be great, and nearly free carbon capture would
be useful, but I'm not here to champion specific ideas; instead, I support
technologies that pass the “Is it ready and does it work?” test.

The pathway that works is best summarized as “electrify everything.”

The book leans on real data, much of which was assembled in an
unprecedented analysis of the US energy economy that [ undertook under
contract with the US Department of Energy. These details provide a story
that is less about abstract concepts than about the recognizable technolo-
gies that define our world. This book provides a high-resolution picture
of the consequences of electrifying everything. Will our lives change?
The surprising answer is, not radically. Those things that will change are
for the better: cleaner air and water, better health, cheaper energy, and a
more robust grid. Our citizens can keep pretty much all of the complexity
and variety promised by the American dream, with the same-sized homes
and vehicles, while using less than half the energy we currently use. This
is a success story that casts aside the 1970s-era narrative of trying to “effi-
ciency” our way to zero emissions. Our country faces a challenge of trans-
formation, not of deprivation.

How do we ensure the lowest cost of energy while electrifying every-
thing? First, policymakers have to rewrite the federal, state, and local rules
and regulations that were created for the fossil-fueled world and which
prevent the US from having the cheapest electricity ever. Our country
needs to massively scale up the industrial production of technological
solutions, just as we did to win World War II. We cannot take our foot
off the innovation gas—although I'll argue that we don’t need any major
breakthroughs, as thousands of little inventions and cost reductions are
the key to achieving our end goal. Finally, we must have cheap financing
for our transition to a zero-carbon energy system with low-interest “cli-
mate loans.” Climate change will not be solved if only the richest 10%
can afford it; we need mechanisms to bring everyone along for the ride.
In our nation’s history, there are precedents for doing this: the US pio-
neered public-private financing in the past. Innovative versions of this
can help us get the job done today.
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PREFACE Xl

The consequence of getting the technology, financing, and regula-
tions right is that every family in the US can save thousands of dollars
each year.

We need to triple the amount of electricity delivered in the US. What
is required is a moonshot engineering project to deliver a new energy grid
with new rules—a grid that operates more like the internet. To do this, I
argue that we must have “grid neutrality.”

The industrial mobilization required to hit the climate targets that our
children deserve will require an effort similar to World War II's “Arsenal
of Democracy” in size, speed, and scope.

For a world desperate to rebound from a pandemic and economic cri-
sis, there is no other project that would create this many jobs. I've worked
with an economist to include an analysis that projects the creation of as
many as 25 million good-paying jobs, spread across every zip code, sub-
urb, and rural town in the country, should we choose to address climate
aggressively.

This will not be easy, and people will tell you it is politically impos-
sible. But, as I argue in this book, it is still possible. The earth is bigger
than politics, and to meet our challenge, politics as usual must change.

Our future on this planet is in jeopardy. Billionaires may dream of
escaping to Mars, but the rest of us . . . we have to stay and fight.
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A GLIMMER OF HOPE

[ To eliminate all of our carbon emissions, the only serious option is to
electrify (nearly) everything.

[ To hit our climate goals, we need 100% adoption of electric solutions for
households (electric vehicles, heat pumps, rooftop solar). This is your
personal zero-carbon infrastructure.

[ Massive generation and transmission infrastructure buildout are needed
to decrease carbon emissions.

4

New financing mechanisms—*climate loans”—are required so that every-

one can afford to be part of the solution.

[ Electrifying everything will require three to four times as much electric-
ity. It needs to be generated, transmitted, and stored with “grid neutral-
ity,” where households, businesses, and utilities operate as equals.

[ Fossil-fuel subsidies must be eliminated, along with rules and regulations

that artificially inflate the costs of renewable energy and clean solutions.

4

A wartime-like mobilization of industry is required to decarbonize on
schedule for a 2°C/3.6°F increase in global temperature.

3 A 1.5°C/2.7°F global temperature increase is now only possible if we pro-
mote negative-emission technologies and retire the heaviest emitters.
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2 CHAPTER 1

This book is an action plan to fight for the future. Given our delays in
addressing climate change, we must now commit to completely trans-
forming our energy supply and demand—“end-game decarbonization.”
The world has no time left.

A lot of people, including many politicians, activists, academics, and
scientists, have given up. Sometimes I feel despair, too, given the wide-
spread inertia and denial about climate change. But I refuse to give up.
We have to fight not only the fossil-fuel interests but also the people who
think we can’t change our politics in time to save the future. As an engi-
neer and an expert in energy systems, I can squint at the data and see a
way forward to keep carbon emissions down to a point where the earth
will remain livable and beautiful for future generations. If America does
it right, every consumer will save money and the country will create mil-
lions of good new jobs and revitalize local economies.

In this book, I'm going to map out a viable path to averting a climate
crisis. The path I lay out is not the only one available, but I can illus-
trate it in enough detail to reassure you that averting climate catastrophe
won't require turning the world upside down. We have one last chance
to address climate change, one glimmer of hope, and we must act now.

It's now time for end-game decarbonization, which means never pro-
ducing or purchasing machines or technologies that rely on burning fos-
sil fuels ever again. We don’t have enough carbon budget left to afford
one more gasoline car each before we shift to electric vehicles (EVs).
There isn’t time for everyone to install one more natural gas furnace in
their basement, there is no place for a new natural gas “peaker” plant, and
there is definitely no room for any new coal anything. Whatever fossil
fuel machinery you own, whether it is as a grid operator, a small business,
or a home, that fossil machinery needs to be your last.

My glimmer of hope comes from knowing that many of the barriers
to a clean-energy future are systemic and bureaucratic, not technological.
We have the technical means to address climate change, to have cleaner
air and a verdant future without giving up our cars and the comforts
of home. People have come to believe it will take a miracle to address
climate change. It won't; we just need hard work! We have been told it
will be too expensive, but doing it right it will actually save us money.
Doubters say it will cost jobs, but embracing a green future will, in reality,
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A GLIMMER OF HOPE 3

create millions of them. Most people believe a clean-energy future will
require everyone to make do with less, but it actually means that we can
have better things.

There are obviously a lot of barriers to accomplishing this plan. I tell
people what is technically necessary, and they tell me about political bar-
riers. As naive or implausible as it may sound, we have to figure out how
to remove all of those barriers—one at a time, and then, hopefully, many
at once. Policymakers have to change what they believe is possible in the
current economic and political climate. If what is politically possible is
the extent of their ambition, everyone is doomed.

Fortunately, the younger people striking for climate change have not
given up, and thank god for them and for others who are doing their part.
This book is for those of you who have hope—and those who are willing
to fight. I want this book to give you a blueprint of demands so that your
entreaties to politicians may be detailed and your requests of business
leaders specific. They failed to provide a road map to the future we want,
so now you must give it to them, and urgently.

I have challenged myself to give you a very detailed answer to what is
technically necessary, based on the best, most comprehensive data that
can be compiled. If we know what is technically necessary, then we can
get creative with the questions of how to make it politically possible and
economically viable.

As my bioengineer friend Drew Endy sometimes quips, “For the first
time in human history, we have the technology for nine billion peo-
ple to prosper on this planet, but our politics and institutions haven't
caught up.”

Our leaders’ failure to mitigate the COVID-19 pandemic certainly
does not inspire hope that they are up to the task of tackling climate
change. Rather than being prepared for this type of crisis—which sci-
entists had predicted for many years—they spectacularly fumbled their
response to the pandemic. COVID-19 has an important lesson to teach
us, though. The curve in figure 1.1 that we had to bend to successfully
deal with COVID-19 is the same shape as the curve we need to bend to
successfully address climate change. Climate change, however, presents
even more difficulties. Whereas with COVID we needed to act 20 days
ahead of the virus, with climate change we need to act 20 years ahead.
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4 CHAPTER 1

INFRASTRUCTURE LIMITS & BENDING THE CURVE

Human Suffering (log scale)

., Infrastructure Limits

Time

1.1 Flatten the curve! Climate change is similar to COVID. It is necessary to act long
before the worst effects of climate change are obvious. With COVID, action is required
a few weeks in advance; with climate change, a few decades in advance. With COVID-
19, the infrastructure limit is hospital beds; with climate change, it is our planetary life
support systems.

Both are problems that require advanced preparation and science-based
policy.

COVID-19 now has multiple vaccines, and many thanks to the scien-
tists and engineers who made that happen. We also already have a vaccine
for solving climate change. That vaccine is clean-energy infrastructure.
We know what that looks like: massive electrification with wind turbines,
solar cells, electric vehicles, heat pumps, and a much-expanded electrical
grid with internet-like neutrality to glue it all together.

While this might come as a surprise, if policymakers commit to elec-
trifying our infrastructure at the scale required, energy costs will decrease
for all Americans. This is especially true if decisionmakers accompany the
project with an appropriate set of financing mechanisms—loans, incen-
tives, and subsidies—that will make the electrified future affordable for
everyone. We have the clean-energy solutions we need to keep our levels
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A GLIMMER OF HOPE 5

of carbon emissions low enough to enjoy a clean, green, and prosperous
future.

I still see a glimmer of hope. But to turn that hope into a reality for the
future, we have to ask and answer some critical questions, which will be
the focus of this book:

What is the urgency? Carbon-dioxide emissions from human activities
have heated the earth to dangerous levels that will harm unimagina-
ble numbers of people, ruin economies, spark wars and mass migra-
tions, decimate species, and damage the environment. “Committed
emissions,” fossil fuels slated to be burned by machines that already
exist, make the situation more urgent than is generally realized. For
any chance of hitting our climate targets, we need an almost 100%
adoption rate of decarbonized energy solutions, starting now. This
means we need to immediately scale up ready-to-go solutions—and
not hope for miracles or solutions we haven’t developed, such as cost-
effective technologies that suck CO, out of the air. I will discuss this in
chapter 2.

What can inspire us? The plan I outline in this book may sound so
audacious as to be nearly unachievable. Yet with climate change, that’s
where we find ourselves: having to achieve the impossible. By looking
to historical examples of America taking on daunting problems and
succeeding at them, we can begin to see the pathways that can turn
the impossible into the inevitable, as I argue in chapter 3.

How do we know what we know? Over the past 40 years, government
agencies and scientists have collected the information needed to
address climate change. By understanding these highly detailed energy
datasets, scientists know where and how to replace fossil-fuel energy
with decarbonized sources, and how much energy we’ll save in the
process, as we'll see in chapter 4.

How should we change our thinking about climate change? Unlike
previous energy crises, this isn’t a problem that can be solved with
increased efficiency and simple improvements to current systems;
it requires transformation. Hidden in our historical energy-use pat-
terns is great news: we can completely decarbonize without drastically
changing our lifestyles or giving up the things we know and love, and
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6 CHAPTER 1

we can do it with half of the energy we use today. The clean-energy
future is just plain better, as we’ll see in chapter 5.

What do we have to do? Electrify (nearly) everything. On the supply
side, we need massive deployments of wind and solar (and likely some
nuclear), which are already cheaper than natural gas and other fossil
fuels for producing electricity. Hydrogen and biofuels won’t be play-
ing starring roles, except in certain applications (like biofuels for air
travel). On the demand side, we need a huge roll-out of electric vehi-
cles, heat pumps, and energy storage, as I explain in chapter 6.

Where will our energy come from? Our energy, for the most part, will
come from the sun and other renewable-energy sources. People fear a
future that they can’t imagine, and to dispel these fears, in chapter 7
I will outline the basic physics of energy supply to paint a picture of
how we will power the future cleanly.

How will we make it work 24/7/365? People don't like it when their
lights go out, so how can we make sure this system provides the reli-
able energy we have come to know and love? In chapter 8, I will
address this question.

What is infrastructure? Many people have an outdated concept of infra-
structure and think that it applies only to roads, bridges, dams, and
transmission lines, but this is insufficient to describe the new world
we need to build. By recognizing our homes, cars, and heating systems
as critical to a balanced energy infrastructure, we enable new ways
to think about financing them. Consumers will also get relief from
the daily grind of small decisions as they come to realize that their
personal climate footprint is largely determined by a handful of infre-
quent decisions, as discussed in chapter 9.

Can we afford to make the switch? America can’t afford not to switch to
clean energy, for the planet as a whole and for our nation’s economy.
Unlike fossil fuels, renewable energy is cheap and getting cheaper. As
I explain in chapter 10, when these technologies are scaled up, clean
energy will basically be “too cheap to meter,” as they used to say about
nuclear energy.

But will you save money? When energy is cheap, everything is cheaper.
I have built a model from the Kkitchen table out, to show how a clean-
energy transition will affect every household’s budget. Here, you will
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A GLIMMER OF HOPE 7

see concretely how getting clean energy right will save every consumer
money on their energy bills, as I show in chapter 11.

How are we going to pay for the transition? Perhaps a better ques-
tion is, “at what interest rate?” Because borrowing money is the way
to finance climate infrastructure. All of the technologies for decar-
bonization have high up-front capital costs and low lifetime fuel and
maintenance costs. America solved similar finance problems with
the invention of auto financing in the 1920s, the modern 30-year
government-guaranteed mortgage in the 1930s, and rural electrifica-
tion during the New Deal. An analogous financial solution is required
today, as I argue in chapter 12.

How will we pay for the past? Climate activists can fight the fossil fuel
companies until the end of our lives, or Americans can come together,
thank these companies for a century of service, and engage with them
in the fight for our future. See chapter 13.

How do we rewrite the rules? We live with a legacy of regulations writ-
ten for a fossil-fueled world. People broadly understand the problem
with subsidies for fossil fuels, but more importantly, and less obviously,
policymakers need to eliminate the regulations that artificially increase
the price of doing the right thing. Our leaders need to write simple
rules that encourage the best energy system, electric vehicles, and elec-
trified buildings that America can make, as I urge in chapter 14.

What about jobs and the economy? The COVID crisis has caused the
highest unemployment rate since the Great Depression. Like Amer-
ica’s manufacturing efforts for World War II, our country can create
new jobs with massive investment in infrastructure—this time, clean
energy. If we make the switch to a decarbonized economy, we will gain
millions of jobs, as I show in chapter 15.

Can we handle this enormous challenge? Is there a precedent? Indus-
trial mobilization for World War 1I is the closest analogy we have to
the scale, difficulty, and cost of solving the problem. In chapter 16, I
provide a detailed breakdown of how that played out and I explore
how to win this fight for our climate.

Isn’t climate just one of our many environmental problems? Yes. Even
if we solve climate change, you might say, the oceans will still be suf-
focated by plastic, the Amazon rainforest will still burn, and coral reefs
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8 CHAPTER 1

will be decimated by agricultural run-off. In chapter 17, I will look at
all of the tons of materials that flow through our lives. This will reveal
opportunities not only for reducing our energy consumption and car-
bon output but also for sequestering significant amounts of carbon
and reducing our larger footprint on the earth.

What about carbon sequestration, carbon taxes, hydrogen, and other
plans to fight climate change without electrifying everything?
There’s too much carbon to sequester, it’s too late for carbon taxes,
and hydrogen is a false god. We need some of all of these things, but as
we will find out in appendix A, they are not “get out of jail free” cards.

How can you make a difference? Everyone can contribute their per-
sonal efforts and skills to a war-scale mobilization effort. The only way
we're going to win the battle against climate change is to keep fight-
ing. Always demand more from political and business leaders. We lose
the battle against climate change one compromise at a time. When
politicians set targets for 2050, you need to demand targets for 2030.
When industry says they will transition via natural gas, you need to
reply that there is no more time for natural gas (and there’s nothing
natural about it). When people say that it doesn’t matter what they
do because China or Russia or India or Brazil won’t do it, you need to
respond that America will show other nations the way. The world can’t
afford any delays due to despair. That despair must be channeled into
hope, and hope converted into action, as I argue in appendix B.

Who am I? I am a scientist, engineer, inventor, and father who wants to
leave my kids a better world. I'd also like them to feel the sense of awe
for our planet and its creatures that I have been lucky enough to enjoy.
I am in this fight and I'm giving it all I've got. The data convinces me
that it is still rational to have hope—but not for much longer. We can
win big against this climate emergency, but this is our last chance. If
we win—when we win, because there is no other option—we'll all be

much better off than before.

IT'S A CLIMATE EMERGENCY. PLUG IN. ELECTRIFY!

This book is principally concerned with the emergency of the nearly
75% of greenhouse-gas emissions related to the US energy system, which
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A GLIMMER OF HOPE 9

Millions ot Tons ot CO,, Emisions by Sector and Type
(] Waste, landfill, 134 (J Industrial emissions, 376

(3 Agriculture, 618 () Energy sector emissions, 5,547

[ Landfil | Wastewater | ]
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Soil, fertilizer Livestock ~ [Manure [
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Combustion of fossil fuels

1.2 This book is principally about the biggest component of our CO, emissions: com-
bustion of fossil fuels in the energy sector. From EPA estimates of US greenhouse-gas

emissions. “Negative emissions” from land use not shown.

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966471/c000400_9780262367288.pdf by MIT Libraries user on 03 August 2022



10 CHAPTER 1

accounts for the overwhelming majority of our emissions (the US is repre-
sentative of the global problem, so throughout this book, while we focus
on the US, our analysis is usually a reasonable proxy for the entire globe).!
Other emissions come from the agricultural sector (around 12%), land
use and forestry (7%), and industrial non-energy use emissions (7%).
Mobilizing to address climate change as suggested in this book would also
address much of the industrial non-energy emissions, and a little of the
other two, as well. Decarbonizing America’s energy supply is about 85%
of what we need to do. I have to believe that if we commit to solving 85%
of the problem, the smart and passionate people working on the other
15% will do their part, too. For this reason, emissions unrelated to energy
will receive only periodic mention throughout the rest of the book.
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WE HAVE LESS TIME THAN YOU
THINK

Climate change is more of an emergency than most people realize.

Nt

Most commonly reported emissions trajectories assume we’ll achieve
rapid “negative emissions” later this century by pulling CO, out of the
air. This is not yet viable. We cannot rely on miracles.

> Committed emissions—fossil fuels slated to be burned by machines that
already exist—make the crisis even more urgent.

With climate change, the science is clear. Scientists have written a large
body of work on global warming and can predict the future climate from
estimates of our current carbon emissions. We know, with certainty, that
we are hurtling toward multiple environmental and human catastrophes.
(See the primer on climate science in appendix C.)

We can no longer debate the science. For some people, science-based
arguments will never be enough. The scientific theory of evolution has
existed for more than 150 years, with irrefutable evidence, yet only
about 35% of Americans believe that we evolved by natural processes.'
In late 2019, I visited my friend Louise Leakey in the Rift Valley of Kenya,
where early humans evolved. Her family has been studying the origins of
human evolution for generations. As Louise pointed out the features of
these million-year-old skulls to my six-year-old daughter, it demonstrated
the obvious—there really isn’t much room for doubt.
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12 CHAPTER 2

For those who likewise doubt the science of global warming, there are
other reasons to support efforts for a zero-carbon future: it will likely save
us all money, improve the overall economy, clean our air, and improve
our health. Still, whatever evidence we deploy, it’s likely we’ll have to
solve climate change without broad consensus, because culture moves
more slowly than science.

Yet more and more influential people across the globe and the politi-
cal spectrum have realized we are in an emergency: the Pope;* the Dalai
Lama; most Democratic leaders and Republicans including Senators Mitt
Romney, Mike Braun, and Lindsey Graham;® young activists such as the
Youth Climate Strikers; older activists like Extinction Rebellion; and
young Democrats and Republicans alike.* Polls show that the majority
of Americans believe that the government isn’t doing enough to pro-
tect the climate and environment.’ Establishment figures such as Chris-
tiana Figueres, the former Climate Chief of the UN, are even calling for
civil disobedience.® Jane Fonda has already been arrested many times for
the cause.”

Whether you think climate disasters qualify as an emergency may
depend on where you live, how hot it’s getting, and how high the seas
are rising around you. My opinion, and the opinion of practically all sci-
entists, is that it is definitely an emergency.

« If you are an Australian (like me), the fires, floods, loss of life and wild-
life, and droughts caused by one degree of warming are already dev-
astating: in the January 2020 bushfires, an estimated 25 million acres
burned, killing one billion animals and two dozen humans. Coral reefs
are already dying. The effects of 2°C/3.6°F would be terrifying.

+ If you are a Californian (also like me), you’ll see more megafires, caus-
ing deaths, damage to property, displacement, and air pollution.

« If you live on a low-lying island or a floodplain with a few hundred
million people, like Bangladesh, 1.5°C/2.7°F is difficult and 2°C/3.6°F
would be devastating, bringing flash floods, rising waters, contami-
nated water, disease, and the widespread loss of lives and homes.

+ If you live in a low-lying city like New York, your city may build levies
and breakwaters to tolerate the sea-level rise implied by 2°C/3.6°F, but
big storm surges will still cause flooding. And those levies represent
money not spent on other things.
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+ If you live in Miami or the Florida Keys, it is more likely that 2°C/3.6°F
completely changes your beaches, and further sinks property (and
property values).

+ If you live somewhere like inland Canada or Russia, 3°C/5.4°F might
not seem so bad and may even improve your agriculture, but that
doesn’t acknowledge the pressures you will feel in a world of hundreds
of millions of climate refugees and the conflicts created by stressors on
the global food system.

« If you are one of the roughly one-third of species that is threatened by
extinction by climate change (including the bees and other pollinators
on which human food supplies depend), you probably agree that no
warming at all would be best.

+ If you are a farmer, you are already dealing with changing weather pat-
terns, seasons, and the viability of your crops.

+ If you are an insurer, you may now be refusing insurance to clients
for rebuilding after climate-related events, knowing that they will hap-
pen again.

+ If you work in the medical field, you understand that climate change is
a public-health issue akin to a pandemic, and that it will cause future
pandemics. These effects already kill thousands of people per year and
cost trillions of dollars in health care,® and the effects are getting worse
every year.

« If you are a child born today and will live until 2100, when the pro-
jected sea-level rise is 2-10 feet, enough to displace hundreds of mil-
lions of people, you may not be able to say the words yet, but your
future self knows you were born into an emergency.

+ If you are in the military, you have already identified climate change as
the biggest threat to national security because it will lead to more refu-
gees, diminished supply chains, and the transition from small regions
of instability to global instability.

It would be easy to write another doomsday book on climate change.
Instead, I am going to show you a clear path to a better world in enough
detail to bridge the imagination gap. This is where my hope is, based on
science and what is technically possible.

But first, let’s look at why the timeline for action is more urgent than
you might think.
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WE MUST ACT NOW

It has to be now—not 10 years from now, or even a month from now.
We have arrived at the last moment when we can shift global energy
infrastructure without passing a 1.5°C/2.7°F-2°C/3.6°F temperature rise.
We still have the opportunity to address climate change in a way that will
make the future better.

The 2016 Paris Agreement aimed to avert climate crisis by keeping
global temperature rise this century to 2°C/3.6°F above pre-industrial lev-
els while pursuing efforts to limit the temperature increase even further,
to 1.5°C/2.7°F’° The 1.5°C/2.7°F and 2°C/3.6°F targets were as political as
they were technical, and in some respects were chosen simply because
they are round numbers. The choice to express climate change in Celsius
has been a challenge—a narrative problem that persists in the US, where a
few degrees Fahrenheit doesn’t sound too bad, which is why in this book
we list the Fahrenheit and Celsius targets.

Even with the emissions targets championed in these agreements, we
have a significant chance of failing to attain the climate stabilization we
would like. In 2018, the Intergovernmental Panel on Climate Change
(IPCC), a group of United Nations scientists who summarized the world-
wide findings on climate change, concluded that meeting the Paris target
of 1.5°C/2.7° F would be possible, but it would require “rapid, far-reaching
and unprecedented changes in all aspects of society.”'

The report predicted that “we have 12 years” to act if we want to reach
this target. The report was issued in 2018, but we didn’t really do any-
thing to improve the situation in 2019 and 2020, so now we have 9 years
to halve human emissions by 2030. The IPCC warned that even keep-
ing warming to 1.5°C/2.7° F—already an ambitious goal—would result in
large-scale drought, famine, species die-off, the loss of entire ecosystems,
and the loss of habitable land, and would throw more than 100 million
people into poverty, particularly in the Middle Fast and Africa."

That’s especially true because the IPCC report relied on humanity
developing “negative emissions” technologies, such as carbon sequestra-
tion, to reach that goal. But at the moment, those technologies don't yet
exist on a workable scale, and there are strong indications that they will
never be cost effective.'”> We can’t rely on fantasy technologies to reach
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our climate goal (or to argue that we can continue to burn fossil fuels
because someday we may be able to suck the CO, out of the air). We must
aim to hit 2°C/3.6°F with technology that works foday. Current technolo-
gies will do the job, if we employ them right away.

If we exceed our emissions targets, we will face irreversible tipping
points that will make it impossible to stabilize the climate. As Timothy Len-
ton and his colleagues highlight in their recent paper, the more we learn
about these tipping points, the more we understand that they will hap-
pen sooner, and with more disruption, than we had previously thought."
Given what we know about climate feedback and sensitivities—such as
more rapidly melting glaciers, the effects of deforestation of the Ama-
zon, methane emissions from Arctic tundra, and carbon releases from
fires—we are already precariously close to such a tipping point. Some
scientists argue that we’ve already lost Greenland’s ice sheet.'* Every year
we wait—whether hoping for a political revolution or a technological
miracle—has dire consequences to the health of our planet. This climate-
response emergency is expressed best in the analysis and charts of Zeke
Hausfather'® and Robbie Andrew,'® which we redraw in figure 2.1.
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2.1 Mitigation curves required to hit a 1.5°C/2.7°F world, redrawn from Robbie
Andrew’s data. As this figure demonstrates, there is no time left to begin reducing emis-
sions. If we don't, any chance of hitting the necessary climate targets will slip beyond
our reach.

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966472/c000600_9780262367288.pdf by MIT Libraries user on 03 August 2022



16 CHAPTER 2

Here’s how to look at this chart. If we had started this grand project
in the year 2000, we could have hit our 1.5°C/2.7°F target by reducing
emissions at the rate of 4% per year. If we start now, in 2021, we have to
reduce them at a breakneck pace—something like 10% per year. If we wait
four more years, we will use up half of the remaining carbon budget. In
eight years, it’s gone completely. We simply must start yesterday, or as my
friend Jonathan Koomey says, we must “halve emissions every decade.” I
think we have to do even better."”

COMMITTED EMISSIONS

The notion that we have 10 years also fails to recognize “committed
emissions,” those that are locked in because we have already invested in
infrastructure that will emit carbon dioxide throughout its useful life. An
example is the car sitting in your driveway that burns gasoline but is too
new to trade in for an electric vehicle.

Fossil-fueled power plants built today will emit CO, for 50 years or
more unless we shut them down. A gasoline-powered car or gas furnace
purchased yesterday will probably discharge CO, for 20 more years. These
committed emissions already take us past 1.5°C/2.7°F of warming and
closer to the edge of 2°C/3.6°FE.'® That should sober us up, because it
means that even if we made perfect climate decisions on every purchase
from now on, we would still shoot past our 1.5°C/2.7°F target.

Let’s reflect on what we have just learned for a moment: we have
started this fight so late in the game that now every time we retire a fossil
fuel-burning machine, it must be replaced with a decarbonized machine.
This applies to everything and everyone that uses energy, whether an
individual, a power company, or a corporation; all will require a decar-
bonized solution. In theory, this calculus would change a little if the
country were to retire the heaviest-emitting coal plants before their end
of lives. But that does not substantively change the fact that America
needs to eliminate all fossil-fuel burning machines.

100% ADOPTION RATE

This scenario of replacing everything that uses energy with a zero-carbon
solution when it’s retired is called a 100% adoption rate. Today, when
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2.2 a)Historical rates of technology adoption. Notice that even quickly adopted innova-
tions (like cell phones) take 20 years to saturate the market. b) Qualitative adoption rate
scenarios for various market drivers. “Free” market approaches are too slow. We need
100% replacement to meet our climate goals. ) Adoption rate scenarios overlaid with
climate outcomes. We need 100% replacement at end of life to meet our climate goals.
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a car reaches retirement age, there is only a small chance that it will be
replaced by an EV. If 1 in 10 people buys an EV, then we say the adop-
tion rate is 10%. Because machines like your car have long lifetimes, that
means that traditional gas-powered cars will remain on the road for a
long time. To reduce emissions, though, our world can no longer afford
those slow adoption rates. We need everyone buying electric vehicles.
Likewise, we need every corporation purchasing a power plant to choose
solar instead of natural gas and wind instead of coal. Fortunately, we are
further along with this project than you might expect. In 2018, 66% of
new power plants globally were renewables or carbon free!'" But while
this is good, it is not quite enough—across the board we now need adop-
tion rates of 100%. This complete adoption rate is required by the end-
game decarbonization we ultimately need.

While that sounds dramatic, it doesn’t mean you have to run out to
buy a new EV today. It means that the next time you need to retire a car
or any other machine, it should be replaced with one that doesn’t emit
CO;. When your car finally dies, you should replace it with an electric
one. Consumer Reports says the average life expectancy of a new car is
eight years and 150,000 miles of travel, though well-maintained cars can
last much longer—I have a 1963 Land Rover with 400,000 miles on it
and a new engine, but the next engine will be electric, even for that old
jalopy. The same logic applies to your water heater, your furnace, and
your stove. Your roof, too, needs a solar upgrade. Similarly, the natural-
gas electricity generation plant that was built in your town in the mid-
2000s won't be retired tomorrow, but it needs to be at the end of its life,
which is probably 2040 or 2045. Start lobbying today.

Water heaters last 10 years. Refrigerators, 12; clothes dryers, 13; roof-
tops, 15; furnaces, 18; cars and trucks, 20; thermostats, 35; power plants,
50.° No matter how effective climate activists are at convincing people
to buy green technology, we are unlikely to decarbonize faster than the
natural lifetime of existing machines. That’s why we’ll need incentives
such as buy-back programs and subsidies to swap out fossil fuel-burning
machines for electric ones as soon as possible.

We can buy ourselves a little extra time if we shut down the most
polluting infrastructure before it ends its natural life. This is why peo-
ple advocate for early retirement of fossil-fuel power plants, particularly
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those that burn coal. But consumers, utilities, and other organizations
will require extreme motivation to retire their fossil fuel-dependent infra-
structure early because of their sunk costs. You aren’t going to give up
your gasoline-burning car unless there are financial incentives to make it
easy for you to replace it with a new EV.

A 100% adoption rate is only achieved by mandate—and robust finan-
cial incentives to back it up. It typically takes decades for a new technol-
ogy to become dominant by market forces alone as it slowly increases its
market share each year. Electric cars still only represented 2% of sales of
US vehicles in 2018, though they represented 5% of all vehicle sales in
California in 2019; but this is 15 years after Tesla was founded and 20
years after GM shut down the production of its first electric car, the EV1.
We need EVs and other emissions-free vehicles to be 100% of vehicle sales
as soon as is physically, and industrially, possible. We don't yet build even
one million EVs per year in the US, and the new vehicle market is 17 mil-
lion cars, trucks, SUVs, and minivans per year.

The challenge of 100% adoption presents a giant conflict that we need
to address head-on: the “free market” as we know it is not up to the task
of keeping the world below 2°C/3.6°F and has absolutely no chance of
allowing us to hit 1.5°C/2.7°F. It may sound like this is a screed for gov-
ernment intervention, but it isn’t! I am merely stating what is technically
necessary. If your toilet was broken and you called me and asked me what
to do, I wouldn'’t tell you “the free market will fix that,” I'd tell you to call
a plumber. That is where the world is when it comes to climate change:
no amount of hope in free-market solutions can change the fact that it is
now too late to rely on the free market to act fast enough. We need to call
the plumbers (and electricians, and engineers, and manufacturers) to fix
our infrastructure now.

This is not to say that businesses and the market don’t have roles;
they are critical. But in emergencies, ideologies must be put aside. When
Mother Nature arm-wrestles with the invisible hand, she will always win.
As my friend, the economist Skip Laitner, says, the free market needs an
invisible foot to give it a swift kick in the ass now and then. It is urgent
for every player to act and do their part. Individuals, governments, busi-
nesses, and the market—we need every tool in the box, and we need
them working together.
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As we will discuss in the following chapters, the emergency response
to this climate emergency is fairly simple, in concept:

+ We must electrify the vast majority of our energy supply and uses. That
electricity must come from renewables and nuclear power.

+ We must transform our heavy infrastructure as well as the personal
infrastructure we create with our household purchasing decisions.

+ Your next car needs to be electric. Your next furnace needs to be a heat
pump. You need solar on your roof. This is your personal decarboniza-
tion infrastructure.

+ We must demand that politicians drive this transformation faster than
free-market forces alone are capable of doing.

+ Industry must be incentivized to ramp up production of green tech-
nologies at a rate similar to wartime mobilization.

+ Bankers and policymakers need to create new financing mechanisms

so that everyone can afford to be part of the solution.

Decarbonizing our country and switching to clean energy will cre-
ate jobs in every zip code—in manufacturing, construction, installation,
infrastructure, agriculture, and forestry. This is a chance to revitalize
our cities, rejuvenate our suburbs, and reignite our rural towns. We can
rebuild a prosperous and inclusive middle class, as we enjoyed after World
War II, with tens of millions of good new jobs that are vital and proud. If
America does it right, everyone’s energy costs will go down. Everyone has
a role to play in the war effort.

We now face a climate emergency as challenging as all of our other
twentieth-century emergencies combined. It requires mass mobilization
with extraordinary speed and resources. Without a doubt, you are wor-
ried, scared, or worse. That’s reasonable, but we can’t do nothing, and as
I argue in the next chapter, this is also a vast opportunity to make the
world, and our economy, better for everyone.
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EMERGENCIES ARE OPPORTUNITIES
FOR LASTING CHANGE

[ Prior emergencies America has confronted provide examples of what we
need to do to boldly avert climate change.
The US, somewhat uniquely, has a track record of stepping up to the

4

plate in an emergency.
[ Bold action in the face of a crisis can make lasting improvements to our
quality of life.

Despite the US’s botched response to the COVID-19 pandemic, this coun-
try has successfully fought many other emergencies throughout its his-
tory. Americans have made a difference through individual and collective
actions. Whether the threat was to the wilderness, prosperity, democracy,
civil rights, technological superiority, national security, public health, or
the hole in the ozone layer, in each case, the US faced a strong enemy—
and won. For inspiration and guidance, it’s worth taking a moment to
reflect on how we overcame these obstacles. We can also look at past
challenges to understand the tools we can use from history to help fight
our climate crisis.
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SAVING THE WILDERNESS

In 1903, the naturalist John Muir realized that many of America’s wild
lands'—*“temples of nature,” he called them—were being stripped for log-
ging, mining, and development. If the destruction continued, those wild
places would be gone. They urgently needed to be protected before they
were forever destroyed. Muir convinced President Theodore Roosevelt to
come camping with him in Yosemite, roughing it for three days while he
impressed upon the president the need to protect public lands to preserve
America’s natural resources for future generations. (Imagine a president
who would go camping as an example for the nation, instead of playing
golf!) It worked: during his presidency, Teddy Roosevelt signed into exis-
tence 5 national parks, 18 national monuments, 55 national bird sanc-
tuaries and wildlife refuges, and 150 national forests.” This caused the
displacement of Native Americans; but we can also celebrate Roosevelt’s
vision and tenacity in preserving wilderness for future generations.

We have it in us to preserve our natural world for future genera-
tions to enjoy.

THE NEW DEAL

Between 1933 and 1939, President Franklin D. Roosevelt, working with
Congress and advisors, enacted a series of jobs programs, public works
projects, and financial reforms to help Americans recover from the Great
Depression. One was the modern long-term, government-backed home
mortgage, which allowed many people to buy homes and anchored a
stable, enduring middle class. These programs helped millions of Ameri-
cans, but too many people were unjustly left out. African-Americans, for
example, were excluded from the housing market and federal mortgages.

Today, America has the once-in-a-lifetime chance to solve the current
economic crisis. Unlike the case of the New Deal, we can do so inclusively
and equitably, while at the same time confronting the impending climate
disaster and decarbonizing the country. Mortgages and low-interest loans
are important in the context of the climate emergency, because while
clean-energy sources produce almost free electricity when they’re up and
running, they require up-front cash. You have to have the spare capital
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to put solar panels on your roof in order to enjoy the long-term savings
they offer. Fixing the climate will require “climate loans” that will make
it easier to buy electric cars and electric home-heating units rather than
continuing to rely on fossil fuel-powered machines.

Another New Deal program that can serve as a model for financing
electrification is the Rural Electrification Act of 1936, which provided fed-
eral loans to install electrical systems to rural areas in the US. The Electric
Home and Farm Authority (EHFA) helped rural Americans finance pur-
chases of electric appliances such as refrigerators, ranges, and hot water
heaters. EHFA ultimately financed some 4.2 million appliances, at a time
when there were around 30 million households in the US.?

Innovative financing plans can pull us out of a crisis and build a

strong basis for a more prosperous citizenry.

THE MOBILIZATION FOR WORLD WAR II

After Hitler’s troops marched into France, and after Britain had to retreat
from Dunkirk, the situation in Europe—and the future of democracy—
looked dire. Winston Churchill, flailing against Hitler, entreated Roosevelt
to join the war. Roosevelt responded by creating an industrial infrastruc-
ture capable of out-manufacturing Germany in a new type of war that
would be won not just with soldiers, but with airplanes, tanks, jeeps,
guns, bullets, boats, and bombs. The US was initially in no shape to take
that on. Coming out of the Depression, the country was in an isolationist
mood, and the military was under-equipped and disorganized. Roosevelt
partnered with industrialists to build the armaments we needed to get the
job done in record time.

We are capable of ramping up industrial production at an astonish-
ing rate—fast enough to make the necessary technological changes to

meet the crisis.

THE SPACE RACE

On October 4, 1957, the Soviet Union surprised President Dwight D.
Eisenhower and the US by successfully launching Sputnik I, the world’s
first artificial satellite. The beach ball-sized Sputnik set off the US-USSR
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space race and launched new political, military, technological, and scien-
tific developments.

Immediately after Sputnik, the US created a series of nimble science
agencies to avoid future surprises and to chart a path forward, includ-
ing the National Aeronautics and Space Administration (NASA) and the
Defense Advanced Research Projects Agency (DARPA). (DARPA started
out as ARPA, and the D—for Defense—was added in 1972.) These agen-
cies have gone on to make astounding technical advances in artificial
intelligence, stealth technologies, microelectronics, surveillance, and
communications—including the prototypical communications network
ARPANET, which evolved into the worldwide internet as we know it today.

President John F. Kennedy leveraged Eisenhower’s agencies to launch
a technical project so ambitious that it now defines scientific and engi-
neering ambition: the moon shot. On March 25, 1961, he declared a dra-
matic goal: to land an American on the moon within the decade. On July
20, 1969, Apollo 11 landed on the moon—Neil Armstrong’s small step
and “giant leap for mankind.” The space effort gave humanity a vision
beyond our own tiny planet and helped us see ourselves as but one spe-
cies in the larger context of the solar system and the universe.

In today’s dollars, the Apollo program cost $150 billion over its 10-year
lifetime. Currently, the US government only spends about $3 billion annu-
ally on energy and climate technologies—approximately one-fifth of the
rate of spending of the moonshot. The Department of Energy has a budget
of around $30 billion, the great majority of which is spent on nuclear
deterrence, arms stockpiling, and security. The DOE invests heavily in fun-
damental science, but only a small fraction, around $3 billion, is invested
in energy technologies that are likely to make an impact in the near term.*

Since we're talking about saving the planet, a 10- or 50-fold increase in
energy-technology spending seems reasonable.

We can invest massively in science and technology to solve auda-
cious problems.

THE CIVIL RIGHTS MOVEMENT

The civil rights movement fought the deeply rooted human emergency
of institutionalized racism in the US. A succession of courageous activists,
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from Rosa Parks and the Freedom Riders to those who participated in
the 1963 March on Washington, in which Dr. Martin Luther King, Jr.
proclaimed “I have a dream” for racial equality, helped change discrimi-
natory laws. King was assassinated, and the civil rights movement had to
fight against dogged opposition across the country, but the movement
was responsible for pushing Lyndon B. Johnson to pass the Civil Rights
Act in 1964, the Voting Rights Act in 1965, and the Fair Housing Act
in 1968. Since then, we’ve seen rollbacks to voting rights, but America
also elected its first Black president, Barack Obama, and has seen other
gains in diversity and inclusion. The Black Lives Matter movement, cre-
ated in response to racist police brutality, has awoken many Americans to
the persistence of discriminatory policing and violence against people of
color. Civil rights activists have been—and continue to be—a model for
many activists, including climate activists and the youth who are rising
up and demanding their right to a livable future. Today’s climate activists
understand how the devastating global effects of climate change dispro-
portionately affect people of color.

People, together, can change the course of history with their col-
lective activism. It requires bravery and direct action.

THE 1973 ENERGY CRISIS

Late in 1973, President Richard Nixon addressed the nation about “the
energy emergency,” issuing a warning about our reliance on foreign oil.
The energy crisis demanded an ambitious response from US policymakers.
President Nixon created science-based agencies to study and solve envi-
ronmental problems: The Energy Information Administration (EIA), the
Department of Energy (DOE), and the Environmental Protection Agency
(EPA). Much of our understanding of our energy and climate crises is in
the wheelhouse of these agencies that were shepherded into existence
through three consecutive presidents: Nixon, Ford, and Carter.

Back then, the problem was that we were importing 10% of our energy
from foreign sources, so we could reasonably count on figuring out how
to use fossil fuels 10% more efficiently to solve the problem. That’s how
we got CAFE efficiency standards and Energy Star appliances. But this
also left Americans with a now-outdated sense that we can solve energy
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problems with efficiency alone. While the 1970s energy crisis was about
the 10% of our energy system that used imported oil, the current crisis is
about transforming nearly 100% of our energy system to clean electricity.

Today, we need to stop using fossil fuels altogether; we can’t “effi-
ciency” our way to carbon zero.

We understand our energy needs and strategy now because Amer-
ica pioneered the comprehensive collection of energy data in the
1970s. We need to invest further in our existing federal technology
innovation system and data collection to develop the technologies
we need to get to carbon zero, at scale and on time.

SMOKING, A PUBLIC HEALTH CRISIS

In 1964, US Surgeon General Luther Terry dropped a bombshell on
the American public: smoking causes lung and other cancers, and the
tobacco industry misled consumers by hiding the dangers of cigarettes.
At the time, 42% of adult Americans smoked regularly. The Surgeon Gen-
eral mounted a public campaign against smoking that included health
warnings, advertising bans, and a public awareness campaign to alert the
citizenry to smoking’s dangers.® Since then, the percentage of smokers
has dropped by more than half, to 18%. The Journal of the American Medi-
cal Association estimated that over that period, our crisis response to the
smoking epidemic prevented eight million deaths.®

Climate change also poses a grave danger to human health. The World
Health Organization has estimated that meeting the goals of the Paris
Agreement could save seven million lives worldwide each year by 2050
by reducing air pollution, which causes asthma and other respiratory ill-
nesses.” The EPA estimates that the higher concentrations of ozone in the
air due to climate change may result in tens of thousands of additional
ozone-related illnesses and premature deaths per year by 2030 in the
United States.® Global warming will also result in increased heat strokes
and other heat-related deaths.

A concerted public effort can avert a public-health crisis and rein
in companies that promote ill health, whether Big Tobacco or Big
Fossil.
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OZONE DEPLETION AND REFRIGERANTS

After scientists discovered the large hole in the ozone layer, which pro-
tects us from harmful UV radiation, nations came together to agree to the
Montreal Protocol in 1987.° They signed an international treaty to phase
out the chlorofluorocarbons (CFCs) that were in most refrigerants at the
time. We have amended the Montreal Protocol many times, including the
recent Kigali Amendments. That probably wasn’t attributable solely to
altruism—Dow was making less money off CFCs in the 1980s, so it started
to support the Montreal Protocol to phase out CFCs in favor of hydro-
fluorocarbons (HFCs), which it has a patent on.'” Now, in the 2020s, the
same story is repeating itself, with chemical companies, such as DuPont,
Chemours, and Honeywell, funding the Kigali Amendments, which
phase out HFCs, because they have new patents on hydrofluoroolefins
(HFOs)."! They're also trying to resist deployment of natural refrigerants
which are competitors to HFOs.'? Despite this industry-insider mischief,
lowering the emissions of refrigerants is a great example of international
cooperation in the face of a global emergency. I mention heat pumps fre-
quently in this book; just like refrigerators and air conditioners, they use
refrigerants and could be disastrous for the atmosphere if it weren’t for
the fact that science has already figured this out. The future of refrigerants
involves “natural” refrigerants like supercritical CO, that have compara-
tively miniscule greenhouse-gas impacts.

Nations came together to stabilize a complex geological system
through collective action. Science identified the problem, engi-
neers created solutions, and politicians created the right regulatory
environment.

TODAY'S CLIMATE EMERGENCY

+ Similar to the creation of the national parks, America has an oppor-
tunity to save beautiful wild places—and the whole planet—for our
children.

+ Like the New Deal, this crisis will require innovations in financing and
public-works projects, and it will create employment.
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+ Like the World War II mobilization, America must turn to industry
to transform infrastructure and accelerate the wartime production we
need to solve an urgent problem. If not done voluntarily, this may
require federal mandates through emergency powers.

+ Like the Space Race, the country must commit to ambitious timelines
and massive investments in science.

+ Like civil rights, the legal response must be supplemented by direct
action and social movements that create the political pressure for
change.

+ Like the 1970s energy crisis, data must guide our actions.

+ Like the public health crisis that is smoking, we must use a combina-
tion of incentives—regulation, pricing, public awareness, and avail-
ability—to decarbonize.

+ Like the Montreal Protocol, America should lean in to international
policymaking that will address this crisis.

But the climate crisis we face today is in many ways different from these
previous crises. This time the enemy—fossil fuels—is integral to our exist-
ing economy. This time, because of the lag-time in climate response, we
need to act long before the worst impacts are felt. It is for these reasons
that climate change has been described as a “super wicked hard prob-
lem”—problems that have been defined as a special category of almost
impossible tasks.

Our reward for this work—besides saving the planet—will be abun-
dant cheap energy, quality jobs, improved public health, and a new era
of prosperity. We must be bold again.
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HOW DO WE KNOW WHAT WE
KNOW?

The great data we have today was made possible by the civil infrastruc-
ture we built in the 1970s to collect that data.

The 1970s oil crisis could have been solved with energy system effi-
ciencies.

Today’s climate crisis is different from the oil crisis and must be solved by
transforming the energy system.

We must decarbonize demand with the same urgency that we decarbon-

ize supply.

4 4 ¥ 14

The climate crisis is clearly an emergency. What expertise can we call
upon to solve this emergency? We need to know where our energy is cur-
rently being supplied and used so that we can substitute cleaner sources
of energy, and cleaner end uses of energy, to get to a carbon-free future.
The knowledge we have about our energy sources and usage comes
from our last energy crisis, in the 1970s. Since then, we have accumulated
mountains of data about our energy supplies and demands. But because
that was a different kind of crisis, we have legacy ideas about energy that
we need to shift before we can begin the work of getting to carbon zero.
The 1970s crisis was an oil imports crisis. It was a supply crisis, since
about 10% of America’s energy use—the oil from the Middle East—had
been cut off. Since supply must equal demand, experts looked at the
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demand side—how we used energy—and found that we could easily be
10% more efficient in our use, in particular with our cars and appliances,
and thereby eliminate the need to import fuels. Efficiency can solve a
problem that relates to 10% of supply. This is what gave us Corporate
Average Fuel Economy (CAFE) standards and Energy Star appliances. But,
as we've seen, in our current moment we need to get to carbon zero, and
you can’t efficiency your way to zero. Your efficient gasoline powered car
doesn’t get us to zero emissions unless you never drive it. America has
a new kind of energy crisis. So while we have legacy tools to understand
our energy supply and demand, we need to update those tools, as well as
our thinking, to meet the challenge of the current climate crisis.

THE ORIGIN STORY OF ENERGY DATA

Late in 1973, Americans faced long lines and rising prices at every gas
station. Energy was on everyone’s minds, no matter their political lean-
ings. Public interest in energy issues in the 1970s was so high that those
beloved coal-burning cave people, Wilma and Fred Flintstone, starred in
a TV special, Energy—a National Issue (figure 4.1), narrated by Charlton
Heston (who went on to become a five-term president of the National
Rifle Association). The equivalent today would be an entire Simpsons or
South Park episode featuring Clint Eastwood that would educate the pub-
lic about how to address climate change.

Congressman Melvin Price, then chairman of the Joint Committee on
Atomic Energy (an intellectual precursor to the Department of Energy),
tasked his staff with creating a comprehensive energy audit. He ordered
them to take all the known energy-use data for the United States and pre-
pare it as a display, which, “In less than an hour, could give an extremely
busy person an understanding of the size and complexity of our national
energy dilemma.”

Working for the committee, Jack Bridges, director of National Energy
Programs, Center for Strategic and International Studies at Georgetown
University, devised a highly detailed Sankey diagram to map US energy
use, and followed this up with his groundbreaking book, Understanding
the National Energy Dilemma.' (See appendix D for details on how to read
a Sankey diagram.) Bridges’s diagram explained how we produced and
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TV SPECIAL

“ENERGY-A NATIONAL ISSUE”

starring Special guest

THE FLINTSTONES Glenn Pearson

narrated by Detroit Edison Safety
Charlton Heston Expert for school children.

A look at our nation’s And a special Energy
energy problems through Month message from
the eyes of Stone Age Governor William Milliken

celebrities Fred and
Wilma Flintstone.

Hosted by the
HOT FUDGE
PUPPETS

Tuesday, Nov.

Sponsored by Detroit Edison

4.1 Energy—a National Issue, as seen in your TV guide. Source: WXYZ-TV, TV Guide
Magazine (Detroit Edition), November 19-25, 1977.

used our energy. The introduction was blunt: “The United States, with 6%
of the world’s population, was consuming over 35% of the planet’s total
energy and mineral production.”

Bridges’s flow diagram detailed America’s use of oil and natural gas and
showed how much electricity the country produced and how efficiently,
with breakdowns of industrial use vs. that of commercial, residential, and
transportation sectors. This work influenced the way we would measure
and summarize energy data for decades to come. The left-hand side of the
diagram is the supply—where the US gets its energy. The right-hand side
is demand—what we use energy for.

The 1970s oil crisis actually resolved itself before the country had
meaningfully improved the efficiency of its car fleet—and before we
meaningfully changed our consumption behaviors or where we obtained
our energy. Indeed, in figure 4.2 I compare the 2019 Sankey diagram to the
first one published by Lawrence Livermore National Lab (LLNL) in 1973.
To this day, Lawrence Livermore publishes Sankey flow diagrams each
year on the data collected by the Energy Information Administration®>—I
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a)

b)

4.2 a) The first LLNL Sankey diagram | can find, showing 1970 energy flows. b) LLNL
Sankey from 2019, which looks largely the same, except a greater proportion of energy
is “wasted” (although this is largely a difference in methodology). Source: Lawrence
Livermore National Laboratory, “Energy Flow Charts: Charting the Complex Relation-
ships among Energy, Water, and Carbon,” 2020.
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even got to speak to A. J. Simon and the group who does this work, after I
passed the comprehensive security checks associated with visiting LLNL.
The 2019 and 1973 charts basically look the same: the same primary
energy sources, the same economic sectors, and roughly the same ratio
of useful to rejected (or waste) energy. If anything, it appears we waste
more energy today, but that is more of an artifact of the subtly changing
methodologies used in creating the chart than anything else.

The thinking that shaped the 1970s response has left us with a group
of people who believe that energy problems can be solved with efficiency
on the demand side (CAFE standards and Energy Star appliances), and
those who think transformation is about creating more supply (whether
it be nuclear or natural gas). This has mired us in an old way of think-
ing that constrains us from seeing the big picture today and the (I wish
it were more obvious) fact that we must transform supply and demand
simultaneously.

SUPPLY MUST EQUAL DEMAND

Another consequence of the 1970s energy response is that it baked in a
“supply-side” view of energy. When it was first conceived, the Sankey
chart flowed from barrels of oil and tons of coal on the supply side to
four big, opaque buckets—Industrial, Residential, Transportation, and
Commercial—on the demand side. This gave us a perspective weighted
toward a supply of precious rocks and magical energy-dense liquids, but
not much insight into demand-side energy use. The thinking was that if
America was more efficient with regard to these big economic segments,
we could reduce the supply. The chart was capable of pointing in the gen-
eral direction of which efficiencies would negate the need for imported
oil: better mileage and more efficient homes and appliances (remember
that many homes at the time were heated with oil, and some still are
today). But it didn’t give us much insight beyond that.

The federal agencies that Nixon set in motion and Carter brought
into existence had also begun to collect a much richer set of data on the
demand side of the picture. We now have high-resolution data thanks
to semi-annual surveys of the industrial,® residential,* commercial,® and

transportation sectors.® To this day, when people think about energy and

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966474/c002000_9780262367288.pdf by MIT Libraries user on 03 August 2022



34 CHAPTER 4

transforming the energy system, they make the reasonable assumption
that we will need the same amount of energy on the supply side as we've
always needed. But, as we'll see, using all of the extra information on the
demand side that these data sets give us, that’s not the case.

The new methodology looks at all the things we like to do as human
beings (our demands), and all the energy those needs require. We can then
imagine how to decarbonize those needs and estimate the new amount
of energy required to supply them—and, critically, which zero-carbon
energy source to use (e.g., electricity or biofuels). These calculations
quickly lead to the conclusion that we should electrify almost everything,
and because electrical machines are inherently more effective, that we'll
need far less energy on the supply side than you might think. There’s no
free lunch here, there’s just a better lunch that we haven’t been eating.

We should pause for a moment to give thanks to fossil fuels. When
people started burning coal in quantity instead of biomass, from the mid-
1700s to the mid-1800s, it kicked off the Industrial Revolution that freed
humans from a lot of back-breaking labor. Fossil fuels were used to heat
our homes, light our streets, power our railroads and steamships, refriger-
ate our food, and allow us quick and easy transportation in the form of
cars, trains, and motorcycles. Coal, oil, and natural gas now power our
modern lives, and for many of us, our modern lives are pretty darned
good. Fossil fuels have been amazing.

But fossil fuels are now obsolete, because of the carbon dioxide they
produce. We’ve come to the point where we have to substitute new energy
sources for all our fossil fuels. We need to understand as much as we can
about our demands for energy use, and then figure out how we are going
to meet those demands, in detail. I have long been obsessed with energy
data. I once measured—to my wife’s chagrin—every single use of energy in
my life, including the fuel in our cars and the electricity and natural gas in
our home. I even weighed every object we owned so I knew what portion
of my energy consumption our newspaper subscription and book collec-
tions represented. This resulted in me recommending that my wife cancel
her daily newspaper subscription, as the 10 pounds of paper coming into
our house each week represented a substantial component of our energy
use. Avoiding divorce, we settled on a subscription to the Sunday paper!

After a decade of privately obsessing about energy data, in 2018
my company, Otherlab, was contracted by the Department of Energy
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(through ARPA-E) to take a closer look at all of the data that we have
about our energy uses.” We pulled in data from the Residential Energy
Consumption Survey (RECS), the Commercial Buildings Energy Con-
sumption Survey (CBECS), the National Household Transport Survey
(NHTS), the Transportation Energy Data Book (TEDB), the Federal Energy
Management Program (FEMP), and the North American Industry Clas-
sification System (NAICS).

My job became one of reading the footnotes and following the trails to
their end. We were tasked with building a tool that could help prioritize
federal energy research and development spending. Naturally (for me)
that ended up being summarized as a Sankey flow diagram of energy
from its mining, production, and import, to its end uses in homes, fac-
tories, and even churches. I dragged a bunch of my colleagues, including
Keith Pasko, Sam Calisch, Arjun Bhargava, Pete Lynn, and James McBride,
through this obsession with me. We even had the final diagram printed
on a shower curtain that hung in the office bathroom, and we still have
giant versions of this poster on the walls of our office. We had loosely set
ourselves the goal of tracking US energy consumption down to a tenth of
one percent. We followed every energy flow and data set to its very end
to see what we could learn. We went down every rabbit hole. We were
able to achieve our goal, but the end result deserves the nickname given
to Sankeys: “spaghetti charts.”

Once you have all that information about our energy system, another
thing you can do with it is start to think about how we might transform
it. By visualizing the data, the need to transform the demand side at the
same time as the supply side becomes clear. It also becomes obvious that
not only is electrification the pathway to transformation, it comes with
more built-in efficiency than we have ever experienced before. The com-
plicated picture (shown in figure 4.8) that emerged is very detailed and
utterly fascinating. I now bore dinner guests and public audiences with
statistics about the proportion of all US energy used to drive children
to church or school (0.7%); the amount of energy used in empty build-
ings (0.03%); the energy used to transport meat, fish, poultry, and sea-
food (0.2%); the amount of energy used in jet fuel for our military planes
(0.5%); energy used in mobile homes (0.5%); energy used piping natural
gas around the country across 4.4 million miles of pipeline (0.87%); and
even the 0.005% of energy we use to light our billboards.
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A huge amount of insight, and (at least for me) quite a lot of enjoy-
ment can come from diving into the data to look at each sector of the
economy and some of the unusual, or at least not obvious, ways that the
US uses energy. It should be emphasized that this data summarizes all
of the manifestations of our society in terms of its energy use and gives
us quite a view into our collective human desires. Presented with all the
numbers it is tempting to judge one energy use against another—such as
the worthiness of the 0.24 quads used for recreational boating versus the
0.48 quads used in public assembly buildings—yet one should be wary
of comparing these apples and oranges and applying moral judgment.
Or, as my late friend David ]. C. MacKay used to say, “All human activity
is folly.”

THE GOVERNMENT SECTOR

Since 1975, the Federal Energy Management Program (FEMP) has moni-
tored the energy use of US government agencies, as figure 4.3 shows.
It provides a fascinating, if incomplete, picture of the energy uses our
tax dollars support. The reason it is incomplete is that it only monitors
things that are easily measured—petroleum, electricity, and natural gas
use. It does not include the energy that went into building government
office buildings, aircraft carriers, tanks and guns (all of which are filed
under the “industrial” category). One initially surprising observation is
that government energy use is completely dominated by the jet fuel used
to support military operations around the world—nearly one half of one
percent of all of our energy use! In distant second place in terms of our
government’s energy use is the US Postal Service, a fabulous institution,
delivering the mail, rain, hail, or shine. NASA, comparatively, uses a tiny
amount of energy to support the exploration of the universe and encour-
age our species to look toward the stars.

THE RESIDENTIAL SECTOR

The next category is the residential sector, the one we are most familiar
with. We see that the pride of the suburbs, the single-family detached
home, dominates energy use, with large apartments in a distant second
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place. Roughly half of the total residential energy use goes to heating the
spaces we live in. A quarter is attributed to water heating, while the final
quarter is spent lighting, cooking, washing, and powering our electronic
devices. When addressing climate change, we have to acknowledge the
need to solve for all living situations. Mobile homes, for example, are
an important, if neglected, component of our building stock. There are
many efficiencies to living in homes that size, as the “tiny house” move-
ment has underscored. Also vital when contemplating decarbonizing this
sector is that we simply don’t have time to build new versions of all of
our homes. We won't solve climate change in time unless we figure out
how to retrofit our current homes and dwellings for the electrified future
we will live in. There are 130 million households in the US, around 95
million of them single-family homes, yet only 1.5 million homes are
built each year—it would take more than 100 years to turn over the
building stock.

THE INDUSTRIAL SECTOR

The industrial sector is the largest energy consumer of all the economic
sectors when we account for its (thermoelectric) losses. It's a complicated
sector to unpack in terms of energy use. A massive amount of energy in
this sector is used in finding, mining, and refining fossil fuels. It takes a
lot of energy to pull coal, oil, and natural gas out of the ground and to
convert it into refined products. We need significant amounts of natu-
ral gas to make plastics and fertilizers. This sector also includes a huge
amount of biofuels. The paper pulp industry requires a lot of trees to
produce paper, cardboard, newsprint, and building materials, and the
byproduct is a biofuel that powers that industry. Looking at this sector
reveals several surprising details that make fun pillow talk—though my
wife doesn’t always think so—like the fact that around 0.28% of energy is
used in tending our major field crops, while another roughly 0.5% is used
to grind and crush rocks.

Some segments of the industrial sector are so new that they are hard
to get good data on. Data centers—the places where great swaths of the
internet are stored—are one of those segments. Data centers are estimated
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to account for about 0.25% of energy use (1% of electricity) today, and
it is growing, but not as fast as some people feared.® A friend and one
of my graduate school colleagues, Jason Taylor, runs infrastructure for
Facebook. Periodically, we discuss energy use, because for data companies
like Google and Facebook, energy use is critical to operations and often
the biggest expense after payroll. While talking about how one would go
about decarbonizing Facebook operations, Jason admitted, “We now have
to work with a data paradigm of write once, read never.” In other words,
that photo of your kids you uploaded for Grandma will be seen only
once, but it will require tiny amounts of energy forever as it is stored in
some backwater memory bank. As with our disposable material culture,
so goes our information, and because of that an ever-increasing amount
of energy is required to keep all of our old data in the online shadows. If
it’s not happening already, I expect activists to call for data cleaning and
recycling and “sustainable social media” in the near future.

THE TRANSPORTATION SECTOR

The transportation sector is a close second to industry in terms of energy
use. While air travel gets a bad rap, it is transport on highways that by far
dominates this sector’s energy use, using more than 10 times the energy
of air travel. Of this highway energy, about 75% is expended by small
vehicles, the passenger cars and trucks used to move ourselves around.
Amazingly, almost half of this is used on trips of less than 20 miles,
mostly to get to and from work and for family responsibilities—things
like church, shopping, and school. Of non-highway transport, air travel
is the largest contributor, followed by ships and then trains. Incidentally,
a fully loaded modern jet aircraft gets the equivalent of around 60 miles
per gallon (MPG) per passenger, so for traveling long distances, they
beat solo road trips in cars (but if you take four friends with you, even a
gas-guzzling American car is not so bad—something hyped by the ride-
share community). We can even see that the energy required to transport
fossil fuels is significant, with about 1% of US energy use committed to
transporting natural gas (we’ll come back to this later). Nearly half of
freight-rail transportation is used to move coal—most of the other half is
wheat and food. A not-so-surprising revelation from a close study of the
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energy services : 4.2

waste : 11.2
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US Total Energy Flows

101.2 Quads
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4.8 Energy flows through the whole US energy economy, from supply to sector.
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Sankey diagram: our fossil-fuel supply chain is itself a major consumer of
fossil fuels.

THE COMMERCIAL SECTOR

The commercial sector encompasses all economic activities not associ-
ated with manufacturing or transportation. These activities are diverse,
but the largest portion is used in office buildings and schools, mostly
for space heating, water heating, and air conditioning. Hotels, malls,
and hospitals are just behind, combining for about 20% of the total. The
“cold chain” responsible for refrigerating our perishables on their way to
our homes uses close to 10% of all commercial energy. The thermoelectric
losses associated with producing electricity-using fossil fuels is a dominat-
ing factor in this sector today.

THE BIG PICTURE

The complete dataset, all assembled into one pretty picture, is so dense
with information as to be barely readable in book format. I include it
here for completeness more than for utility. All of the data can be seen
and played with at www.departmentof.energy—yes, we had fun choosing
that domain name. The complexity of the modern world is woven into
the crisscrossing lines of our energy economy. Thanks to public-sector
institutions that we built in response to an energy crisis many decades
ago, we know more about our energy needs than any other economy in
the world. The task is to look at every single one of these energy flows—
even the small ones—and then ask, “How can we achieve the same result,
but without producing CO; as a side effect?” As an entrepreneur in the
energy space, I actually use this giant chart to outline the big economic
opportunities in the coming decades, and strategies and technologies for
building great businesses while solving our emissions problems.

As you'll see, for the most part we already know how to do everything
we currently do, but much more efficiently, by using renewable and clean
electricity. What began as a problem from the past is now an opportunity
for the future.
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It’s not the 1970s anymore, and we’re not facing a '70s energy problem
that can be solved with efficiency. We need transformation.

’70s thinking focuses us on lots of small decisions and distracts us from
the big picture.

'70s thinking muddles thermodynamic efficiency with energy saved
through behavior change.

’70s thinking leads to a narrative of deprivation.

’70s thinking was about doing less bad, not about doing more good and
building good into the way we do everything.

49 4 ¥ ¥4

The United States is stuck in a way of thinking about the environment
that dates back to the 1970s. This mindset can be succinctly summarized
as (pardon my Australian), “If we try extremely hard, and make many sac-
rifices, the future will be a little less fucked than it might be otherwise.”
To address climate change, we need a new narrative that is both more
honest about the task at hand and more broadly engaging than a story
about sacrifice. It can be a story about what we stand to win—a cleaner
electrified future, with comfortable homes and zippy cars—which is bet-
ter than nightmares about what we have to lose. We have a path to decar-
bonization that will require changes, to be sure, but not deprivation. The
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2020s mindset says, “If we build the right infrastructure, right away, the
future will be awesome!”

The language of sacrifice associated with being “green” is a legacy of
1970s thinking, which was focused on efficiency and conservation. The
1970s began with Earth Day (April 22, 1970), and was a decade defined
by two energy crises over oil imports. The air' and water quality* prob-
lems caused by our energy production were coming to the fore, in part
because of groundbreaking books like Rachel Carson’s Silent Spring and
the burgeoning environmentalist movement they inspired. The answer
to these problems became a story about conservation: use less fossil fuel,
turn down the thermostat, buy smaller cars, and drive less. This is the era
that gave us the mantra “Reduce! Reuse! Recycle!”

This approach translated to more fuel-efficient (but still petroleum-
burning) cars and better-insulated homes (but still heated with natural
gas). The emphasis on efficiency ever since the '70s is reasonable, since
almost no one can defend outright waste, and almost everyone agrees that
recycling, double-glazed windows, more aerodynamic cars, more insula-
tion in our walls, and industrial efficiency will make things better. But
while efficiency measures have slowed the growth rate of our energy con-
sumption, they haven’t changed the composition. We need zero-carbon
emissions, and, as I often say, you can’t “efficiency” your way to zero.

The '70s emphasis on efficiency was also confusing, in that it con-
flated different types of efficiency. You can make a big car more efficient
with a more efficient engine, or you can buy a smaller car that is more
efficient because of its smallness, or you can use your car less. The first of
these efficiencies is thermodynamic efficiency; the other two come from
behavior changes. Environmentalists have focused more on behavior-
change efficiencies—which are fine, as far as they go—but we will gain a
lot more with big technological changes. Rather than make a more effi-
cient fossil fuel-powered car (thermodynamic efficiency), or drive it less
(behavior efficiency), it makes more sense to make an electric car pow-
ered by renewable energy.

2020s thinking is not about efficiency; it’s about transformation.

Nearly half a century after President Jimmy Carter’s famous remarks
about energy conservation measures, turning down the White House
thermostat, and wearing a cardigan to prove the point, experts know
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efficiency fixes are not enough. Often forgotten is that Carter’s comments
were oddly similar to what Nixon said six years before him.> While we
have made more fuel-efficient appliances and paid a lot of attention to
“greening” our small daily purchases, we haven’t done much to solve
our larger carbon problem. And even if energy efficiency were sufficient,
America hasn’t shown any inclination to drastically cut its consumption
since the '70s.

Also, Americans will never fully support decarbonization if they believe
it will lead to widespread deprivation—which many people associate with
efficiency. We can’t address climate change if people remain fixated on,
and fight about, losing their big cars, hamburgers, and the comforts of
home. A lot of Americans won't agree to anything if they believe it will
make them uncomfortable or take away their stuff.

The environmental movement needs to stop focusing on efficiency—
and on the demand side of the energy equation in general, which says
that if we just use less, we will need to supply less. Nor can we simply
address climate change by greening the supply unless we also swap out
all our machines on the demand side. We need an entirely new paradigm,
which isn’t mired in our '70s notions of supply and demand, but realizes
that the two are intimately connected. America needs to decarbonize sup-
ply at the same rate as it decarbonizes demand, and that means powering
electric machines with zero-carbon electricity.

It’s 50 years later. Now, we must play end-game decarbonization.

In this 2020s paradigm, environmentalists need to think bigger. We
need to change our mindset from the efficiency environmentalism of
the 1970s to a transformation mindset appropriate to the twenty-first
century. Efficiency proponents may counter that if you make the thing
more efficient first, then you will need less electricity. That is true. But
I would then argue that electrification is more politically palatable and
offers a bigger immediate win, and that we should look at this problem
from all sides to make the most progress. Let’s stop imagining that we can
buy enough sustainably harvested fish, use enough public transportation,
and purchase enough stainless steel water bottles to improve the climate
situation. Let’s release ourselves from purchasing paralysis and constant
guilt at every small decision we make so that we can make the big deci-
sions well.

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966475/c002900_9780262367288.pdf by MIT Libraries user on 03 August 2022



50 CHAPTER 5

Instead of efficiency, massive electrification is the best way to address
climate change. If the electric car in your driveway is powered by the solar
on your roof and in your community, and your heating system runs on
electricity generated at a far-off wind farm, then you have already made
the small number of critical decisions that eliminate the large majority of
emissions from your life.

End-game decarbonization means electrifying everything. It means
that instead of changing our energy supply or demand, we need to trans-
form our infrastructure—both individually and collectively—rather than
our habits.
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America can’t replace fossil fuels with similar fuels just because they feel
familiar.

The country can’t keep burning fossil fuels and assume we can suck CO,
out of the air and stuff it back into the earth or oceans.

We have to electrify (nearly) everything.

44 ¥ 4

When we electrify everything, we find we’ll use about half the energy we
currently use.

We can’t use fossil fuels. So how will we keep the world running?

When people imagine switching to zero-carbon energy, they often
think about simply swapping fossil fuels for another “familiar fuel.” If
you had a gallon-sized gas container, you’d like to just fill it with some-
thing else that is zero-carbon yet powers the same lawnmower, or a
familiar-looking car. That’s why people think a lot about net-zero carbon
fuels. Biomass, ethanol, switchgrass, sargassum—there are lots of things
that absorb CO, from the atmosphere as they grow and emit it when
they burn. Couldn’t these fuels be used in our machinery with minimal
changes to life? It sure sounds like it could work.

Similarly, people talk about producing hydrogen or synthetic fuels like
ammonia or ethanol with properties similar to gasoline or natural gas.
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Again, it sounds easy, but it requires using more renewably or nuclear-
generated electricity to create the fuels than you would need to simply
power an electric car straight from the grid. Hydrogen vehicles are the
canonical case of this silliness. The idea is to make a unit of electricity,
lose 25% of it in converting it to hydrogen, and lose another 25% of it in
a fuel cell that converts it back into electricity that powers the wheels—all
for the convenience of having a familiar fuel to fill a familiar tank. Nearly
all hydrogen now used in hydrogen vehicles is a byproduct of natural
gas, which just perpetuates our current problem, and is part of the reason
these fuels have been cynically over-promoted as a solution.

The efficiency of a total-energy pathway is the sum of the efficiencies
of the component pathways. To illustrate the point, let’s look at three
ways to power a car: via electricity, hydrogen, or some magical gasoline-
like fuel produced from electricity (the latest entrant in this shell game is
Prometheus Fuels, complete with advertising copy that makes you believe
you can save the world with your old Ford Mustang).

In an electric car, we take the electricity, store it in a battery (~90%
efficient), and then pass that electricity through a drivetrain that is about
(~80% efficient).

Total efficiency =1x0.9x0.8=0.72 (6.1)

We get 0.72 units of transportation for one unit of electricity.

If we use the same electricity to make hydrogen (via electrolysis, ~65%
efficient), then compress it into a tank and decompress it back out (~75%
efficient), then run it through a fuel cell (~50%):

Total efficiency =1x0.65x0.75x0.5=0.24 (6.2)

We get only 0.24 units of transportation for the same one unit of
electricity.

If we had a process to make gasoline from electricity, it would probably
be ~50% efficient, and the gasoline would only move the car at about
~20% efficiency, which looks something like:

Total efficiency =1x0.5x0.2=0.1 (6.3)

Or a mere 0.1 units of transportation for the same unit of electricity.
Given how hard it is going to be to create all of the electricity we need
(as we'll see in the next chapter), it is very difficult to believe that we'll
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make three or even five times as much just for the convenience of having
a fuel that was familiar in the twentieth century. It would be as if Henry
Ford tried to make gas-powered metal horses.

Some version of this basic math applies to all of our decarbonization
choices.

The biofuel route imagines it’s possible to make a similar amount of
fuels with biomass, but the problem is that there just isn’t enough to go
around. To create the amount of biofuel the world needs to power itself,
we’d have to burn a quarter of all the biomass that grows on earth each
year, every year, which would have devastating environmental conse-
quences. At best, we can make about 10% of our fuels this way.'

The synthetic-fuel route imagines we make carbon-free electricity
using solar, nuclear, wind, and hydroelectricity, and use that electricity
to make the molecules of fuels similar to those we currently use. This is a
game of compounding inefficiencies, as we saw above.

Imagining that we can just swap one fuel for another will keep the US
stuck in the 1970s world of lots of machines with low thermodynamic
efficiencies. It also keeps the country tied to the massive inefficiency
of burning enormous amounts of material. As I explore in chapter 17,
humanity moves more tons of fossil fuels than any of the other things
that humanity produces—more than all of our agricultural products,
more than all of our metals and ores. Imagining that we will build an
industry that can manufacture this amount of alternative fuel on the nec-
essary timeline is absurd.

The other “familiar fuel” strategy is carbon sequestration, whose pro-
ponents imagine that we’ll use the same fossil fuels, suck the CO, out of
the atmosphere, and bury it. Again, the tons of CO, humanity produces
every year is more than all of the other material flows we use in fotal.
There is no dump large enough to bury those emissions, even if it wasn’t
a thermodynamically awful idea in the first place.

What do I mean by a thermodynamically awful idea? Carbon seques-
tration requires the use of even more fossil-fuel energy (about 20% more)
just to capture the CO, produced by those fuels, then uses yet more
energy to compress it and bury it—and hope that it stays buried, some-
thing that isn’t guaranteed.
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ENERGY SAVED IN AN ELECTRIFIED ECONOMY

101.2 Quacls, primary energy (2018) Today, the US uses around 101.2 Quads of primary energy.

8.5Quads liminated from ing curiosities to expi
renewables in the same language of primary energy defined for fossil
fuels.

16 Quads are eliminated from thermoelectric losses incurred
burning fossil fuels to create electricity.

29 Quads are eliminated as stocks and exports of fossil
fuels that we won't need.

12.7 Quads are eliminated by electric vehicles that don't waste

energy in internal combustion engines.

6.5Quads are removed by eliminating the energy used to find, mine,
refine, and transport fossil fuels. These aren't necessaryina

zero-carbon world.

4.5 Quads are eliminated from fuels used in products as
materials (e.g. bitumen and plastics). These don't necessarily

create carbon emissions.

5.7 Quads ot fossil fuels are eliminated in the conversion to
electric heat pumps for space and water heat.

|- 1.5 Quads more are to be saved converting to LED lighting.

43.3 Quads after electrification

The whole economy, electrified, could run on less than 45
Quads. There are additional savings that could be had

ploying the technologies we traditionally know as
g o w

| 1 1 1 1 [ 1 [ l [ 1
o 10 20 30 40 50 60 70 80 90 100

6.1 Massive electrification scenario of the US energy economy that models primary
energy reductions by sector and end use. Electrification of the economy with zero-
carbon sources reduces our energy needs by more than half. The big wins are in elimi-
nating waste heat from electricity generation, in the far greater efficiency of electric
vehicles and electrified heating systems, and in eliminating the significant amounts of
energy used in finding, mining, refining, and transporting fossil fuels.

Given that renewable electricity is already cost-competitive with fossil
fuels, it is fairly obvious to those who think about energy that the cost of
carbon sequestration makes it economically unfeasible.

All of these ideas are cynically promoted by people who wish to keep
profiting from fossil fuels, burning your children’s future. Don’t let them
divide us by confusing us. We don't just need to change our fuels; we
need to change our machines. We need to use 2020s thinking to reimag-
ine our infrastructure.

At the highest level, any realistic plan for total decarbonization is sim-

ple: electrify everything.
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We have the technology we need, today, to solve climate change. And
when we electrify everything, as I'll soon show, we will cut our energy
needs in half!

WHERE DOES ALL OF OUR ENERGY GO?

If you sit down with all of the data on the total amount of energy we use
in the US, and begin with the thought experiment “what happens if we
electrify everything?” some interesting things jump out. This is what I
have illustrated in figure 6.1, where you can see that we need less than
half of the primary energy that we think we do, which makes the task of
generating it with renewables twice as easy. Here’s how.

MAKE CLEAN ELECTRICITY, SAVE ~23%
We can eliminate almost a quarter of the energy we think we need if we
stop burning fossil fuels to generate electricity.

In a power plant today, fossil fuels are burned to generate heat, which
is used to make steam, which is used to spin a turbine, which is used to
create electricity. Physics tells us that using heat to generate electricity
is subject to inescapable limits on efficiency. Those limits are set by the
laws of thermodynamics, which dictate that machines that convert heat
to electricity lose half or more of the energy involved in the conversion.
This is known as Carnot efficiency—named for Nicolas Leonard Sadi Car-
not, the man often referred to as “the father of thermodynamics”—which
is the ratio of ambient temperature to the temperature of combustion.
Under most real-world circumstances, fossil fuel-burning machines are
20-60% efficient.

Carbon-free, non-thermal sources like solar and wind—while also
subject to the laws of physics—don't involve as many conversions from
one type of energy to another. Because of this, generating electricity with
renewables would eliminate approximately 15% of the primary fossil
energy we currently think we need to run the economy. Today, when
we use fossil fuels we are harnessing a long train of energy conversions:
solar energy from long ago was converted to a biofuel (a plant or dino-
saur), which over geological time became a fossil fuel, which was burned
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to become heat, which evaporated water to become steam, which spun
a turbine to become motion, which through electromagnetism became
electricity. These processes all wasted a little or a lot of energy at each
step along the way. When we use solar panels, a photon from the sun
strikes a semiconductor and liberates an electron due to the photoelectric
effect (thanks, Einstein). So, although solar is typically only 20% effi-
cient, we aren’t losing hard-won energy the way we do in a 20%-efficient
car engine.

Other “savings” in the amount of energy we think we need come from
a couple of longstanding accounting curiosities associated with fossil
fuels, which have caused us to overestimate the primary energy required
to produce both hydroelectricity and nuclear energy. Primary energy is a
useful, if imperfect, measure of the amount of energy needed to run the
country. Traditionally it was the measurement of the tons of coal, cubic
feet of natural gas, and barrels of oil that were the primary inputs into the
economy. With nuclear and renewable energy as new energy options, the
question of what is primary energy became important.

In the 1970s, concerns about scarcity and drought led scientists to
calculate the primary energy of hydroelectricity to be the amount of
fossil-fueled power that would need to be added to the grid to replace a
hydro-facility lost to a drought. Because the average efficiency of fossil
fuel-fired electricity generation is only around 30-40%, this resulted in
an overestimate of the primary hydroelectric resource, which has per-
sisted in accounting practices to date. Strangely, in calculating hydro-
energy, we take the capacity of the hydro-facility and divide it by the
average inefficiency of our fossil fleet—which means we over-report by
a factor of three. Such are the oddities of a world literally defined by
fossil fuels.

The second accounting curiosity is how we measure primary energy in
nuclear-generated electricity. The US elected to use light-water reactors
for its nuclear electricity plants, in part because of security and safety
issues associated with the resulting waste. In this type of reactor, only
about 1-2% of the energy in the fissile material is extracted; however,
this process avoids dangerous or weaponizable isotopes in the reaction
chain. We could have used breeder reactors like France and Germany
do, which generate more fissile material than consumed, although these
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reactors create an even more difficult set of safety and security issues.
Instead of using the conversion efficiency of nuclear fuel to useful energy
to measure the efficiency of nuclear plants, the US Department of Energy
decided to use the “heat rate.” This, in effect, is just the thermodynamic
efficiency of the steam turbine at the output end of the power plant, and
it ignores what happens in the reactor. In the context of figuring out how
to decarbonize America, choosing heat rate to define the efficiency of a
nuclear plant ignores the other 98% of the fuel we don’t use and simply
doesn’t reflect the efficiency of nuclear.

These accounting errors can mislead people into thinking there is
more waste in the energy system than there really is, and they ignore the
other technological options for harnessing nuclear energy.

If we correct these accounting errors mired in fossil-fuel thinking, we
see that roughly 8% of the energy we think we need was never really
there. Together, the savings from thermodynamic efficiency and proper
accounting total around 23%, just for switching electricity generation to
carbon-free sources and choosing a twenty-first-century accounting meth-
odology. This all sounds complicated, but at the very least the upshot is
we need less energy than we think to supply a fossil-free world; solving cli-
mate change is 10% easier to solve than you thought before you read this.

ELECTRIFY TRANSPORTATION, SAVE 15%
Electrifying transportation is the next big energy win, saving us around
15%. Gasoline car engines, which make up the overwhelming majority
of vehicles today, are even less efficient than power plants in converting
fossil fuels into useful energy. By the time the energy in the fuel has been
turned into the motion of the vehicle, the efficiency is only about 20%.
The heat you feel on the hood of your car after a long drive represents
some of that waste. (You can fry an egg on your engine block—with old
Land Rovers, people learned to put a Dutch oven in the engine bay and
cook a stew as they drove!) By electrifying all cars and trucks, we will
eliminate most of that waste heat and cut the amount of energy con-
sumed in powering those vehicles by a factor of three.

Electric cars have gone mainstream. They are becoming more afford-
able and faster charging, and they are expanding in performance, range,

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966476/c003000_9780262367288.pdf by MIT Libraries user on 03 August 2022



58 CHAPTER 6

and options. At their current rate of improvement, we are only a few years
away from electric vehicles with a range of 500 miles. We already have
vehicles with enough range for nearly all purposes except for extreme
road trips or extraordinarily long days. It is not a matter of if, but when.

ELIMINATE FINDING, MINING, AND REFINING FOSSIL FUELS,
SAVE 11%

A huge and largely unseen amount of energy is used to discover, mine,
refine, and transport fossil fuels. In a zero-carbon economy, we won't
need to expend that energy, which saves us more than 11%. Oil and gas
extraction consume nearly 2% of US energy flow. Transporting natural
gas (1%), running coal-mining equipment (0.25%), moving the coal from
the mine to the power plant via rail (0.25%), and refining crude oil into
gasoline and diesel (3-4%) together consume around 8% of the national
energy supply. It surprised me to learn that nearly half of all of the tonnage
of stuff that is moved by rail is coal; roughly the other half is grain, along
with a few cars and pieces of machinery, and a small number of people.
Our accounting isn’t exact, because we have to consider the amount of
coal, natural gas, and oils in stockpiles—strategic reserves—which varies,
but our total savings is about 11%. In all likelihood, the energy savings
of eliminating fossil fuels is even greater, especially if we account for the
fuel for tanker trucks delivering gasoline from refineries to gas stations
and the energy that goes into building all of the mining and shipping
equipment necessary for this massive heavy industry. Remember, the US
moves as many tons of fossil fuel as any other commodity category (I'll
explore this in detail in chapter 17).

The thoughtful reader might argue that these savings will be offset by
the energy required to build the windmills, solar cells, batteries, nuclear
plants, grid, and electric vehicles that will replace the fossil fuel industry.
But the energy used in their construction and operation is likely a signifi-
cantly smaller percentage of the future energy economy than fossil-fuel
processing is today. Energy returned on energy invested (with the world’s
worst acronym, EROI) describes how much energy you have to put in to
get some amount of energy out. We just saw that the EROI of fossil fuels
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is around 7-8. One unit of fossil fuel energy in gets you 7 or 8 units back.
Historically, the EROI of fossil fuels has not accounted for inefficiencies in
electricity generation, making them look more efficient than they really
are. When this is taken into account, renewables beat fossil fuels, hands
down.” Estimates may vary, but wind and solar provide approximately
twice the EROI of fossil fuel power plants. As manufacturers reduce the
energy input of producing wind and solar technology, and as engineers
extend the useful lifetime of this green machinery, the advantage will
only improve.

ELECTRIFY BUILDINGS, SAVE 6-9%

Electrifying the heat used in homes and offices offers another huge oppor-
tunity for savings in the new energy economy. For low-temperature heat
(e.g., thermal energy that is hotter than human skin but cooler than boil-
ing water), we have an astounding and well-developed technology called
heat pumps that significantly outperform the old ways of doing things.

Today, space heat and hot water for homes and offices is usually cre-
ated by burning natural gas or fuel oil, or by running electricity through
a resistive heating element. Heat pumps work on a different principle,
concentrating thermal energy from an abundant source, such as the
air outside or earth underneath your house, into household appliances
and HVAC equipment. This difference allows them to operate more effi-
ciently, supplying more than three times as much heating or cooling per
unit of energy input as conventional approaches. If deployed at scale in
the US, these devices would cut another 5-7% of the total energy the
country requires.

LED lighting wins us another 1-2%. Like electric cars, LED technol-
ogy has matured greatly in quality, performance, and availability in the
past few years. Lumen for lumen, LEDs use one-fifth the energy of tradi-
tional lighting technologies. What’s more, they last for tens of thousands
of hours and require much less frequent bulb replacement. Integrated
controls and occupancy sensors for switching off lights when they aren’t
needed can extend these savings further. A wholesale commitment to
these technologies can save us another 1-2%.
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ACCOUNTING FOR FOSSIL FUELS WE DON'T BURN, SAVE
4-5%

Fossil fuels that get turned into our day-to-day materials currently account
for 4-5% of our “energy use.” Rather than being burned to provide power,
they are transformed into familiar products. A common example is black-
top roads, which are partly made out of bitumen (asphalt), a byproduct
of the oil-refining process. Bitumen is also a component of 85% of the
rooftops (asphalt shingles) in America. Plastics are made using material
derived from natural gas. Carbon from coal is used to turn soft iron into
carbon steel. Most of the carbon in these materials isn’t released into the
atmosphere as CO,, so their energy content is not relevant to today’s
climate conversation. While we should track their use, it should be in a
resource assessment of material flows and sustainability constraints, not

in terms of their impact on the energy economy.

ELECTRIFY MANUFACTURING

Huge energy savings are possible by electrifying industry, but we don'’t
even need to account for that here to see the enormous benefits of elec-
trifying the economy. I will cover the manufacturing sector and its con-
tribution to environmental and climate success in more detail in chapter
17. In short, opportunities for innovation abound in this sector and make
the energy-saving outlook for America even rosier.

SAME COMFORT, SAME CONVENIENCES, HALF THE ENERGY

When we add up all of those savings, we find we only need ~42% of the
primary energy we use today.

Well, that is pretty remarkable.

America can reduce its energy use by more than half by introducing
no efficiency measures other than electrification. No thermostats were
turned down, no vehicles were downsized, no homes were shrunk. Not
only that, but electrification is a “no-regrets” option—we can also deploy
other strategies like behavior change and the things we typically call
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efficiency, and see even further gains. That’s why electrification is the
only real strategy for decarbonization—and why it will release us from a
paralysis of “what to do?” and provide us with an immune-response to
those who seek to confuse the public with stories of the role of fossil fuels
in our future.

There are too many people who quote too many numbers about the
future with too much confidence. Yes, I can state that we probably only
need 42% of the primary energy we need today, but that is overly granu-
lar, and future developments are likely to alter this figure. The popula-
tion will grow slightly. We'll invent some cool new pastimes that use a
bit more energy (electric-powered paragliding, anyone?). In the mean-
time, quality-of-life increases typically require an increase in energy con-
sumption. Taking these variables into account, it is simplest to say that
Americans will only need half the energy they use today if we electrify
everything while improving our lives. What a win.

Winning the war against the climate crisis will also mean a cleaner,
more positive future. Our houses will be more comfortable when we shift
to heat pumps and radiant heating systems that can also store energy.
While it may also be desirable to downsize our homes and cars, this isn’t
absolutely necessary, at least in the US. Our cars can be sportier when
they are electric. Household air quality will improve, as will public health,
since gas stoves raise the risk of asthma and respiratory illnesses. We don’t
need to switch to mass rail and public transit, nor mandate changing the
settings on consumers’ thermostats, nor ask all red meat-loving Ameri-
cans to turn vegetarian. No one has to wear a Jimmy Carter sweater (but
if you like cardigans, by all means wear one)! And if we sensibly employ
biofuels, we don’t have to ban flying.

In short, the climate-friendly future will be quite recognizable in terms
of the major objects in our lives—our cars, homes, offices, furnaces, and
refrigerators. All of these objects will just be electric. There is no need to
fear this future, and there will be cost savings and health benefits if we
embrace it—oh, and this will also address climate change at the same time.
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WHERE WILL WE GET ALL THAT
ELECTRICITY?

There are enough renewable resources to easily meet global energy demands.
Solar and wind will be the biggest suppliers.

Hydroelectricity is critical, especially as a giant battery.

Biofuels matter, especially for things like air travel, but they won'’t solve
every problem.

Nuclear, while not strictly necessary, is very useful.

49 WU

Our land-use patterns are crucial to success.

To electrify everything, America will need more than three times the
amount of electricity that it currently produces. Today, the US grid deliv-
ers, on average, 450 gigawatts (GW) of electricity. If we electrify nearly
everything, as I described in the previous chapter, we'll need 1,500-1,800
GW. That’s a lot. If we use solar alone, that’s more than we can fit on all
of our rooftops, and more than we can erect over our parking spaces (see
figure 7.1). If we added wind turbines in all of the corn fields in America,
that would supply about half of what we need. To arrive at this number,
I assume a power density of wind of 2 W/m? based on standard turbine
spacing in wind farms,' and a total acreage of corn, America’s largest crop,
of 90 million acres.” Of course, adding wind turbines and their support-
ing infrastructure can’t be done without taking a small portion of the
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land from crop production, but this provides a sense of scale—and it also
underscores the critical role of the agriculture industry and farmers in
succeeding at decarbonization.

The good news is that there is no shortage of energy. The amount of
solar radiation that makes it through our atmosphere and into our earth
systems is 85,000 terawatts. A terrawatt (TW) is a trillion watts, or about
the same power as one hundred billion LED lightbulbs. What this means
is that the amount of solar that hits the earth far surpasses the approxi-
mately 19 TW that humanity uses.> The US uses approximately 20% of
that, 3.5-4 TW of primary energy.

The sun is the primary source of almost all renewables, i.e., energy that
can be replenished. The major player is solar, abundant wherever the sun
shines. The sun heats the air and creates wind that can be harnessed with
turbines. The winds whip up waves that can be captured by wave-power
generators. The sun evaporates water, which becomes clouds and rain,
filling rivers that can be tapped for hydroelectricity. As you know when
walking on hot sand on a summer beach, the sun also heats the ground.
This “ground-source” geothermal heat can be harvested year-round by a
technology called heat pumps to keep buildings at an even temperature.

Confusingly also called “geothermal energy” is the energy that is a
closer relative of geysers, volcanoes, and hot springs. These types of geo-
thermal energy are not derived from solar, but from remnant heat left
over from the formation of the earth, with a little heat generated from
radioactive decay thrown in for good measure. This creates extremely hot
rock, which is accessible by drilling, and can be used to create steam,
which drives a turbine to create electricity. Horizontal drilling and asso-
ciated fracking technologies can be appropriated to access more of this
resource (in fact, the US possesses an amazing amount of this energy at a
depth of 5-10 km), but this technology is still far from being proven cost
effective.

The sun is also critical to photosynthesis, which creates biomass
(wood, algae, grasses, forestry and agricultural waste, food waste, human
waste, and other biological matter), which can be converted to biofuels to
supply energy to difficult-to-decarbonize sectors like long-haul aviation.
In fact, all of the world’s fossil fuels are just very old biofuels that have
been buried and concentrated over time.
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WHICH ENERGY SOURCES WILL WE USE?

Given America’s energy needs, we'll have to make electricity wherever we
can, while understanding that some sources are easier, cheaper, and more
convenient than others. Some areas of the country have better wind,
some have better solar, and some don’t have enough of either and will
probably require some nuclear. Where there are rivers, hydroelectricity,
which provides nearly 7% of electricity in the US today, will be critical.
Where there are oceans, wave and tidal power will help at the margins.
Offshore wind is likely to be the big producer from the oceans.

Solar, wind, and nuclear are the resources at our disposal that far
exceed US energy demands. Solar and wind are the cheapest, and have
fewer complications than nuclear energy. There is so much money in
the fight over the future of our energy supply that an enormous brou-
haha emerged in the climate and energy world when Mark Jacobson of
Stanford University,* along with his colleagues, proposed that the world
could run 100% on water, wind and solar (WWS).®> The pushback to this
proposal was vicious,® and even by academia’s petty standards, the rebut-
tal to the critique was even more vicious again,” with yet more venom in
the rebuttal to the rebuttal.® It ended in a lawsuit. I believe history will
side with Jacobson, and we’ll be able to do this with WWS technology—
and others agree with me.’ Critics of the Jacobson plan argue that we
can'’t have the reliability we need in an all renewables world. I tackle this
issue head-on in the next chapter, and you’ll see there is every reason to
believe it's easier than we think to turn these intermittent sources into a
reliable energy supply. We absolutely do need to think about supply and
demand, and my critique of this academic storm in a teacup is that every-
one involved in the argument should have paid more attention to both
sides of the equation. Jacobson may be too anti-nuclear, but his critics are
too anti-future.

We're blessed with enough zero-carbon energy to meet our needs and
even expand our wants—we just have to harness that energy sensibly.
Nuclear energy isn’t renewable—there is a finite amount of fissile mate-
rial in the world (primarily types of plutonium and uranium).'” Our best
estimates suggest we have 200-1,000 years of fissile material left, depend-
ing on what portion of the supply it will meet—and whether the US sticks
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with light-water reactors that don’t produce weaponizable byproducts, or
whether we move to breeder reactors that do. While the country could
get by without nuclear energy, it is available to us and useful in places that
don’t have enough land area to support wind and solar infrastructure.

Regardless of the minutiae of how we decarbonize, solar and wind will
do the heavy lifting. The no-regrets pathway to quickly transtorm our
fossil fuel-powered world to a world powered mostly by electricity is a
combination of a majority of renewables (solar, wind, hydro, geothermal)
with moderate nuclear and some biofuels as a backstop.

The exact balance of those sources will vary geographically and can
be determined largely by market forces and public opinion about land
use. The details and balance of power (energy nerds are always good for
a power pun!) will be determined by how well we can store electricity to
address the variability of renewables, as I will discuss in chapter 8.

HOW MUCH LAND WILL WE NEED TO USE?

The American landscape will necessarily look different when we make
this switch to renewable energy. Solar panels and windmills will become
pervasive in our cities, suburbs, and rural areas. To power all of America
on solar, for example, would require about 1% of the land area dedicated
to solar collection—about the same area we currently dedicate to roads or
rooftops (see figure 7.1). Rooftops, parking spaces, and commercial and
industrial buildings can do double duty as solar collectors. Similarly, we
can farm wind on the same land used to farm crops.

As we've seen, to electrify everything in the US, we’ll need to gen-
erate around 1,500-1,800 GW. To generate all of that with solar would
take about 15 million acres of solar panels. You can check my numbers: I
assume a real fill fraction (the percentage of ground covered by solar) of
60%, a cell efficiency (the amount of incident solar energy converted to
electricity) of 21%, and a capacity factor (the effective percentage of the
day that receives a full dose of sunlight) of 24%. So to get 1,500 to 1,800
GW we need 15 million acres, or roughly a megawatt per acre. To harness
the same amount of energy with wind power alone would take around
100 million acres planted with wind turbines. For reference, the area of
all US land is about 2.4 billion acres.
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7.1 lllustrative areas of the land use in the US, including reference areas for sufficient
renewables to run the whole country. Offshore areas suitable for wind-power generation
are not included.
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Table 7.1 Estimates of Land Area Occupied by the Country’s 6 Million Commer-
cial Buildings, 120 Million Homes, 8.8 Million Lane-Miles of Roads, and at Least 1
Billion(!) Parking Spaces

Human-built thing Million acres
Commercial rooftops 1.2
Residential rooftops 2.8

Roads 12.8

Parking spaces 4.5

Some people talk about a solar cell we’ll build in the center of the Ari-
zona desert that will power all of America. But that’s not actually how this
job will get done, because of the expense of transmission (over long dis-
tances) and distribution (over short distances). Renewable-energy instal-
lations will be everywhere, so it is more illustrative to compare solar and
wind generation to other ways humans use land. Because it requires a lot
of land to power the country with solar and wind, it is worth looking at
surfaces and activities that can do two jobs at once.

Let’s first look at solar. In table 7.1, I present the acreage of all rooftops,
roads, and parking spaces in the US—all places where we could install
solar panels. Obviously, there are details about how to effectively use these
land areas for renewable generation, but these figures are merely meant
for comparison. For instance, paving roads with solar gets a lot of atten-
tion, but it isn’t a great idea due to the dirt and abuse that results from
driving cars on solar cells. It’s better to think about putting solar panels in
highway medians and lofting panels over roads and parking spots.

All of these add up to 21 million acres. If we were to use only solar to
produce all our electricity needs, we would need nearly 15 million acres
for panels—more than two-thirds of all available roofs, roads, and park-
ing spaces. Clearly, we will need to put solar panels wherever we can fit
them. There is a camp of environmentalists that believe we'll power the
world with distributed (rooftop or community) solar, but the numbers
tell a simple story that we’ll need all of the distributed energy we can
harness, and we’ll need industrial installations of solar and wind as well.

Fortunately, we can also rely on the United States’ abundant wind
resources. Let’s take a look at where we can put wind turbines. Again,

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966477/c003400_9780262367288.pdf by MIT Libraries user on 03 August 2022



WHERE WILL WE GET ALL THAT ELECTRICITY? 69

Table 7.2 Major Land Uses

Human land use Million acres
Cropland used for crops 339
Idle cropland 39
Cropland pasture 12
Grassland pasture and range 655
Forest-use land 631
Rural transportation 26
Rural parks and wildlife 253
Defense and industrial 126
Farmsteads and farm roads 8
Urban areas 69
Miscellaneous other land 195

Source: Daniel P. Bigelow and Allison Borchers, Major Uses of Land in the United
States, 2012, EIB-178, US Department of Agriculture, Economic Research Service,
August 2017.

they can do double duty, harnessing wind on agricultural and range-
lands, among other places. Let’s look at table 7.2, which shows land use
in the United States.

Right away we can see that we have plenty of cropland, where we can
also put wind turbines. Idle cropland is ideal for turbines (and perhaps for
generating income for farmers). We also have massive amounts of grass-
land pasture and range that are similarly suitable for wind turbines. If we
set aside land used for urban areas, transportation, defense and industry,
rural parks and wildlife, and forests, we still have about 390 million acres
we could use for wind turbines. Some places will be more amenable to
wind than others—because of prevailing winds and politics.

There can be no “not in my backyard” with solar and wind energy.
Consider that fossil fuels are pervasive and pollute everyone’s back
yards—in the air, water, and soil. Over the decades, we have learned to
live with a lot of changes in our landscape, from electricity lines and
highways to condos and strip malls. We will also have to live with a lot
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more solar panels and wind turbines. The trade-off is that we’ll have
cleaner air, cheaper energy, and, most importantly, we will be saving that
land and landscape for future generations. We will have to balance land
use with energy needs.

NUCLEAR

Nuclear energy can and does work, but 50 years of debating it have passed
and we still haven’t agreed on the best way to handle proliferation and
waste issues. It’s not “too cheap to meter,” as was once predicted;'! in fact,
it is likely more expensive than renewables. The exact costs of nuclear
depend on whom you ask. For instance, operating costs of a particular
plant can be impressively low. On the other hand, many think the costs
should include military and disposal expenses necessary to maintain a
safe nuclear fleet, which significantly increases costs. There are many
more examples of such conflicts, leaving the true costs a matter of con-
siderable debate.

Nuclear has been a dependable source of baseload power, though.
Baseload refers to the most reliable energy resource in a grid service area
that you are least likely to lose or turn off. But experts now frequently
argue whether baseload is as important as previously thought.'? (In fact,
we will discuss this in detail in chapter 8.) We likely need less baseload
power than people think, and perhaps none at all, because of four fac-
tors: the inherent storage capacity of our electric vehicles, the shiftable
thermal loads in our homes and buildings, commercial and industrial
opportunities to load-shift and store energy, and the potential capacity of
back-up biofuels and various batteries.

The approximately 60 nuclear facilities and 100 reactors in the US
already provide roughly 20% (about 100 GW) of all our delivered electric-
ity (around 450 GW.) The problem is that nuclear plants take decades to
plan and build. In 2016, Watts Bar Unit 2 was connected to the grid—
it took 43 years from the beginning of construction to grid connection."
It was the first new reactor in the US since 1996."* Only a relative hand-
ful of new plants are being planned, and quickly scaling up nuclear
power would be difficult—due to politics, not inherent technological
limits.
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Another underappreciated problem is that current nuclear power plants
require river or ocean water to cool them down, which ends up heating
the water to levels that are deleterious to fish and plants. Two-fifths of all
fresh water in the US passes through the cooling cycles of thermoelectric
power plants. In many states there is not enough cool water available to
install more plants of this nature. The amount of nuclear power we could
potentially deploy using current technology is likely only double or triple
that we already deploy, and consequently would only supply around 10—
25% of our 1,500-1,800 GW target.

The United States could try to build nuclear plants faster. We could also
make them cost less by changing the regulatory environment, since the
interest rate on the money borrowed to build a nuclear plant can amount
to significant added costs. We could develop next-generation nuclear
technologies. We could use mass production techniques and economies
of scale to lower their cost. But that’s a lot of ifs, and it’s unlikely that
the country will do all of this before the combination of renewables with
battery storage proves itself to be far more cost-effective and politically
favorable.

Nuclear power is so fraught with problems that Japan shut down its
plants. So did Germany. China is also slowing down on nuclear tech-
nology. This isn’t because nuclear doesn’t work (it does) but because the
social, political, ecological, and economic question marks that surround
nuclear make it a long, hard road to expanding the world’s energy capac-
ity. And let’s not forget that it's more costly than solar.

The US Department of Energy itself has set targets of 5 cents per kilo-
watt-hour (¢/kWh) for rooftop solar, 4 ¢/kWh for commercial solar, and
3 ¢/kWh for utility-scale solar by 2030." Still, it’s unlikely we’ll elimi-
nate nuclear energy in the US, for reasons of national security. Unless we
completely disarm, it’s unrealistic to imagine the US pulling away from
nuclear power altogether. In order to address climate change, the likeliest
scenario is that we’ll mildly increase nuclear (fission) power capacity in
the US, but it probably won’t become the dominant energy source for all
the reasons I've explained. In other countries with very high population
density or a lack of renewable resources, nuclear or imported renewables
(most likely as electricity, or maybe as hydrogen or something similar) are
the only realistic options.
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All this probably leaves you wondering where I sit on nuclear. If I were
king of the world, I would do without it and live more simply. Given that
I can’t enforce that on my fellow humans, pragmatically I think nuclear
will have a place in the world’s future. But I think it would be irrespon-
sible to add more nuclear without much more investment in improving
nuclear technology, waste processing, and security.

But I may be persuaded otherwise. While writing this book, I spoke
with the founders of a Bill Gates—-funded fusion-energy company who,
like me, went to MIT. I think this company has a viable pathway to fusion
energy, but they themselves admit the challenges of time and cost. If
we believe their claims of 5 ¢/kWh generation and the timeline of their
first installed prototype, 2032, what they’re offering is still a bit expen-
sive, and too late. I want fusion to succeed, and I think it will. But I do
find that to be a slightly scary thought. My longtime friend, the wonder-
ful thinker and author George Dyson (son of physicist Freeman Dyson),
poses the question of what humans would do if energy were so cheap that
we could move mountains on a whim. I worry we would dominate nature
in a way that would make the world awful (think about the consequences
of fusion-powered bulldozers).

YES ... AND

We'll need a diversity of energy sources, so stop anyone who tries to tell
you about the answer. We can move past the arguments about how to
decarbonize by embracing “yes, and. . . .” Yes, and . . . if we can make
these energy technologies work at scale, we should. This applies to renew-
ably generated liquid fuels like ammonia, airborne wind energy, low-
energy nuclear reactions, cold fusion, and whatever else might emerge
from similarly creative lines of thinking. Yes, and . . . if cheaper biofuels,
or a synthetic fuel, or hydrogen work out as storage mechanisms, they
can come to the party.

“Yes, and . . .” allows for technological advances in carbon seques-
tration, or fusion, or something even more incredible to emerge—if we
invest in the right R&D, and if we get a little lucky. But, as I have said, it’s
too late and too dangerous to rely on miracles. Any precious capital going
to these other projects is not going to the zero-carbon solutions that we
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already know work. “Yes, and . . .” avoids arguments that distract from
the main players in decarbonization, while allowing that other technolo-
gies can all make small, but vital, contributions.

There is nothing that physically and technologically limits us from
doing it all with renewables. There are only cynical or specious argu-
ments that say we can’t. The biggest barriers remaining have the same
origin: inertia and the stubborn insistence on the current way of doing
things. This manifests as fossil-fuel subsidies and massive misinformation
campaigns. It’s also buried in old ways of doing things, like the state-
sponsored utility monopoly, which gives low interest rates to big projects
instead of to consumers who need to swap their gas heaters for solar and
heat pumps.

There will be trade-offs. More nuclear means fewer batteries but more
public resistance and, most likely, higher costs. More solar and wind
means more land use. What we cannot afford are plans that make no
progress because we are wasting time arguing over these issues before we
begin, or because we are over-investing in technologies that can’t scale
up sufficiently. The real test, given the urgency of our climate situation,
should be, “Is it ready to go to scale today?”

We need to act now.
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24/7/365

Renewables are intermittent sources of energy, but they complement one
another.

Everything that can store energy should store energy.

Every end use of energy that can be shifted to when the sun is shining or
wind is blowing, should be shifted.

By electrifying sectors that were previously not electrified, it becomes
easier to balance the grid.

We'll need to share electricity with our neighbors and borrow it back
from our friends.

We'll also need to expand long-distance transmission infrastructure to
send electricity across state lines.

Just as with fossil-fuel infrastructure, there are big cost benefits to over-
building capacity.

We critically need “grid neutrality” to allow our twenty-first-century

4 4 ¥4 4 4 Be ¥

infrastructure to offer the most benefits.

We've established how much energy we need, where it can come from,
and how it will make all Americans more comfortable without giving up
anything except bad air, corrupt politics, and dirty water tables. As you'll
see, if we can finance it appropriately, it will also be far cheaper (chapter
10) and will provide millions of new jobs (chapter 15). So why aren’t we
already electrifying everything as fast as we can?
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People who resist decarbonization often have vested interests in con-
tinuing to burn fossil fuels. Others just don’t like change. These dinosaurs
often wrap their opposition in a critique that renewables are intermittent,
expensive, and unreliable. They say renewables are fatally incompatible
with always-on, 24/7/365 electricity. Since renewables have outputs that
fluctuate—based on weather patterns, the seasons, and whether it’s day
or night—the concern critics raise is that supply won’t be able to keep up
with demand, causing brownouts or blackouts.

It’s true that we have come to expect that when we press a button, the
stove cooks and the lights go on, and when we turn the faucet, the water
is warm. Reliability was built in to the twentieth-century grid as part of
a grand bargain giving a monopoly to corporate utilities in exchange for
their assurances of 24/7/365 reliability and service to the under-served.
This deal worked pretty well through the twentieth century, but it left us
with a mixed bag of incentives that don’t motivate the energy sector to
decarbonize or innovate rapidly enough to address climate change." Rural
electricity co-ops serve another significant portion of US consumers and
have their own set of challenges that likewise slow our progress toward
the better world our children deserve.

Using renewable sources, we run into multiple problems when we
expect always-available electricity. There’s the 24/7 challenge of day and
night cycles (we need light when it’s dark), and there’s the 365 problem of
the seasons (we need more heat in the winter, just when the sun is lowest
in the sky, and we need more air conditioning in the summer, just when
the air around us is the hottest).

I believe that we already have the answers to these challenges; and
while it will be far from easy to implement them, the solution is simpler
than you think. Twenty-first-century business juggernauts were built on
the commodification of logistics—and we need to do the same for our
energy system. Although there is a lot of work to do, there is no reason to
delay a full-speed embrace of the clean-energy future we need.

Smoothing out demand minute to minute, hour to hour, day to day,
and month to month will require all the ingenuity we can muster. Fortu-
nately, America has loads of ingenuity. We have existing ideas that will
solve most of the problem. We'll also see that our connectivity to each
other is critical, as averaging effects, geographical effects, and the ability

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966478/c003900_9780262367288.pdf by MIT Libraries user on 03 August 2022



24/7/365 77

to lean on one another’s generation and storage capacities are the only
realistic ways to ensure reliable delivery.

This book is about outlining the pathway to “yes” so we can all go
fight for it, and I want to provide enough detail to quiet the plethora of
naysayers. So let’s look at the tricks we have to make the grid we need
work 24/7/365.

This is the hardest problem remaining in decarbonization. It’s not
go-to-the-moon hard, it's organize-many-things-to-work-together hard.
Sound familiar? That's what we did when we built the internet.

As I showed earlier, we can get the majority of the 1,500-1,800 GW
of electricity to power America from renewables. It is worth reminding
yourself that this means generating and delivering three to four times as
much electricity as we currently do. We won’t do this by tuning up the
old grid; it will require rebuilding the grid with new twenty-first-century
rules and internet-like technology.

THE 24/7 PROBLEM

The contemporary American home makes use of a variety of energy ser-
vices. Our needs for energy throughout the day vary. Most homes require
more energy in the morning (for showers, laundry, and breakfast) than
during the day. We need even more in the evening (for lights, heating
and cooling, food prep, dish washing, and entertainment). Demand
drops during the day when people are out—though it rises in offices and
industrial buildings. While we are out of the house a few things still stay
on, such as the fridge’s compressor, some lights, and always-on devices
like cable boxes, wireless routers, clocks, and timers. We have a big load
lump in the morning, a lull in the middle of the day, and a bigger lump
in the evening that reduces to a trickle overnight.

Added to hourly variation in demand, there are also daily differences
caused by weather fluctuations and larger seasonal variations.

Right now, depending on where you live, these various energy demands
are powered by some combination of natural gas, electricity, propane,
firewood, and oil. Switching to renewables for all of these sources solves
the carbon problem, but it does introduce tremendous load variability.
Imagine a family that has electrified its cars, furnace, water heater, cook
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stove, and clothes dryer. The whole family is out for the day, and the
load in the home is tiny. They arrive back in the evening, after the sun
goes down. Dad cooks dinner on the electric stove at the same time that
mom starts a load of laundry. One kid jumps in the shower to wash off
the day’s activities, and the other kid turns the thermostat up to warm up
after a day outside in the snow. Both cars get plugged in for a recharge.
The home that was using almost no electricity at 3 p.m. suddenly has
20-50kW of loads turned on, all demanding their share. This is the most
extreme case of load variability.

The thermal loads, when electrified, are big and heavy. Culturally, we
like high heat for cooking; cook-top manufacturers boast about high-BTU
burners. Electric heat pumps are very efficient, but similarly have very
high instantaneous electrical loads. Air conditioners, too, are notorious
energy hogs. Drying clothes is also inherently a high-energy process, as it
takes a lot of work to spin and evaporate all the water away. My wife and
my father would think it remiss if I didn’t espouse here the benefits of
line drying clothes, which makes them last longer and smell better—not
to mention that it’s a fabulous way to utilize free solar and wind energy.
Incidentally, it also highlights one of Australia’s proudest inventions, the
Hills Hoist outdoor clothesline (solar-powered!).>

We've been trained in instant refueling by our gasoline cars. If you
have already moved to an electric vehicle, you already know you need a
very big circuit to charge it quickly. On a typical 30-amp circuit at 120V,
you'll only get about 10 miles of range for each hour of charging. This is
why people move to higher currents and higher voltages for car charging,
typically 40 amps and 230 V. At these rates you can get about 25 miles
of range for each hour of charging. Some people even push for 480-volt
“superchargers.”

I have put sensors on my current house to watch how all the loads
work, and the mess that you get is shown in figure 8.1. If we look at the
minute-to-minute energy use, we can see that it’s completely crazy. Over-
night there might be a night light on, and then occasionally my refrigera-
tor compressor switches on, and the total load on the house is not even
100 W. However, if we are charging two cars, using the induction stove to
cook dinner, running the dishwasher and clothes dryer, and heating the
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LOAD PROFILE FOR A SINGLE HOUSE

14
B Heat pump
12 [ Electric range / oven
Bl Refrigerator compressor
10 EV charger
) B2 "Always-on" devices
T 8
3
)
< 6
4|
2 |
] y ; :
24 48
Hours

8.1 Measurement devices such as Sense(™) can let you look in incredible detail at your
energy use. This load profile, from March 10-11, 2020, highlights the challenges of our
all-electric future.

house and the hot water system, the house needs something like 25 kW.
Running everything at the same time is a bad idea.

Load variability is difficult for an individual house like mine. If my
house were the only house on the grid, the grid wouldn't be able to meet
my loads. It takes time to “spin up” a coal or natural gas plant. (Spinning
up refers to literally spinning the generator that creates the electricity.) If
mine were the only house, I'd flick the light switch, or turn on the TV,
and wait an hour for the coal plant to be fired up and start sending me
electricity. This is why it is useful to think about groups of homes, and our
averaged loads. Not all homes are exactly the same, and if we start pool-
ing everyone’s homes together, where people cook dinner and shower at
different times, the loads start to balance out. But while pooling evens
out minute-to-minute variations, the demand still varies throughout the
day (just like traffic!l). There are people called grid operators who carefully
plan out and manage the generation connected to the grid to give us
what appears to be a constant supply of electricity. They spend their time
matching supply (generation) to demand (load). When it goes wrong,
we experience brownouts and blackouts. Load management is critical,
both for the current grid and especially for the grid of the future. We rely

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966478/c003900_9780262367288.pdf by MIT Libraries user on 03 August 2022



80 CHAPTER 8

ELECTRICITY USE OF AGROUP OF HOUSEHOLDS
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8.2 If we group a bunch of houses together to average out the exact moments we turn
lights on and boil kettles, we get this cartoon of residential house electrical loads on
which we can overlay the solar generation curve.

upon each other’s loads and these averaging effects to make the grid work
today, and this interconnectivity will be even more important tomorrow.

Collectively, the 24/7 variability of all our individual homes can be
seen in daily demand curves, where we have a small peak in the morn-
ing, a slump in the middle of the day, a big increase in the evening hours
when everyone gets home, and a drop-off through the night. This is
drawn as a cartoon in figure 8.2. California has progressive energy poli-
cies, and as with many things is an early adopter of green energy. More
and more people are putting solar on their rooftops and using it “behind
the meter,” meaning they meet the loads of their own house through the
middle part of the day. This is poorly matched with the typical daily elec-
tricity consumption profile, and this mismatch manifests as the “duck”
curve shown in figure 8.3, famous because it resembles . . . a duck. More
and more people produce solar on their rooftops, which peaks in the early
afternoon then drops off as demand rises dramatically in late afternoon
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DUCK CURVE, MARCH 31
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8.3 The "“duck curve” shows the impact of behind-the-meter solar energy on grid
demand in California. Each year, as more solar is installed on rooftops, the belly of the
duck gets fatter.

and evening. Each year we put more solar behind the meter, the middle
of the day draw from the grid decreases, and the belly of the duck gets
fatter.

THE 365 PROBLEM

The duck curve is not the only supply/demand challenge in the new world
that is emerging; there is also the seasonal problem. There is more sun-
shine in the summer and more wind in the winter. People have known
this for millennia, and it is represented in collective data we can take
from all the country’s wind and solar farms.

Added to that problem, we need more heat in the winter, and we like
more air conditioning in the summer. It turns out that we also drive a
little more in the summer, and we use more electricity for all of the other

things in our house in the winter, when we are indoors more often. These
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SOLAR AND WIND VARIATION ANNUALLY
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8.4 Solar and wind vary annually, as is intuitive to those of us who follow the seasons.

phenomena manifest themselves as the seasonal load profiles which we
can determine by looking at the annual data compiled by the Energy
Information Administration on electrical loads,® petroleum use (transpor-
tation mostly), and natural gas (heat, but also electricity).

So our 24/7/365 problem is plain to see: our loads change minute
to minute, hour to hour, and day to day; and as the weather changes
throughout the year, so do our seasonal loads. The question then becomes
how we can deal with it.

MATCHING SUPPLY AND DEMAND—THE SOLUTIONS

Few people, if any, really get to step back and look at the entire energy
picture to address the problem of matching supply and demand. Unfor-
tunately, it just isn’t anyone’s job description. Most people in the energy
world look at their small piece, like transportation fuels, grid balancing,
or natural-gas supply. To gain confidence that the future we seek is really
possible, we need to look at all of these energy flows at once. We need to
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know how to convert non-electrical loads like natural gas for heating into
electricity. Only then can we balance all of our energy uses. We'll see that
we have existing ideas that will solve most of the problem, and we'll also
see that our connectivity to each other is critical.

BATTERIES, BATTERIES EVERYWHERE (AND NOT A DROP OF
OIL TO DRINK)

Addressing the variability problem will require a lot of storage, mainly in
the form of batteries. Everyone knows this, but we need to think bigger
about what batteries are.

The US will have to create lots of storage for renewable energy. In our
fossil-fueled world, we already have vast storage facilities, so it’s some-
thing we already do at scale. Natural gas is stored in giant underground
caverns. America has around 4 trillion cubic feet of natural gas storage
capacity,* which is roughly a month’s supply. The infamous Porter Ranch
gas leak in Southern California, at one such storage facility, resulted in
an enormous leak of methane, a potent greenhouse gas. The US strategic
petroleum reserves in Louisiana and Texas contain hundreds of millions
of barrels of oil—but that’s only about 30 days of US consumption, a tes-
timony to how much oil we use! Most coal plants stockpile enough coal
for a month of generation.® These energy-storage systems are required to
balance supply with demand in the face of fluctuations, whether it be a
cold snap, a compromised pipeline, or an oil embargo.

The most straightforward approach to supplying reliable electricity is
to build storage infrastructure that allows us to deposit extra electricity
when we have it, and withdraw it when we need it.

Chemical batteries, not unlike the AAs you might immediately imag-
ine, can store electricity directly. They are quite expensive but their costs
have been falling quickly. Lithium-ion battery prices were above $1,000/
kWh of storage capacity in 2010, fell to $150/kWh in 2019, and are pro-
jected to be $75/kWh by 2024.° As a result, large-scale deployment of
batteries is becoming a realistic possibility. Chemical batteries are best
at ironing out the short-term or daily variations in electricity. They’re
excellent at storage on the order of one hour, one day, or one week, but
they won't help us store energy for winter, as they would be prohibitively
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expensive if we only charged and discharged them once a year—it would
take 1,000 years to get the benefit of the capital investment!

Still, contemporary lithium batteries only last around 1,000 cycles.
They can be pushed a little further, but even then, the cost is high, about
10-25¢/kWh for each storage cycle. It's important that manufacturers dou-
ble or triple battery cycle life, which will make the storage cost for each
cycle mere pennies per kWh.

The energy game will change forever when the combined cost of roof-
top solar and battery storage can beat the cost of the current grid. My
battery-bullish friends think about this as the energy singularity, the
moment when batteries cost less than grid transmission. I'm a tad less
bullish—it will change energy economics in a very fundamental way, but
we will still need the grid and all of the other tricks in balancing it. In
some markets, this moment is already here, or very near. Remember that
the average US cost of grid-based electricity is 13.8¢/kWh. If rooftop solar
achieves the price point it has in Australia of 6-7¢/kWh, and if batteries
achieve a price point of around the same 6-7¢/kWh per storage cycle,
then we will have arrived at that moment when our battery storage can
beat the grid on cost, and in a way that can be built out incrementally,
without massive investments. If we halve the capital cost of batteries one
more time, and double the cycle life, we will be in that future. It is only a
matter of time. If we move faster in this direction, we will bring the future
forward and have a better climate outcome.

Given that batteries are currently expensive and will never be free, we
should think about all of the other things in our everyday lives that will
require batteries or can be used as batteries. The batteries in electric cars
will represent an enormous storage opportunity. If all of America’s 250
million vehicles were electrified, they would have the capacity of about
20 terawatt-hours (TWh), enough by themselves to balance out the daily
fluctuations of our new electrified world. To follow our assumptions, go
with 80 kWh for each battery, enough for around 2-300 miles of range;
250 million of them is 20 TWh. Given that we're often using our cars, we
wouldn’t use all of their batteries’ capacity, but the grid will still benefit
hugely from their contribution.

Besides America’s car batteries, our 120 million homes and 5 million
commercial buildings have an enormous number of hot water heaters,
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refrigerators, and HVAC systems, all of which can be used to store energy.
This type of battery is thermal energy storage, where instead of storing
electricity directly, it is converted to heat (or cold) in our refrigerators or
HVAC systems. In this future, where we’ll have excess (solar) energy in the
middle of the day, it is critical to store that away to keep our refrigerators
cold and homes warm overnight. This is not radical, nor is it expensive—
people already run water heaters when electricity is cheap and store the
hot water for later use.

We need to find and take advantage of as many of these opportunities
as possible. For instance, an inexpensive thermal storage system the size
of your clothes washer and dryer could store an additional 25 kWh per
household—about another 3 TWh of electricity across the US. There are
already companies that sell ice-storage systems for air conditioning. We
could freeze the water when energy is cheap, and use that coldness at the
hotter times of day when electricity is more expensive.

We have other types of batteries. Pumped hydro is a form of mechani-
cal battery. These systems use electricity to pump water uphill when the
wind is blowing or the sun is shining, then let it run through a turbine
to generate electricity on the way back down, when the sun is down and
the wind is still. Pumped hydro is cheap and can work with our existing
hydroelectric infrastructure. Right now, 95% of our grid-connected bat-
tery capacity is pumped hydro. It is good for short- and mid-duration
storage, but current reservoirs are not big enough to store the differences
between our seasonal uses. There are other mechanisms that can store
energy, such as flywheels, compressed air, and hydrogen. For a multitude
of reasons, they are highly unlikely to be the major players in grid-scale
storage, so we'll talk about them later, in appendix A.

Using biofuels to bridge seasonal gaps can also be significant. Take
wood, the best-known biofuel. We used to measure energy in cords, a 4ft.
x 4ft. x 8ft. pile of lumber. Common wisdom holds that a house needs
three cords of wood for the winter. With minimal management, the aver-
age acre can sustainably produce 1 cord per year, and 1.5 cords with some
effort. There’d be no winter storage problem at all if every person had
5-6 acres of forest (but there might be an air quality problem). As my
dear old friend David MacKay said, “For forest-dwellers, there’s wood.
For everyone else, there’s heat pumps.”” I'm not proposing going back to
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firewood—although that can be a carbon-neutral form of winter heat if
done correctly, but not for everyone, not at national scale! Thinking more
broadly about winter firewood lets you imagine our substantial biologi-
cal waste streams as a potential winter battery. Waste from agriculture,
sewage, food, and forestry could be a “battery” that easily bridges the
summer-winter divide if we were to store it as a biofuel for that occasion.
These waste biofuels are a resource equivalent to about 10% of our cur-
rent energy supply. To what extent biofuels become part of our seasonal
battery will depend on technological, economic, and policy details.

Using all of our varieties of batteries, on the grid and behind the meter,
is what is necessary to make 24/7/365 sustainably generated electricity a
reality.

Storage is not the only pathway to matching supply and demand, and
it alone is not enough. Two other techniques are demand-response, and
over-capacity, and both will likely be cheaper than batteries.

ELECTRIFYING EVERYTHING STABILIZES OUR LOADS

In the same way that the internet gets better with more users, balancing
the grid gets easier as we electrify more things.

When the US electrifies everything, in addition to homes we are elec-
trifying the transportation sector, the commercial sector, and the indus-
trial sector. These sectors are even larger users of energy than our homes,
and just as averaging the loads of all of our homes makes it easier to
electrify everything, so too does electrifying all sectors and linking them
to our new twenty-first-century grid.

When we leave our homes for the day, many of us go to our jobs in
industry or commerce, and consequently we take our loads with us.

We turn the lights off in our homes but turn on the computers and
cash registers and production lines at our workplaces. Taking advantage
of this can further balance our loads and match them to renewables.

We need to contemplate the very important links between energy and
culture and society. Because coal plants are expensive and difficult to
shut down (it takes as long as 8 hours to turn them back on again), we
keep them running all night. Because of this we have wound up with an
excess of cheap electricity at night—something people historically took
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advantage of to heat their hot water. We made electrical loads after dark
to consume that cheap energy. We changed our energy system and our
energy system changed us. Contemplate for a second how this is partly
responsible for what Las Vegas is today!

We reacted to cheap power at night by creating night shifts in heavy
industry so that industry could consume that power. In a solar- and wind-
powered world we will have the opportunity to rethink some of these
decisions. I don’t know a lot of people who love working the graveyard
shift, so this could provide a benefit to many workers.

The big loads in industry and the commercial sector that can be shifted
will help a lot. A huge amount of energy is used in the cold-chain, which
refers to the set of refrigerated warehouses, vehicles, and other storage
depots that keep our giant food supply cold and fresh. This load is shift-
able without compromising any of the food; we just choose when to run
the compressors that drive the refrigeration that keeps the system cold
and manage the temperatures more carefully as though in an icebox. In
every sector, everything that can be a battery, and everything that can
shift a load, should do so.

Even our steel mills and aluminum smelters will be critical and offer
shiftable large loads that can be moved to match supply. Together, the US
steel, paper, chemical, and food and beverage industries consume about 6
billion kWh per day.® That is the equivalent of 50 kWh per household—a
huge home battery. Manufacturers can still produce the same amount
of goods in the long-term, but they can match their major loads to the
available energy supply over time. You can imagine that maintenance
might now be scheduled for the winter period when solar production is
low. When there is ample energy, they can over-produce goods. It is often
cheaper to store products than it is to store electricity directly. We already
warehouse summer grains so that we can eat bread in the winter. We
could expand this seasonality to our durable goods, offering companies
cheap electricity so they can make hay when the sun shines.

DEMAND RESPONSE: BALANCING THE LOADS

Besides storage, another tool to balance the grid is to adapt demand-side
loads to account for intermittent supply. We already commonly use this
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kind of demand response. In our current energy landscape, electricity
is cheap at night, because demand is low and it is too hard to turn off
the fossil fuel plants. People set the timers on their pool pumps and hot
water heaters so that they turn on at these times. In the future, the cheap
electricity will be in the early afternoon because of solar—we’ll just need
to change the timers.

A typical house currently uses around 25 kWh of electricity every 24
hours. If you electrified the two cars in the driveway and drove each of
them the American average of approximately 13,000 miles per year, then
the cars’ combined constant equivalent load would add an additional
~20 kWh per day. Electrifying everything currently powered by natural
gas—hot water, space heating, and cooking—represents a further ~30
kWh load (provided it’s done efficiently with heat pumps; otherwise it’s
closer to ~80 kWh). Electrifying the whole household roughly triples the
amount of electricity it requires—and this will eliminate the need for
gasoline and natural gas. While this might initially seem like a problem,
adding thermal loads and connecting electric vehicles to the house pro-
vides greater opportunity for these machines to take turns sucking up
some sunshine. This technique is called “demand response.”

Many residential and commercial loads are flexible—for example,
swimming pool pumps don’t really care what time of day they run. By
networking these devices, their demands can be timed to when the sup-
ply can accommodate them. Further, by networking across multiple
houses we can ensure that everyone in a given neighborhood doesn’t
turn them all on at the same time. Doing this will significantly reduce the
peak loads exerted on the grid, increasing reliability and offering savings
in transmission and distribution.

In my own home, I am building out the system to balance all my
loads. I will have the largest solar-panel system I can fit on my roof. It
will produce about 20 kW nominal power (the amount of energy pro-
duced around noon on a sunny summer day). It will average about 4.5
kW through the day, and produce about 100 kWh/day. This is enough
to power all my loads: an electric vehicle and several electric bikes and
skateboards. The hot water heater is driven by an electric heat pump, as
are all of the heating systems. The induction stove and oven are electric.
All of the heating required for my home will happen in the middle of
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UNCONTROLLED LOAD PROFILE
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8.5 Load profile for a “typical” house, demonstrating how demand response can move
the great majority of loads into the supply curve dictated by solar energy.

the day, when solar production is the highest; heat will be stored for
overnight use. The system will charge the car as the next priority, because
it requires the biggest load of all. A timer can make the dishwasher and
clothes washer operate during times of maximum load availability. I'll
be able to squeeze the great majority of our energy into our daily solar
window, but not all of it, so I'll still need a grid connection to iron out
the fluctuations. I have to do some custom work on the electrical systems
and controls, but these types of solutions are being developed all over the
world and will only get easier and cheaper to implement. They also repre-
sent giant business opportunities to those who come up with the answers
and make them simple, even invisible, for consumers to use.

In their publication “The Electrification of Buildings,” the Rocky
Mountain Institute explains what demand response is and what it does.
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Figure 8.5 shows the before and after of demand response. Much like the
load profile for my house, the original demand is a very choppy profile
of electricity use throughout the day. Using as many demand-response
tricks as we can, the majority of that load can be squeezed under the solar
generation curve. This picture gets better the more people network their
houses and the larger the pool of supplies and demands there are to share.

YOUR WIND, OUR SUNSHINE, YOUR NUCLEAR, OUR HYDRO

The country will need lots of long-distance transmission infrastructure so
that your sunrise powers my breakfast and my sunset powers your late-
night TV.

If we have 10 wind turbines in California, there are days where the
wind won’t blow, and we don’t make much power. If we have 10 in Cali-
fornia, 10 in Idaho, 10 in Texas, and 10 in North Carolina, on any given
day, there is an excellent chance that they are collectively producing
power. Similarly, if it is overcast in Virginia, the sun is probably still shin-
ing in Florida and New Mexico. The bigger the geographic region we con-
nect to the grid, the higher the likelihood that we can produce power all
of the time. The contiguous 48 states span four time zones, broadening
the solar window. East-Coast sunshine can help states in the middle of
the country through their early morning rise in demand. Late-afternoon
California sunshine can power the last demands of the evening peak in
Chicago. The evening breezes over the plains can get California through
the night and help the East Coast rise.

Long-distance transmission of electricity was necessary in the twenti-
eth century because we had a hub-and-spoke model of electricity distri-
bution. Giant generating plants at centralized locations connected to our
homes via transmission and distribution lines. A new grid, with widely
distributed renewables, needs this long-distance transmission even more.
Keeping some of the twentieth-century generation technologies can
make things easier. There are currently around 100 GW of nuclear elec-
tricity feeding the grid. This baseload resource can fill in gaps everywhere.
Expanding its capacity could further ease supply anxieties around the
country—but this is predicated on transmission that goes farther and car-
ries more electricity.
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Moving energy in quantity from north to south, from east to west,
makes the 24/7/365 problem just that much easier. It gets easier again if
Americans share with our international neighbors, with Canadian wind
and Mexican sunshine helping to bolster supply. Just like the internet,
the more connected we are, and the bigger the wires, the better it gets.
The grid already has major interconnections that cross time zones and
state boundaries. We don’t need to imagine magical new technology
here; we need to commit further to the things we already know how
to do.

ABUNDANCE!

Here’s a radical idea for you. We have become so obsessed with efficiency
and scarcity in our conversations about the future of energy that we’ve
forgotten to imagine a world that is driven not by scarcity, but by abun-
dance. This abundance is overcapacity, and it’s something used in the
current energy system; it is going to be one of the cheapest ways to pro-
vide safe, clean, reliable energy in our renewable future, too.

One example of this is natural-gas “peaker plants” in our existing
energy system that generate electricity only during peak times. They spin
up, for instance, in the late afternoon to meet the demand for the eve-
ning peak. They don’t operate all day, so in that sense, they are under-
utilized. In other words, they represent an overcapacity. Another (less
obvious) instance of overcapacity is the nation’s automobile fleet. Sup-
pose we could perfectly utilize all of our cars, all the time. That would
mean we would need far fewer cars to meet our needs. But because our
needs to move ourselves and our stuff are variable, that perfect utiliza-
tion is impossible—though ride-sharing services are working toward this.
Right now, if we ran all of our car and truck engines at full power at the
same time, it would represent something like 40 TW of generating capac-
ity. In reality, our cars only use about 1 TW of power, on average, so we
are something like 40 times overcapacity.

So here’s a crazy idea: given that wind- and solar-generated electricity
are now the cheapest energy sources at about 2-4¢/kWh, instead of fret-
ting about decreased supply during the winter, let’s just design the system
to meet that winter minimum, and have an oversupply and overcapacity
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YEARLY ELECTRIFIED DEMAND VARIATION BY SECTOR
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8.6 Modeled seasonal variations by energy sector if loads were almost completely

electrified.

the rest of the year. I'm not the only person thinking about this not really
so radical idea.’

In figure 8.6, I have crudely modeled the surpluses and shortfalls over
the year of an energy system where all sectors are electrified and con-
nected, and the patterns of wind and solar generation we already see on
the grid are scaled up. We see a winter peak in demand because of heat-
ing, and a smaller summer peak due to air conditioning. Similarly, we
can model future electric supply by assuming current seasonal patterns
of solar and wind generation. I have also used data on utility-scale solar
and wind plants'® and extrapolated the generation patterns to construct a
hypothetical zero-carbon electricity supply. I include 50 times more solar
capacity than we currently have and 30 times more wind. I also double
the current nuclear and hydroelectric supplies. Not surprisingly, in figure
8.7, we see a summer peak due to the high degree of solar.

Conveniently, the wind blows more in winter, so these two supplies
work to mostly balance each other out. Unsurprisingly, January is the
month with the lowest supply, and our highest supply is in late spring
when the wind is still blowing strong and the sun has reemerged.
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FUTURE MODEL OF SUPPLY

2TW

15TW

7
_

Electricity Supply

2

Sep ct  Nov Dec

8.7 Seasonal variations of a total US supply based on majority generation by wind and
solar (using existing historical production patterns of wind and solar as the basis), with a
small increase in baseload nuclear and hydroelectricity.

Putting our new supply and demand pictures together, we can exam-
ine the surpluses and shortfalls over the year. We could try to use sum-
mer excesses in supply through some magical storage technology to
meet the peak winter demand. Alternatively, we could just produce
much more energy than we need in the summer, and have the winter
minimum of supply hit the demand maximum. We show this in fig-
ure 8.8. To reliably provide enough electricity for all demands, all year
long, we’d only need to overbuild our supply capacity by about 20%. At
2-4¢/kWh for grid-scale electricity, that would only increase the cost of
our generation capacity by 0.5-1¢/kWh. This is a much cheaper option
than any of the batteries I have discussed above. Given that we have a
pathway to 6-7¢/kWh electricity on our rooftops, and industrial wind
and solar is around 4¢/kWh, it doesn’t strike me as crazy that energy
producers will add an extra 20% for the peace of mind it will bring.
This summer energy excess will likely be absorbed in the production
of hydrogen or ammonia or even in the scrubbing of carbon from the
atmosphere.
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8.8 An oversupply of energy production capacity, much as we already have today,
enables us to use renewables to confidently meet our seasonal challenge of the peak
winter load corresponding to the winter renewables production minimum.

We can balance our demands and our supplies, and we can do it with-
out fossil fuels; we just have to throw out some old ways of thinking. Our
clean, carbon-free future is going to be an age of abundance.

To make all of these tricks work in concert, which is enough to solve
the problem, the critically missing ingredient is a grid that can tie it all
together.

A TWENTY-FIRST-CENTURY GRID

In 1973 and 1974, a small group of researchers working on ARPANET, the
precursor to the modern internet, designed a set of protocols commonly
called TCP/IP that determined how information would flow over the net-
work. They invented the unit of information called a packet.

The great innovation was a protocol that ensured that all packets on
the network were treated equally, no matter what data they contained,
where they came from, or where they were headed. This architecture
was explicitly designed to scale and to adapt to changing technology,
and it did, growing from a small academic and military network into
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the modern internet, which comprises billions of connected devices that
send and receive uncountable packets across it.

It should be our goal to enable a similarly decentralized electrical net-
work protocol that allows the rapid movement of “packets” of electricity
between billions of connected loads and uses them as needed for stor-
age and balancing. The analogy breaks down a little because the internet
can be purely digital, whereas managing the flow on the electricity grid
isn’t about managing discrete packets but rather voltages and currents—
but is still a directionally appropriate North Star that the US should aim
for. People have implemented such systems on a small scale, often call-
ing them micro-grids, but fully electrifying the US’s energy system will
require the creation of a decentralized network of all the energy supplies
and loads in a plethora of overlapping, connected micro-grids.

We could get to a point at which we can truly share, at scale, all of the
demand-response possibilities, and all of the storage and battery oppor-
tunities in all of our homes and vehicles. Small amounts of storage every-
where add up to the giant battery we need.

Right now, if you have solar panels, you may sell some of your energy
back to the grid, but often with caveats, such as the requirement that you
can only sell back as much as you use so the accounts balance to zero at
the end of the month. We need to make it universally possible for house-
holds to connect as much solar and storage as they like. Similarly, the
policymakers need to empower citizens to offer their vehicles and appli-
ances as part of a connected, nationwide demand-response infrastructure.
Our future system must be more innovative than time-of-use pricing and
more flexible than net-metering. We need a grid that treats everyone con-
nected to it as both a supply and a demand, a load shifter and a battery.

Let’s start demanding grid neutrality. Join the board of your rural co-
op. Write your representatives. Get elected to a state utility commission.
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REDEFINING INFRASTRUCTURE

Americans need to stop imagining that focusing on small “green” con-
sumer purchases will save the planet.

Instead, we need to focus on a small number of big purchases that define
our personal infrastructure.

Our personal infrastructure will be critical to the shared infrastructure of
our twenty-first-century energy system.

Redefining infrastructure allows us to think about new ways of financing
these purchases.

4 4 ¥ 14

Infrastructure comprises the basic physical and organizational structures
and facilities required for the operation of a society or enterprise. We cur-
rently think of infrastructure as mainly dams, roads, rails, and bridges.
But to build a clean economy, we need to expand this definition of infra-
structure for the twenty-first century.

Where twentieth-century infrastructure largely emphasized a supply-
side view of the world, the twenty-first-century infrastructure encom-
passes the demand side as well. It is not just the roads that matter, it's
the vehicles on them and the batteries inside those vehicles. It is not just
where the transmission lines go, but what is wired up at the end of them:
the water heaters, ovens and stoves, heat pumps, and refrigerators. And
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the end consumer is not only connected to the grid, but also to everyone
around them.

We need to redefine infrastructure for three reasons. The first is that it
helps us as individuals focus on the big things that will move the needle
substantially with respect to our personal CO, emissions. The second is
that it enables us to clearly see the connection of our personal things (fur-
naces, cars) to our collective things (the grid, transmission lines). Thirdly,
and most importantly, it allows us to think about new ways of financing
these purchases.

YOUR PERSONAL INFRASTRUCTURE

Redefining infrastructure starts with our personal infrastructure, which
is what we need to pay attention to in order to help address climate
change. What makes up our personal clean-energy infrastructure are the
machines and appliances we use daily—though they are often invisible to
us—that determine our large carbon footprints. These big-ticket items in
our households—cars, furnaces, water heaters, stoves, and dryers—along
with our decisions about what to fuel them with, drive more than 40%
of US emissions today. If we add small business and commercial business
decisions around these same things—how we heat our offices and what
fuels our company cars use—we are making the choices that create more
than 60% of our emissions. This is why we need to understand each of
these purchasing decisions as infrastructure. We can make them well and
have a huge impact on our emissions.

Environmentally concerned citizens today pay a lot of attention to
small daily purchasing decisions and make complicated moral calcula-
tions about grocery bags, synthetic meat, vacation flights, and plastic
packaging. Of course, every little bit counts, but this thinking, as we've
seen, is mired in the efficiency framework of the 1970s (Reduce! Re-use!
Recycle!). These purchasing decisions make a little difference but aren’t
ambitious enough to solve our larger carbon problem.

We need to think bigger. We need to fundamentally rethink our infra-
structure so that doing the right thing is baked into the world we inhabit.
If America designs its infrastructure right, we will be able to live our lives
without sweating all the small things.
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We need to start prioritizing the big, infrequent decisions that really
matter to the decarbonized future. Where do we live? How do we get
around? What do we drive or ride? How big is our house? What’s on our
roof? What’s in our basement? What appliances are in our kitchen? Are
they all electrified?

If you invest in the right personal infrastructure, you can be part of the
solution to climate change merely by waking up and going about your
daily life.

To be a good climate citizen, you just need to make four or five big deci-
sions well. These are purchases (or investments) that are made roughly
every decade—what’s in your garage, on your rooftop, and heating your
house. Choose wisely, and you can pretty much forget about the day-to-
day hand-wringing. These infrequent decisions are the ones that lock us
into using either a lot of energy or a little, and spewing carbon dioxide
or not.

Here are the main purchasing decisions climate-conscious people
should worry about:

1. Your personal transportation infrastructure: Everyone’s next car,
and every subsequent car, should be electric. (Of course, public transit,
bicycles, electric bicycles, electric scooters, or anything that isn’t pow-
ered by fossil fuels are even better options.)

2. Your personal electrical infrastructure: Everyone should install
solar on their roofs at the next opportunity, whether that be a retro-
fit, replacing shingles, or when buying or building a new house. You
should be installing enough solar to power your electric vehicles and
electrified heating systems, not just the small solar systems of today
that only accommodate your existing electrical load.

3. Your personal comfort infrastructure (HVAC): Replace furnaces and
gas- or oil-fired heating systems with electric heat pumps. Additionally,
it is wise to insulate and seal homes. If you are replacing your flooring,
it is a perfect time to install radiant hydronic heating systems. Choose
efficient air conditioning, and buy systems that allow you to heat and
cool only the rooms you are in, instead of the whole building.

4. Infrastructure in your kitchen, laundry and basement: Choose
the most efficient and electric refrigerators, dryers, stove-tops, ranges,
water heaters, and dish and clothes washers that are available.
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5. Your personal storage infrastructure: As the country becomes increas-
ingly electrified, there will come a moment when a small home battery
will make economic sense to install as a backstop to personal energy
demands (and this will also make the grid more robust). We don’t need
to argue; in the spirit of “yes, and,” there will also be grid-connected
batteries. The point is that there is enough storage required that every-
one needs to participate. Cost will be the ultimate decider, and I'm
going to bet we’ll do more storage closer to the end use, because then
transmission and distribution costs will be cheaper.

6. Your community infrastructure: Support clean-energy infrastructure
in your community and state, so that all of your personal infrastruc-
ture is connected to carbon-free electricity sources. Advocate for solar
cells over your school and church’s parking lots.

7. Your personal dietary infrastructure: It is not as obvious to think
about your dietary choices when discussing infrastructure, but the
decision to eat less meat, or become vegetarian or even vegan, is one
with a very high impact on your energy and climate emissions. While
strict vegetarianism is not necessary, a decision to shape your diet in
line with a hot, crowded planet has positive impacts for you and the

environment.

If we all make these choices, this will go a long way toward addressing
climate change in our own lives and in our communities. We also need
to lobby our landlords, friends, and family members to make these same
choices. Think about the potential of our personal infrastructure at scale.

CONNECTING PERSONAL INFRASTRUCTURE TO OUR
COLLECTIVE INFRASTRUCTURE

Understanding the connection of our personal infrastructure to existing
infrastructure allows us to see our homes and cars as the batteries that are
critical to this neighborly infrastructure in a clean, electrified world. Of
course, the US can’t get to a zero-carbon world purely through citizens’
personal consumer decisions—we critically need government and indus-
try. But the easiest emissions for us to eliminate as individuals are those
we directly control as everyday consumers.
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The last few decades have seen the rise of the sharing economy; people
can rent out their homes or rooms with Airbnb, and shared bicycles and
scooters are now part of our transportation infrastructure. Everyone’s
internet is richer and better because we all contribute content through
Instagram and YouTube.

Americans need to get comfortable with the fact that balancing our
whole energy system is going to rely on shared infrastructure, which
emphasizes the need to write the rules of the road for how all of those
things connect carefully and without bias. We could of course do it all
individually, with everyone trying to buy a big enough battery to handle
their own loads, but that would be the most expensive way to decarbon-
ize. Clever and connected personal and community infrastructure is the
key to reducing costs for everyone.

THE FINANCING JEDI MIND TRICK OF NEW
INFRASTRUCTURE

How we are going to pay to electrify everything is going to be hugely
important. The personal infrastructure of our lives is critical to the infra-
structure of the twenty-first century, so it should be accessible to every-
one at the lowest costs possible, including financing. If a small portion of
my car battery will be used to balance the grid, and occasionally the grid
uses my heat pump and hot water heater to shift loads, then why should I
pay retail credit-card interest rates on those objects instead of low interest
rates more appropriate to infrastructure?

Redefining infrastructure allows us to contemplate the intriguing
notion that the US might be just an interest rate away from a climate
cure. As we’ll see in the next chapter, lowest-cost infrastructure-grade
financing is crucial. These pieces of personal infrastructure are individu-
ally expensive, and very few people will be able purchase them in cash,
so financing will be the key to cost effectiveness.

We need to turn the climate conversation to fixing both our industrial
infrastructure and the infrastructure of our lives. If we build poor infra-
structure or make poor choices at critical purchasing moments, then we
will lock in undesirable carbon output, and we will fail. If America builds
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good infrastructure and supports good decision making, we’ll all be able
to live well, use energy effectively and efficiently, and address climate
change without having to think about it every minute of our lives. I am
reminded of my late friend David J. C. MacKay’s maxim “every big thing
counts” in his wonderful treatise on energy, Sustainable Energy without the
Hot Air.

It’s the 2020s, and with a twenty-first-century definition of infrastruc-
ture, we can see our way to a clean, electrified world.
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TOO CHEAP TO METER

[ Technological improvements in the last two decades have reduced the
cost of critical technologies—-solar, wind, and batteries—-to below that
of fossil fuels.

[ The scale of a project to decarbonize the US is sufficient to drop the cost
of renewables by half, such that they trounce the cost of fossil fuels.

4

We need to look at the total cost of electricity, including transmission
and distribution, not just the cost of generation.

[ The cheapest energy system will maximize household, local, and com-
munity generation and blend it with industrial renewables.

We have the technology to create a carbon-free future, but can we afford
to make the switch? It seems sacrilegious to discuss costs when consider-
ing the future of our planet, our species, and the beautiful critters and
plants we share the earth with. It’s dismal to have to justify the “eco-
nomic cost” of doing the things that will make our future better. But I will
sharpen my pencil and show you how, in fact, the carbon-free future will
save everyone money.

We have the opportunity to solve climate change and make energy
cheaper in the future.
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ELECTRICITY IS CHEAP, AND GETTING CHEAPER

Already, generating clean electricity is extremely cheap, and getting
cheaper, and some of it will be cheaper still when it’s behind the meter—
provided policymakers don’t screw up by implementing the wrong rules
and regulations, as I will discuss in chapter 14.

When energy nerds compare the prices of different types of energy,
they talk about the levelized cost of energy (LCOE). This is how much
a particular technology costs per kWh of produced electricity when all
lifetime costs are taken into account (such as building, operating, and
decommissioning a plant). The same energy nerds talk about the capital
costs of energy equipment as $/W. The asset-management firm Lazard,
which tracks LCOE to guide investments, has data showing how much
cheaper renewable energy sources are compared to fossil fuels.' The latest
report places utility-scale solar at ~3.7¢/kWh and wind power at ~4.1¢/
kWh. Compare this with natural gas, which clocks in at ~5.6¢/kWh and
coal at ~10.9¢/kWh.

These impressively low LCOE numbers apply to utility-scale installa-
tions. Oddly, though, rooftop solar can be even cheaper because if you're
generating electricity yourself you don't have to pay for distribution. We
haven’t yet realized this potential in the US, but Australia has lowered the
cost of rooftop generation so much that their “behind-the-meter” energy—
the energy they generate on their own rooftops, without relying on a util-
ity—is cheaper than the cost of distribution alone from a centralized plant.
The average cost of distribution in the US is about 7.8¢/kWh—higher than
the 6-7¢/kWh which is LCOE of rooftop solar in Australia. The Australian
government subsidizes the already low cost of $1.20/W for installation
by another 30-50¢/W, which means it is now installing at prices of 70—
80¢/W. This gives an LCOE below 5¢/kWh! America can’t make all of the
energy we'll need in the future this way, but we can make an awful lot of it.

A friend and fellow Aussie expat, Andrew “Birchy” Birch, wrote an influ-
ential article about replicating the Australian model of rooftop solar in the
US. He showed how the dominant portion of the rooftop-solar costs in the
US are “soft costs,” or those not directly tied to a piece of hardware. These
include permitting, inspection, overhead, transaction costs, and sales.

The Department of Energy agrees with him, and the aim of their $1/W
solar moonshot is to eliminate soft costs.”
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In the US, a solar installation happens like a custom home construc-
tion project, requiring several layers of design, specification, and over-
sight for each piece. Each step of the project must be evaluated and
approved, incurring costs, and over the course of the process, these really
add up. Taxes, overhead, and other indirect costs mean that consumers
in the US are paying close to or above $3.00/W. I have colleagues—Todd
Georgopapadakos, Mark Duda, Eric Wilhelm—who are working on a set
of relatively simple technologies that can make this process more like
installing a consumer appliance such as a water heater or electric dryer.
If the US can automate many of the inspection and approval steps cur-
rently required, this will drastically lower the cost. This is just one among
a grab-bag of regulatory problems that bedevil people working in clean
tech in the US. These frictions prevent everyday Americans from access-
ing lower-cost energy.

In Australia, rooftop solar installs at under $1.20/W. In Mexico it is
around $1.00/W, and in Southeast Asia it is less than $1.00/W. This is
proof that the right building codes, training programs, and regulations
can bring the soft costs down. There are also differences due to relative
labor costs in each country—though Australian solar installers get paid
around $40 per hour, which is more than double a minimum-wage job
in the US.

Here is the transformative point about rooftop solar: because there are
no transmission and distribution costs, it can be phenomenally cheap.
Even if the cost of utility-scale generation were free, we don’t know how
to transmit it to you and sell it to you for less than the cost of rooftop
solar. This doesn’t mean the whole world will run on solar and distributed
resources, but it does mean that if we are looking to make the lowest-cost
energy system, an awful lot of America’s energy will come from our roof-
tops and our communities.

RENEWABLES ARE GOING TO GET EVEN CHEAPER AGAIN
THANKS TO TECHNOLOGY INNOVATIONS AND PRODUCTION
SCALING

Wind and solar are getting cheap so quickly that it’s even hard for inno-
vators to keep up. In 2006, I started a kite-powered wind-energy company
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called Makani Power. The idea was to produce wind energy at 3-4¢/kWh,
cheaper than natural gas and 5-6 times cheaper than other wind-powered
electricity at the time. The project was truly awesome. We built wings the
size of 747s and tethered them with a giant cable; it flew in circles at 200
mph, undergoing 8 Gs of acceleration while producing megawatts of elec-
tricity. With investments from Google, Makani Power followed an excit-
ing development trajectory to make our technology a reality, culminating
in an offshore deployment and a demonstration in Norway in 2019, in
partnership with Shell.

In the meantime, however, the wind industry at large has also made
historic strides, and is now routinely deploying turbines at 4-5¢/kWh.
In 2020, Makani shut down due to this evaporated advantage. Makani's
technology and execution were sound, but the industry found its own
way to slash costs simply by deploying at massive scale. Despite the fact
that Makani’s technology didn’t win the cost battle, it was part of an
enormous movement and ecosystem of global innovators responsible for
driving down costs and making wind, solar, and batteries competitive
with fossil fuels.

In 2011 I started another company, Sunfolding, with Leila Madrone
and Jim McBride. We initially built tracking devices—machines that
make sure the solar follows the path of the sun through the sky accu-
rately. Our goal was to focus on solar thermal—using lots of reflected and
concentrated sunshine to heat a molten salt, which heated water and cre-
ated steam to generate electricity. But the relentless march of photovolta-
ics’ (PV) price improvements beat us out of that game, and we “pivoted”
(as they say annoyingly in Silicon Valley) to tracking devices for PV. We
are still in the game, and we now sell our technology to industrial solar
plants at basement-level prices that come out at around 2¢/kWh—lower
than we ever imagined, and far lower than any fossil-generated electricity.

There are two ways to reduce the cost of energy. One is inventing the
better mousetraps; the other is producing mousetraps in gob-smacking

”

quantities. The first, called “learning by researching,” is typically mea-
sured by cumulative R&D investment. The second component is caused
by scaling, or “learning by doing,” and is measured by cumulative
total production. Makani was about an entirely better mousetrap, but

it couldn’t make mousetraps in quantity. Sunfolding represented one of
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10.1 Learning curve of Ford's Model T. Source: Limits of the Learning Curve by William
Abernathy and Kenneth Wayne, Harvard Business Review, 1974.

many small component improvements. It was an invention, but it wasn't
the whole mousetrap; it was like a better mousetrap spring. Sunfolding’s
tracking technology is good for taking 5-10¢/W out of the roughly $1/W.
Half of this cost saving came from the hardware we invented, but, cru-
cially, the other half was a result of reduced installation labor costs. It
is these small efficiencies in materials and labor that typify learning-by-
doing cost savings. As these anecdotes illustrate, and as empirical studies
have shown,’ we must invest heavily invest in both of these capacities to
maximize long-term cost reductions in zero-carbon energy.

It is learning by doing that gets the jobs done most predictably. As
we've seen, the solar and wind industries are improving, getting cheaper
and cheaper with every generation of innovation. Learning-by-doing
improvements are characterized by “learning rates,” defined as the per-
centage the price falls after the production of a technology has doubled.

Among the first observations of these learning rates were Wright’s
Law governing the cost of airplanes.* We can apply this to automobiles
by tracking the decrease in the price of Ford’s Model T as production
increased, as shown in figure 10.1. Moore’s law,” the jaw-dropping expo-
nential increase in integrated circuit density, can also be viewed as a ver-
sion of this same idea.’

In the case of electricity generation, solar PV is learning at a rate of
about 23% and wind at about 12%’—as fast or faster than fossil fuels
during their early twentieth-century cost-reduction heyday. For solar,
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10.2 Learning curve of photovoltaic module price. Source: Nancy M Haegel et al.,
“Terawatt-Scale Photovoltaics: Trajectories and Challenges,” Science 356, no. 6,334 (April
14, 2017): 141-143, https://science.sciencemag.org/content/356/6334/141.summary.

this approximate 20% reduction in module cost per doubling of installed
capacity has become known as Swanson’s Law, after Richard Swanson,
the founder of SunPower Corporation.® The progress made by this learn-
ing is plotted in figure 10.2,° showing how, despite extreme economic
events (like the 2008 recession), solar PV modules have continued their
march toward lower costs. Not only that, but in just the past five years,
across the world, new installations of renewable energy have outnum-
bered the installations of fossil-powered energy (growing to nearly two-
to-one in 2018).'° This shift means more opportunities for learning and
for falling costs.

Currently, about 250 GW of wind and 125 GW of solar are installed
around the world. To reach the fully electrified version of the world, we
will need about 10-20 TW of electrical power."' That means the cumu-
lative production of solar panels and wind turbines still require 4-5
doublings in scale each in order to reach the annual production capac-
ity we need. Given these known learning rates and the scale of growth
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required, there is ample opportunity to bring costs down even further
than they’ve already fallen, making them even cheaper still than their
fossil competition.

Pause on that thought for a moment. If we commit to wind and solar at
sufficient scale to address climate change, that commitment alone will
likely halve the cost of renewables again—a nail in the coffin of fossil
fuels. Electricity will finally (well, almost) be “too cheap to meter,” as
they used to say about nuclear power.

All of this represents a rare opportunity for industry, small and large.
The myths of Silicon Valley hold that disruption is always good and that
progress is made by unconventional founders turning the world on its
head. That model has worked in software, but in hardware, especially in
infrastructure, it doesn’t really work. These fields are naturally conserva-
tive, due to the graver consequences of failure and the need to guarantee
machines that work reliably for over 20 years. As we’ve seen, progress is
predictably achieved through consistent investments in research, coupled
with manufacturing at massive scale. We need start-ups to innovate—and
we even need crazy, breakthrough ideas, if only to inspire us to think
bigger—but what we critically need is large companies to seize on these
innovations and scale them up. An ambitious mobilization plan can
exploit industrial learning rates to continue to bring down costs and
improve the economics of the electrified future. The question is, does the
US have the industrial muscle memory—or the will—to make the electri-
fied future a reality?
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BRINGING IT ALL HOME

When energy is cheap, everything gets cheaper.

Renewables are cheap, but they have higher up-front costs than fossil-
fuel technologies.

Transitioning to renewables today will require an investment of about
$70,000 per American household.

The right policies and market scale can reduce this to under $20,000 by
2025.

When the US decarbonizes, it will save every household thousands of
dollars per year in energy costs.

In order to finance cheaper energy for all American households, we need
to create new kinds of financing.

4 4 ¥ 4 Uy

When electricity is cheap, that makes a lot of other things in your life and
home cheaper, too. Proposals to fight climate change (like the Green New
Deal) are wonderful in their audacity, but they all seem to suggest that
decarbonizing our lives will cost billions or trillions of dollars.

What if, instead, we start by thinking about what is required to make
the clean-energy future cost less, save people money, and be an easier
“sell” to the general public—the skeptics and the believers, the rich and
the poor?

My colleague Sam Calisch and I built a model of decarbonization from
the kitchen table outward, accounting for all of the uses of energy in our
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households.' This model shows all the money the country could save in
the process of fixing climate change.

How much will transitioning to clean energy cost your household?
What I'll do in this chapter is show you that it doesn’t have to cost you;
it can save households a big chunk of change per year, but we can only
arrive at that point if we can pull all of the levers available to us. This is
more than a technology problem, more than a policy or political prob-
lem, and more than a finance problem. It is a problem of all three at once.

Here is the model Calisch and I have built:

1. We use recent patterns of energy use in households, and recent energy
costs, to establish the current energy costs and hence the monetary
costs of running our households.

2. We determine exchange rates (of sorts) that enable us to translate our
current household fossil-fueled activities into virtuous, decarbonized
electrical activities. We don’t change your lifestyle, we electrify it.

3. We build a simple model of what electricity could cost us in the future,
given what I have explained so far in this book.

4. This is enough to calculate how much all of our household activities
will cost in the future, compared to today.

5. We need to spend money to get to that bright, shiny future by purchas-
ing the necessary CAPEX (capital expenditures or machines). These are
your solar panels, electric vehicles, heat pumps, batteries, and more.
From this, we build a model of the costs of your new household infra-
structure and add them up.

6. The final challenge is building a financing model for our clean machines
and finding whether there is an interest rate at which a household’s
annual payments in the electrified future are lower than our annual
payments in fuel costs if we continued living as we do today.

7. Not to ruin the punchline, but the good news is, this would save us all
money.

A BASELINE OF CURRENT HOUSEHOLD ENERGY COSTS

We must first start with an estimate of current household consumer
expenditures on energy. In figure 11.1, we can see that in 2018 the post-
tax expenditures per household were $61,224, of which $4,136 (close to
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7%) was spent on energy. The $1,496 we spend on electricity is more
than we spend on education ($1,407); the $410 we spend on natural gas
is more than we spend on dentistry ($315); and the $2,109 we spend on
gasoline and diesel is more than we spend on fresh meat, fruit, and veg-
etables ($1,817).

While similar, all households aren’t the same, as you can see by look-
ing at the state-level expenditures that the Bureau of Labor Statistics (BLS)
collates for California, Florida, New Jersey, New York, and Texas.” House-
holds are broken down into quintiles by income. There is significant cost
difference by household as a function of what they earn. Proportionally,
low-income households spend roughly twice as much as high-income
households on energy (6-10% for low-income households, and 5-6% for
high-income households).

Given that America is so diverse, we have done the analysis for house-
holds in every state. This illuminates and lends color to the analysis, as
we can see the differences in cold places and warm places, in cities where
people don't drive a lot and in rural areas where people do.

We estimate all of the fuel costs by household. This includes gasoline
for transportation (for simplicity, we include both diesel and gasoline
under this heading); natural gas, propane, and fuel oil for heating sys-
tems; and electricity for lights, appliances, and everything else.

The State Energy Data System (SEDS) keeps detailed energy data by
sector and by state.® This conveniently includes all residential fuels and
electricity, but, critically, it does not include gasoline consumption by
household. For this, we turn to the National Household Transportation
Survey (NHTS). We do this state by state, and tally up the average house-
hold’s total energy use. In figure 11.2, we have a baseline for our current
costs, which we will use for comparison when we look at the cost of our
household electrification.

ENERGY EXCHANGE RATES

Electricity is the great energy equalizer, and the most versatile of all of the
“fuels” we use. This is underappreciated. It is a bad idea to use gasoline to
make light, it is virtually impossible to run an air conditioner on natural
gas, and it takes a number of modifications to run a vehicle on propane.
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US AVERAGE HOUSEHOLD SPENDING
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11.1

2018 BLS Consumer Expenditure Survey breakdown of household spending.
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Yet electricity can run all of these machines and more. It is the lingua
franca of energy forms. In combination with its efficiency, this flexibility
is one of its huge advantages as we look forward to a decarbonized future.

But to understand cost comparisons we need to convert transporta-
tion fuel costs into electric vehicle costs, heating fuel costs into electric
heating costs, and the leftover household fuel costs into all electric ones.

MILES PER GALLON (MPG) TO MILES PER KILOWATT-HOUR
(MPKWH)

It is tricky to convert between MPG and MPkWh on the basis of energy
content of fuels, because you also need to know a lot about the efficiency
of each vehicle and all of its components. Fortunately, there are enough
electric vehicles on the road now, and certainly enough internal combus-
tion engine vehicles on the road, that we can use real-world mileage to
convert gallons of gasoline to kWh of electricity. Calisch and I did the
calculations for the same number of miles traveled in vehicles of similar
size and performance capability.

For a rough sense, a small, efficient electric vehicle, like a Tesla model
3 or BMW i3, uses about 250 Wh/mile tootling around a city. That’s ~4
MPkWh. The equivalent internal combustion engine (ICE) vehicle, like a
Honda Civic gets an Environmental Protection Agency rating of 36 MPG
average.*

A larger, heavier, faster electric vehicle, like a Tesla model S, uses closer
to 333 Wh/mile, or ~3 MPkWh. That would compare to a larger luxury
car, like a BMW 5 Series, that gets about 26 MPG.*

Pickup trucks and SUVs comprise nearly half of America’s auto fleet.
An electric equivalent, like a Rivian truck, will need around 500 Wh/
mile. That’s ~2 MPkWh and will compare to similar-sized trucks that get
around 15-20 MPG.°

Using the Small, Medium, and Large vehicle models defined above, we
can now translate most vehicles between MPG and MPkWh, which will
give us a multiplier (kWh:G) that converts household gallons of gasoline
to required kWh of electricity. As shown in table 11.1, this number is
surprisingly similar (in the range of 8-9) for each of the vehicle sizes we
consider. This is convenient, as it allows us to use the average value of 8.5

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966481/c005600_9780262367288.pdf by MIT Libraries user on 03 August 2022



116 CHAPTER 11

abesany
uojbulysep
uobai(y

Pacific

llemey

elulojije)
eysely
Butwofpy
4ein
021X3) MAN
epeasy
euejuojy
oyep|

0PBJO|0)

ivision

Mountain

euozuy
sexa)
ewoyepy

euelsino|

Central

Central
1 1 11

B Gasoline

SESI.IE)IJV

99s53UU3]

1ddississijy

East South  West South

fypnjuay
eweqey
eluibip ysap
ejuibiy

Bd NatGas

euljose) yjnog
euljoe) ypoy
puejiepy
s i

epuoly
& eigqun|o) jo pHIsig

South Atlantic
(] Electricity

alemed(
ejoye( Yinog
ejoye( YHoN
eyseiqaN

unossijy

[Z) Propane

ejosauuly

SESUE)'

West North Central

Bmo|

[.] FuelOil

uIsuoasip

o0
uebiyiy

EUE!PI.I'

stouy

elueAjfsuudg
)'lOA MQN

Kasia maN

Mid

Atlantic  EastNorth Central

RS yuowsz)
RIS puefs| 3poyy
<< auysdwey may

o T I o e [ CImEEEEEREEE I | IE9299293 syasnyoesse)y
AR 1 [IB225%0%8 autely

s
[ I2920%0%4 JUETCITe)

Typical Household Energy Expenditures, US, by State and Census D

New England

$0

$7,000

$6,000

$5,000-|

$4,000

$3,000-

$2,000

$1,000

11.2 Household expenditures on energy, by fuel, by state and census division.

$11,000
$10,000

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966481/c005600_9780262367288.pdf by MIT Libraries user on 03 August 2022



BRINGING IT ALL HOME

117

Table 11.1 ICE-to-EV Equivalencies
Vehicle Size MPG MPkWh ICE vehicle EV kWh:G
Small 36 4 Honda Civic Tesla Model 3 9
Medium 24 3 BMW 5 Series Tesla Model S 8
Large 17 2 Chevy pickup Rivian 8.5
Average - - - - 8.5

to convert all of the household gallons of gasoline consumption to the
electric equivalent, regardless of what'’s parked in the driveway.

CONVERTING THERMS OR BTUS OF HEAT TO KWH

Computing the energy used for heating is more complicated than energy
used for vehicles, for two reasons. The first is that not all homes are cur-
rently heated in the same way. Most homes are heated with natural gas,
but many use electric and some use propane or fuel oil. The second com-
plication is that our model largely takes account of replacing various
pieces of heating equipment with electric heat pumps. The Coefficient Of
Performance (COP) of the heat pump is determined by the type of heat
pump (air-sourced or ground-sourced), as well as the local ground and
air temperatures. We make the simplified assumption that air-sourced
heat pumps are used for all retrofits, as they are lower than ground-
sourced equivalents in capital cost and retrofit cost. (Ground-sourced
heat pumps can have higher COP in certain regions that need a lot of
heating, like New Hampshire, and may be the best economic choice in
those regions.)

The annual climate model we use for each state is based on data from
the approximately 1,000 TMY3 (Typical Meteorological Year) weather sta-
tions that the National Renewable Energy Laboratory (NREL) has around
the country.” The temperatures from that data can be combined with the
technical performance data of a typical air-sourced heat pump® and the
residential hourly load profiles for all TMY3 locations as calculated by the
Office of Energy Efficiency and Renewable Energy (EERE),” to produce an
annual average heat pump COP by state for both space and water heating.

Fortunately, the EIA, in partnership with the Census Bureau, also keeps
excellent data on home heating equipment type by census regions and
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divisions. They also keep track of the proportions of each—the percent-
age of homes with natural gas or fuel oil, for example.

We take existing home heating patterns for electricity, natural gas, pro-
pane, and fuel oil and convert them to kWh by dividing the current use
(in KkWh equivalents) by the increase in COP gained by replacing existing
heating technology with heat pumps.

Our electric heating exchange rate can’t be expressed as a simple ratio
applicable across the US, as it was for cars, but fortunately spreadsheets
and databases can take care of the accounting for all of the states and
COPs. If you want to do these calculations in your head, the ratio is
approximately 3.

CONVERTING FUELS THAT AREN'T USED FOR SPACE OR
WATER HEATING TO ELECTRICITY

Aside from heating, your house uses small amounts of carbon-based fuels
for other activities, mostly cooking. In our calculation, we convert these
remaining fuel uses to electricity with a COP of 1. Stovetops and grills are
things you can’t use heat pumps for, but you can use electric induction
or resistance heating.

There are yet further energy costs we have to account for in the form of
existing non-heat electrical loads. These are your lights, TVs, cellphones,
computers, fans, pool pumps, and power tools. We assumed no efficiency
wins for those loads and that they will be similar in our decarbonized
world to what they are today.

CAPITAL EXPENDITURES—UPGRADING YOUR
INFRASTRUCTURE!

Obviously, we can't just plug in our current ICE cars and furnaces to a
110 V outlet and realize all of these savings. We need to buy new infra-
structure for our lives—new cars, furnaces, and water heaters. What does
that look like?

There are eight categories of things in the majority of our homes (we
are more alike than we are different!) that we will need to fully decarbon-
ize. We list these in table 11.2.
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11.3 Comparing all current energy uses in kWh equivalents to current electrical load,
and the total electrical load if we electrify all current energy uses of the household.

I don’t choose the luxury version of anything, but rather the aver-
age version. I also only count the difference in cost between the new
thing and the old thing it replaces, as I assume you would already have
cooktops and cars and space heaters anyway, so it’s only fair to finance
the portion that is different. Mid-priced electric ranges, for example, are
about $500 more expensive than their natural gas-fired counterparts.

We add a new load center—that is the big box of wires and breakers
that connects your home to the utility’s meter—because your home will
roughly double its electrical load, so your load center will need an upgrade.
We add an EV charger for each vehicle in the house according to average
state vehicle ownership per household (2.1 on average). We provide for
around four hours of home battery storage to help smooth out the loads.
We also electrify the space heater, and scale the capital cost proportional
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Table 11.2 There Are 9 Capital Items Considered in the CAPEX/Infrastructure

Model
Item Typical Value
CAPITAL COSTS | Basis Typical value | Financing Per
Range 1 each home $500 15
Load center 1 each home $500 20
EV chargers 1 per vehicle $500 (ea) 15
EV batteries Per kWh of vehicle(s) battery | $100/kWh 7

Home battery Hours of storage required, $100/kWh 10

new electric load

Space heater Sized proportional to current | $5,000 20

space heating load

Water heater Sized proportional to current | $600 15

water heating load

Rooftop solar Sized to service a percentage $15,000 25

of your load

to the amount of heat you use. We also scale the cost of a new electrified
water heater proportional to your current water heating load.

The two most expensive components we save until last. We will
finance just the batteries in the electric vehicles in the driveway, as that
is the principle difference in cost to an ICE. We size the batteries accord-
ing to a national average vehicle range (250 miles). The other expensive
component is rooftop solar, but this is the rug that ties the whole room
together. We assume you will install enough solar to cover 60-80% of
your future electrical load. That solar will be cheap—if we install it the
way Australians do and finance it the way we should. That cheap solar
energy will be what saves you even more money when it powers your
electric household.

THE FINANCING MODEL

A mortgage is a time machine, which is a concept so important that we’ll
dedicate chapter 12 to the idea. It allows you to have the future you want
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tomorrow, today. So if what we want is a future that is safe for our chil-
dren, a future with a stable climate and no carbon emissions, we need to
make that future possible today. The way the US can do this is by making
low-interest financing available to everyone.

For the purposes of this thought experiment, I use simple interest-
payment calculations based on the full capital cost of the equipment as
the principle (zero down!). I assume the 2020 federal mortgage interest
rate of 2.9%, and we use the finance period as defined in table 11.2. The
only items that we model with a residual price are the car battery and
the home battery, for which we assume that at end of life they will have
a value equal to the value of their raw materials for recycling, around
$40/kWh.

In a moment, I will plug all these numbers in and do the accounting,
but first we need one more thing.

FUTURE ELECTRICITY COSTS

We need a cost for the electricity we will use to power our carbon-free
lifestyle. I simply assume the percentage that will be covered by solar will
be high and commensurate with the NREL rooftop technical potential
studies.'® For the whole country, this averages out at about 75% of the
typical household’s load. We model the cost of the rooftop solar portion
of that energy at the financed cost of solar ($1/W). This is a cost that we
know can be achieved, as Australia is already, in 2021, hitting that target.
Financed at 2.9%, that pencils at around S5¢/kWh. Just five pennies. For
the balance of the electricity, we assume the current cost of grid electricity
(which averages around 14¢/kWh in the US).

Yes, these assumptions are aggressive, but they are not without prec-
edent, and not beyond what we know how to do.

FUTURE HOUSEHOLD COSTS

I plug in all the numbers, and with the power of computers (or hamsters
or gremlins or whatever is inside them) I get the answers in figures 11.4
and 11.5. If we do an okay job on cost reduction, every home will save
around $1,000 per year, and if we do very well, every home will save
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11.4 If we design our policies around lowering soft costs and develop finance policies
to work in partnership with concentrated technological price reduction, all Americans

can save a lot of money in the very near future.

$2,500 per year. There are reasons to believe we can do even better than
this. What is there to prevent us from financing at an even more aggres-
sive rate if the future of our children is at stake?

If the US aggressively spent research-and-development money on the
detailed cost reductions of a penny here and a penny there, we might
bring down the cost of the critical components even further. But the
prices could stay the same, and with performance improvements we’d
also do better. We know we can do solar with an efficiency above 30%,
while today it is only 20%. Batteries are the most critical driver of the
costs. The cost of battery storage is more about how many times they can
be charged and discharged—their cycle life—than it is about their initial
cost. Many manufacturers are already extending the life cycle, and hard
work should lead to further improvements. If batteries lasted 5,000 cycles
and 20 years, instead of 1,000 cycles and 5-10 years, we could exceed
even these enticing projections.

WHAT CAN WE CONCLUDE?

If done right, fixing the climate crisis can save everyone money. If we
simply multiply the annual household savings we calculated by the 122
million US households, the country would save $120 billion per year. We
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Household Energy Savings Relative to Current, 2020
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11.5 Household savings, or decrease in total cost of energy consumed by a household,
including transportation fuels and household operational fuels, under the status quo and
under three different scenarios of decarbonization aggressiveness.

need to remember the simple mantra: clean electricity is cheaper than
fossil equivalents. We can do this, and we can all save money in the pro-
cess. In the most aggressive model we ran, with batteries at $60/kWh and
solar at 80¢/kWh, with an interest rate below 2.9%, we could save more
than $300 billion per year. Who said that a Green New Deal had to cost
trillions? It will save trillions more.

Up until now, the early markets for clean energy have been developed
in places and circumstances that offered glaringly obvious economic
benefits. Australia figured out residential rooftop solar because, with the
country’s low population density, the grid is so spread out that retail-grid
electricity is expensive due to distribution costs. South Australia proved
out grid-scale batteries because it was cheaper than building out new gas
plants. California led the world in electric vehicles because the air pollu-
tion in Los Angeles and other urban centers made the need for clean vehi-
cles obvious. In recent years, China scaled this up even further because

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966481/c005600_9780262367288.pdf by MIT Libraries user on 03 August 2022



124 CHAPTER 11

of even worse air-quality issues. Western Europe and Japan mastered heat
pumps because of limited domestic natural gas and the need for inexpen-
sive heat.

If we put together a global recipe of the best of all of these measures,
apply massive scales of manufacturing, and eliminate unnecessary regula-
tory costs, we have a path forward.

During previous emergencies, the first question wasn'’t, “How can we
pay for this?” The first question was, “What do we need to do?” You don't
fight a war because you can afford it—you fight a war because you can’t
afford not to. We can't afford not to fight the war on climate change. We
also can’t afford not to electrify everything, because if we do it right, it
will save us all a huge amount of money.
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A MORTGAGE IS A TIME MACHINE

With fossil fuels, you save now and pay later; with renewables, you pay
now and save later (including the planet).

Most families currently can’t afford the up-front costs of decarbonizing
their households that will save them money in the long term.

If US policymakers can offer “climate loans” at the right rate, the transi-
tion to clean energy will start saving us money today.

We've created these types of loans before, notably long-term mortgages
to enable home ownership after the Great Depression.

4 4 ¥ 14

As we’ve seen, clean-energy technologies have higher up-front costs and
lower ongoing costs, and the challenge is providing access to the up-front
capital. Climate change doesn’t care about your household budget or eco-
nomic circumstances, and unfortunately this means there is currently a
disparity between rich and poor in incentives and access to clean energy.

A wealthy household can afford to capture the potential savings from
decarbonizing by electrifying everything. They can afford the up-front
capital costs of rooftop solar and electric vehicles and hydronic heat
pump systems, because they have access to easy credit and home equity
loans. At the other end of the spectrum, low-income families need the
economic savings of decarbonization but can’t afford to pay for the
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up-front technologies. This is where the equity part of the climate justice
conversation needs to focus. Lower-income families would benefit enor-
mously from the lower household costs of a decarbonized, electrified life.
The problem is, they very likely don’t have access to the capital to pay
for it. We can'’t solve climate change if we don't figure out how to help
everyone afford the future.

Whether we can transition to this cheaper future will largely depend
on how we finance it. Basically, it comes down to an interest rate. We
need to figure out how to help families buy now and pay later. Fortu-
nately, this is something Americans in particular are familiar with.

Recall that switching to all renewables will cost the average US house-
hold about $40,000. Prior to COVID-19, 40% of American households
didn’t have even $400 in the bank for emergency expenses. Very few peo-
ple have enough cash to pay for a project like this. If they were to pay for
it on a credit card, it would be very expensive, because credit card interest
rates hover at 15-19%. If we use the common financing options available
for solar today, they’ll pay around 8% interest. If they could pay for it
with a government-backed, low-interest loan at something like mortgage
interest rate of 3-4%, it would be affordable for nearly everyone. These
may sound like small differences, but consider a solar purchase that is
paid for over 20 years. If you could borrow at a mortgage rate of 3.5%,
you ultimately pay about double the original price. If you borrow at a
common rate of 8%, you pay 4.5 times the purchase price. So don’t even
think of financing this purchase with your credit card.

As I've said—and it is worth repeating—a mortgage is really a time
machine that lets you have the tomorrow you want, today. We want a
clean energy future and a livable planet, so let’s borrow the money. In
David Graeber’s enlightening book, Debt: The First 5,000 Years, he builds
a strong argument that it is through the creation of debt that we actually
create money, so what we are really doing is creating the capital to make
our climate dreams come true by creating the confidence that we’ll save
money in the future that repays the debt.

The key to rapid decarbonization will be to create the same kind of
public-private partnerships and innovative capital financing strategies
that have long underpinned America’s economic engine: loans.
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We must invent all kinds of low-interest financing options to help
consumers afford the capital investments for twenty-first-century decar-
bonized infrastructure. Green banks are emerging to finance utility-scale
infrastructure, but we need to be more audacious. Our climate loans
need to be available as retail financial products, so we can all afford the
personal infrastructure that builds the climate change solution into our
everyday lives. Those of you who aren’t homeowners, or never intend to
own a home, might complain about the simplicity of this message and
the mortgage analogy; I agree that there must also be financial solutions
for renters and landlords, and point-of-purchase financing for better
appliances. We need greater financial minds than mine (I struggle with
the groceries) to iron out all of the details.

America’s lifestyle has been built on loans; the car loan and mort-
gage were both twentieth-century American innovations. America, and
indeed the modern world, would be unrecognizable without these finan-
cial instruments that help the bulk of the population afford big-ticket
capital items.

Creating a climate loan in response to the climate crisis has clear his-
torical precedent. The modern mortgage market was shaped by the federal
government’s intervention in another time of crisis: the Great Depres-
sion. During the Depression, property values plummeted, and about 10%
of all homeowners faced foreclosure. The government stepped in during
Roosevelt’s New Deal, when Congress passed the Home Owners’ Loan Act
of 1933. That created the Home Owners’ Loan Corporation (HOLC) to
provide low-interest loans to families at risk of default (for white families,
that is; Black families were left out of this deal and, as a result, largely
left out of the middle class, so we must be sure that this “climate loan” is
available to everyone). As a result, hundreds of thousands of homeowners
were able to pay off mortgages, and the program actually turned a slight
profit, defying expectations of massive loss of taxpayer money." This pro-
gram gave rise first to Fannie Mae in 1936 and Freddie Mac in 1968, and
created the lowest-cost debt pool and largest capital market the world
has ever seen. (The auto loan has a different origin: Henry Ford wouldn't
allow his cars to be purchased on debt because of his religious beliefs,
and General Motors’ Alfred P. Sloan recognized the market opportunity
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of making cars affordable to the masses by inventing auto financing. This
American financing innovation was the precedent for the modern Ameri-
can home loan.)

Under the New Deal, another program offered low-cost federal financ-
ing support for electrification. The Electric Home and Farm Authority
(EHFA), originally an offshoot of the Tennessee Valley Authority (TVA),
helped provide financing for the purchases of electric appliances—
refrigerators, ranges, and hot water heaters. Its focus was rural America
(especially the Tennessee Valley), and it was part of an effort to expand
the domestic market for electricity consumption.

Another New Deal program, the Rural Electrification Program, helped
underwrite the installation of basic electricity circuits throughout rural
America. The standard installation was a 60 Amp, 230 V fuse panel with
circuits for the kitchen and an outlet for a light in each room. Manufac-
turers that wanted to participate had to produce standard-issue, low-price
appliances subject to EHFA approval. Consumers would then select an
EHFA-approved appliance and purchase it on an installment credit con-
tract from the dealer, backed by the US Treasury. The terms required the
purchaser to put 5-10% down (much lower than any other installment
credit offered at the time) and pay down the loan within 36-48 months
at 5% interest. The offer was available only to consumers who got their
electricity from companies that charged rates acceptable to EHFA. The
program ultimately financed some 4.2 million appliances, at a time when
there were around 30 million US households.*

For the purposes of climate stability and a more robust energy infra-
structure, the US government must be just as audacious in financing
zero-carbon capital. Tomorrow’s infrastructure will necessarily be more
personal and distributed, so it’s time to help homeowners access the capi-
tal they need to contribute to this national effort while also reaping the
long-term savings in their homes.

And why shouldn’t we finance it like we finance infrastructure? After
all, balancing the grid of the future—as we learned in previous chapters—
requires leaning on our collective batteries and load-shifting opportuni-
ties to make it all work at the lowest cost.

When we electrify everything, everyone will have a personal infra-
structure that will not only take energy from the grid, but give some back.
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The grand consumer bargain is that the US government should guaran-
tee your cheap loan for your electric cars and your electrified home, in
exchange for being able to connect it to the collective national infrastruc-
ture, which will balance the loads for everyone.

Clearly, developing financing methods and institutions for this type
of infrastructure, including bond measures, public-private financing, and
regulated utilities, can significantly aid adoption. Policymakers and man-
ufacturers need to offer solutions with finance, product, and policy, at
every one of Americans’ purchasing decisions. We also need financing
that works for landlords, and for shared infrastructure for people who
don’t want to own a car or a house. If done right, innovative, low-cost
financing will be the most effective way to ensure equity and universal
access to cheap, reliable energy in the twenty-first century.

As a result of the COVID pandemic in 2020-2021, interest rates inter-
nationally have dropped close to zero. This is the right moment to use
these historically low interest rates to finance the household technology
and infrastructure that will decarbonize our future lifestyles. Addressing
climate change won't work if only the wealthy can switch to clean energy.
We must make it possible for everyone to benefit from the savings reaped
from electrifying everything—and to collectively meet our climate goals.
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PAYING FOR THE PAST

> The 8,000-pound carbon gorilla in the room is the proven reserves sit-
ting as assets on the balance sheet of our fossil companies. If we fight
these companies until the end, it will indeed be the end, for all of us.
With a mechanism for them to fight alongside us, we’ll both have a
chance to survive.

[} Because the stock market was built around fossil fuels, we’ve incentivized

these industries to keep going and we've tied our financial fate to burn-

ing fossil fuels.

Portfolio divestment from fossil-fuel companies is not enough.

Maybe it will be cheaper to buy out Big Fossil so we can all fight climate

change on the same team.

49

PAYING FOR PAST SINS

Far back in my family tree were people who introduced coking coal to
Australia. My first real job was in the Australian steel industry, which
depends on coal. I appreciate my ancestors and the marvels coal has
given the world, but it is time to stop using it—for both economic and
environmental reasons. Incidentally, I have ancestors on my other par-
ent’s side who helped build all of the lighthouses in Ireland, another
technology that gave us the modern world, but one that is largely unnec-
essary now that we have GPS and better maps. The future is here, and
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the cheapest generation sources are renewables. I have a lot to thank my
ancestors for, but we can’t afford nostalgia as we figure out how to address
climate change.

But as we transition away from fossil fuels, we have to think carefully
about the economic ramifications. We've seen how financing can aid the
adoption of zero-carbon energy sources, and perhaps we can do the same
with fossil fuels.

Digging holes in the ground costs money. Finding the one with oil
or gas in it costs more money. Not unlike what I have just suggested for
decarbonization technologies, fossil-fuel companies spend a lot to find
fossil fuels and only recoup those investments slowly over time. This
business model requires borrowing money to dig the holes, and when
the companies borrowed that money, the asset they pledged was the oil
coming out of their next well.!

In the context of the proposed transformation of our energy infra-
structure, lingering debts like these are called “stranded assets,” and
they’re a big problem. Stranded assets are resources that once had value
but no longer do, usually because of a change in technologies, markets,
or social habits.

Currently, it is estimated that the total value of fossil fuels that aren’t
even dug up yet is maybe $10-100 trillion. We can build this estimate
from the 1,500 GT of proven reserves in the ground.

The upper bound of the cost of a proven reserve buyout might be cal-
culated using the price of the most expensive fossil fuel, oil. The price
floor of oil is probably the production cost of Saudi oil, which is around
$10/barrel or around $60/ton. Our 1,500 GT by that measure is worth
around $90 trillion. Most American fields are unprofitable below $30 per
barrel. You might be able to buy it all out for the mere value of the profit
margin, which is much smaller. The point is, this crazy idea might be a
lot cheaper than I estimate here.

Despite the fact that no human has laid eyes on these fossil fuels, they
appear as assets on energy companies’ ledgers. Climate scientists agree
that burning those reserves would compromise the 1.5-degree warming
limit—indeed, to stay under that target, we must not burn a third of the
oil, half of the gas, and 80% of the coal in that asset pool.* Because these
fuels are already financed, however, they are already traded like any other
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form of money. People who own those assets are going to struggle against
giving them up. If you had $10 trillion dollars in the bank, would you
relinquish it without a fight?

We're living in an economic carbon bubble built on these fuel reserves.
If we ban oil and gas companies from extracting these assets, their stocks
would crash. That would affect tens of millions of individuals who (per-
haps unknowingly) hold these and related stocks in their mutual funds
and pension plans. A 2018 study in Nature Climate Change estimated
that as much as $4 trillion would be wiped from the global economy by
stranding fossil fuel assets.* By comparison, a loss of only $250 billion
triggered the crash of 2008—remember “toxic assets”? Stranding fossil
assets would affect not only energy stocks, but also investments in other
industries and equipment related to fossil fuel, from gas stations to pipe-
lines to oil tankers. Like the 2008 crash, the rippling effects of such an
event could be catastrophic.

Clearly, we can’t just pull the rug out from underneath the industry
that gave us modernity. We need a plan.

DIVESTMENT

An activist investment movement known as “portfolio divestment” has
been promoted by many liberal-leaning university endowments and is
gaining steam. Investment portfolios that join this movement sell off all
of their stocks in fossil assets. The idea is that if enough people sell these
assets, we'll slowly starve the fossil fuel industry of the precious capital
they need to keep digging, drilling, and pumping.

Divestment (also known as disinvestment) can work, and is not
without precedent. In the 1980s there was a widespread movement to
divest from South African businesses involved in apartheid. In 1986 this
divestment campaign was even written into law in the US as the Com-
prehensive Anti-Apartheid Act. Ronald Reagan tried to veto it, but the
Republican-led Senate overrode his veto.®

Unfortunately, there are still too many buyers who will purchase
these assets from the groups divesting from them. Given enough time,
this strategy may work. In no way do I discourage these efforts, but the
urgency and inevitability of climate change demands that we move faster
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and adopt strategies with more guaranteed results. Because divestment is
a conflict-based strategy, activists will have to fight every inch of the way,
instead of coming up with an amicable solution with wide support.

STOP FIGHTING; START COLLABORATING?

In navigating this precarious scenario, the best strategy may be to treat
the owners of these assets, the fossil-fuel industry, as friends rather than
enemies; after all, they did provide us with reliable vehicles and warm
homes for a century. Rather than make opponents out of these compa-
nies, what if we engage them as the best allies to build the decarbonized
future? Today’s fossil-energy companies are extremely good at financing
capital-intensive businesses. They have enormous teams of smart and
competent people who are good with shovels and trucks. They speak
infrastructure as a native tongue. Those people could be just as happily—
probably more happily—employed building the infrastructure for decar-
bonization. Why don’t we celebrate them as having done an incredible
job bringing us the energy we so obviously have enjoyed using? And at
that celebratory toast to them for a job well done, let’s invite them to be
a driving force in our mobilization of decarbonization.

The only roadblock is the stranded assets that keep our friends tied
to their old industry. So what if we were to buy them out? It probably
wouldn’t even be that expensive. We could negotiate. We don’t have to
buy them out for the full value of their assets, because they would only
ever make a slim profit margin (around 6.5%) on them anyway.® Let’s
round it up to 10% to be generous; 10% of $90 trillion is $9 trillion. This
is a small fraction of the $100 trillion annual global Gross Domestic Prod-
uct (GDP). For that price, we could buy back the land and the fossil fuels
underneath them (and perhaps even make an international collection of
national parks for perpetuity?).

If this were to happen, fossil-fuel companies would wind up with a
huge amount of clean capital they could invest in the new energy econ-
omy and the new infrastructure of the twenty-first century. Yes, they
would have to spend a decade or so winding down their old operations,
but they would be optimally positioned to capitalize and operational-
ize the new energy economy, generating jobs and economic opportunity

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966483/c006600_9780262367288.pdf by MIT Libraries user on 03 August 2022



PAYING FOR THE PAST 135

in the process. Their margins would increase as they built infrastructure
spanning supply- and demand-side technologies, and they could lever-
age the initial capital investment to build businesses with valuations far
exceeding that of their stranded assets.

Admittedly, this is a bold idea, but consider it a token of the type of
thinking we must embrace to solve our climate crisis and its inherent
conflicts. Business as usual will not cut it. You may be an economist or
fossil-fuel company executive who is fuming at my naivete right about
now, but hopefully it has inspired you to consider a bold idea. This might
be the ultimate grand compromise to engage our biggest energy compa-
nies in the biggest energy infrastructure build-out ever to occur.
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REWRITE THE RULES!

Fighting climate change involves the long, hard, tedious work of chang-
ing thousands of regulations.

Australia is proof that rooftop solar would provide the cheapest energy,
if only the US got rid of outdated regulations.

Building and electrical codes need to be updated to support, rather than
conflict with, clean-energy technology.

We must end all fossil-fuel subsidies.

4 4 ¥ 14

You may be tempted to skip over this chapter, given the title. It is about
boring, bureaucratic regulatory details—but it is vitally important. The
lawyers and politicians need jobs, too, so let’s get them involved in fixing
climate change.

It is not obvious, but one front line in the fight to fix our climate lies
with the hundreds of little regulatory barriers preventing the future we
need. It would be awfully satisfying if marching in the streets and buy-
ing electric vehicles were all we had to do to stop climate change in its
tracks. But winning the fight for our future isn’t just about marching on
City Hall. It’s about walking in to talk to your representatives or, better
yet, getting yourself elected so that, all across the country, we can make
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local building regulations, state utility regulations, and federal financing
regulations align to support a carbon-free future.

I have always believed that rules and regulations should have expira-
tion dates. Most laws shouldn't last longer than 20 years, because given
enough time, humans will figure out how to corrupt or work around any
set of rules and regulations. Nowhere is this truer than in the burning of
fossil fuels. I'd like to emphasize here that cleaning up our rules and regu-
lations isn't just about new legislation; it’s also, critically, about striking
down old laws that are broken.

The old way of doing things is embedded in legislation and dinosaur
thinking across the country, such as building and electric codes that
aren'’t friendly to solar, home, and vehicle electrification. Similarly, we
have backward-looking utility regulations, road rules, gasoline taxes,
homeowner-association charters, and tax incentives that all pervert the
energy market and prevent us from doing what we need to do. The United
States will solve climate change if we don't let the bureaucratic crud and
mental laziness of a century of writing regulations for a fossil fuel-based
economy get in the way of a green decarbonized future for our children.

VEHICLES

Australia tried to support its domestic car industry by putting high import
taxes and higher luxury vehicle taxes on cars from abroad. Rather than
elect to innovate, perhaps in electric vehicles, Australia chose to try to
protect its fossil-fueled car industry. Today, it’s still expensive to buy an
electric vehicle in Australia because of these taxes—a Tesla is twice the
price there that it is in the US. Instead of sticking with those regulations,
Australia should incentivize its car market to make the cheapest EVs. This
strategy has worked in Norway, where electric cars now make up 60% of
new car sales and the sale of new fossil-fueled cars is on the track to zero
by 2025." Ironically, Australia’s policies didn’t even save its auto indus-
try; the last Holden Commodore (a red one) rolled off the assembly line
in 2017.

In the US, CAFE fuel standards were devised to motivate the American
automobile industry to manufacture more fuel-efficient vehicles. That'’s
a great idea. But, as with any set of rules, over time enough lawyers can
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be thrown at them to find loopholes and workarounds. Light trucks were
placed in a different category, with different fuel standards than other
vehicles, and because of that, SUVs and cross-over vehicles were born,
effectively Kkilling off the market for sedans and shorter, more aerody-
namic (and hence more efficient) cars. Efficiency standards are a great
idea in theory, but they, too, can be bastardized.

Gas taxes were a reasonable idea to help pay for roads. But America
kept them too low for too long. They have been held at the same value,
in cents per gallon, since 1993, making the tax proportionally lower and
lower every year. This results in badly maintained roads—which many
Americans literally feel every day. Bad roads also encourage consumers to
buy larger, heavier, gas-guzzling cars. One of the reasons Europe and Asia
have smaller, more energy-efficient cars is that they have higher gasoline
taxes, which increase the cost of driving. Some people wonder what will
happen to these tax revenues when the majority of vehicles are electric.
If the US were guided by prudent policies, we would tax vehicles by the
mile and by the ton. Something similar already exists with car insurance
that charges by the mile. This should encourage lighter, more efficient
vehicles that will be driven less. Car companies would be rewarded for
lighter-weight vehicles.

In New Zealand, there’s tax to pay when a company gives a car to an
employee—it’s a reward for employment, so it’s taxed. Unfortunately, an
exception was made for utility vehicles, under the logic that if it’s full
of tools, then it’s not the vehicle you'll use to pick up the kids and go
shopping. So all company cars are now “utes” (which is kiwi for truck),
whether or not the employee actually needs it, thus evading the fringe-
benefit tax. This loophole was only recently repealed, but it is typical of
the type of perverse incentives that impact our global energy ecosystem
and carbon output.

Even some well-meaning regulations and incentives need to be scruti-
nized. The early electric-car tax credit of $7,500 was meant to incentivize
people to purchase clean-air vehicles and build the electric car industry.
Because early EVs were expensive, this looked like a subsidy for the rich.
An awful lot of “incentives” are tax deductions or tax breaks. You need
to have a pretty high income before you can take full advantage of them.
As we move into our decarbonized future, it is worth remembering that
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we don’t win unless we all win, and designing regulations and incentives

that work for everyone is critical.

ROOFTOP SOLAR

As we've seen in the cost difference between rooftop solar in the US and
Australia or Mexico, regulations are a serious impediment to widespread
rooftop-solar installation. Recall that when you buy solar on your roof-
top in Australia, it costs $1/W. In the US, because of regulations, permit-
ting, inspections, and high sales costs, that price is $3/W. The underlying
hardware is incredibly cheap, with modules (assemblies of solar cells)
selling internationally at 35¢/W (with believable pathways to 25¢/W).
Solar energy is not expensive. The regulations surrounding solar make it
expensive.

Some of these regulations are so old as to be museum pieces. In San
Francisco, you can’t put solar modules all the way to the edge of your
roof—you have to set them back four feet. I have been told this is because
of the fires that followed the 1906 earthquake, which were more damag-
ing than the earthquake itself. It’s incredible to think that at that moment
in history, the majority of home lighting came from dozens of tiny lit-
tle fires in your house connected by gas lines. Gaslighting as a climate-
change problem has existed for a century! When the earthquake hit, the
gas lines leaked, the gas filled the houses and rose to the top because
methane is lighter than air. Fires sparked up everywhere.

Subsequently, firemen insisted on building codes that allowed them to
vent the building by punching a hole in the roof (one of the reasons the
stereotypical fireman carries an axe). San Francisco’s lots are small, typi-
cally 25 feet wide and 80 feet long. Houses can usually only stretch 45
feet into the lot. The roofs are tiny, and if you eliminate 4 feet around all
the edges, you lose 44% of the area that could be used to generate cheap
solar electricity.

This origin story may not be exact, but the point is valid: we have build-
ing codes all over the country that are in conflict with building the best
clean-energy electrical systems. Similarly, our electrical, fire, health, and
safety codes; speed limits; environmental laws; and pollution standards
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were all written for our old fossil-fueled world. We have an opportunity
to lower the cost of our new electrical world by sending in an army of
lawyers and citizens to clean up and rewrite the codes to optimize a safer,
cheaper energy system.

An example of progressive, forward-thinking building regulations are
the California? and San Francisco® requirements for the inclusion of solar
PV in new construction. Critically, the California building codes consider
the impact on housing affordability—ensuring that the requirement
actually decreases the cost of homeownership and passes these savings
to residents. But we only build new homes at the rate of about 1% of
total US housing a year. We won'’t solve climate change unless we make
the rules, regulations, and incentives apply to upgrading and retrofitting
existing homes, too.

Another example that gets a lot of press are natural gas connection
bans, which were first applied to newly built homes in Berkeley, Califor-
nia,* but are now becoming a national movement after being adopted in
Massachusetts. In full disclosure, my friend, an architect named Lisa Cun-
ningham, was instrumental in leading the fight in Massachusetts that
sought to remove natural gas lines when undergoing major renovations.’
Lisa’s fight has been contested, which is all the more reason for citizens
to take this fight to every other zip code in the country.

FOSSIL FUELS

In 1913, the first US oil industry subsidy was written into the federal
tax code. Called the Revenue Act, this subsidy allowed oil companies to
deduct oil in the ground as capital equipment in order to write it off as a
tax deduction. It began as a 5% per barrel deduction, and it now stands
at 15% per barrel, amounting to billions of dollars annually. This is just
one of the many ways the US subsidizes the very thing that is threatening
our beautiful world.

A bonding requirement is a deposit that the government requires of oil
and gas drillers before they can drill. President Kennedy set these bonds
at $10,000, and they haven’t been updated in the over 50 years since they
were put in place. The bonds are so low that they encourage irresponsible
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operations, particularly for fracking, where they have led to groundwater
contamination.

Must-run contracts are often used by fossil fuel plants to gain monop-
oly. The fossil-fuel companies argue that they must be allowed to run
their coal plants—at the expense of other electricity plants that might be
cheaper, like solar. The logic behind this is that otherwise, the coal plants
won't be economically viable enough to provide a “reliable grid” when
they are needed. I say, let that be so. Let the economics of renewables
shut these plants down. Obviously, we are at a threshold where we should
provide extra scrutiny of any such contract, as well as any regulation,
incentive, tax, subsidy, or rule that advantages fossil fuels.

ELECTRICAL CODES

National electrical codes are a good idea and are largely written to ensure
safe practices. But once again, they were written for a bygone world and
for yesterday’s technology, not tomorrow’s. While national codes need to
be conservative, we should push them to embrace the future ever faster.
As an example, we currently have codes that require the load center—
that’s the giant breaker box between the grid and your house—to be
sized as though every single load in your house were turned on at the
same time. If we electrify everything and triple the load in your house,
the peak loads are going to be gigantic, and this quickly goes from a
cheap, simple box to a heavy, expensive one. Installing solar as a retrofit
already requires nearly half of homes to replace their load center. Given
that we know how to make switchable circuits, and since we can manage
our peak loads with those switches, we could instead write codes that
embrace cheaper switching breakers.

Unions are not guiltless in creating impediments to the future. The
electricians’ union is apparently largely responsible for the requirement
that wiring be housed in a hard conduit—those metal tubes that snake
around your basement and on the side of your house. New “soft-conduit”
options exist and have been deemed safe in many applications and in
other countries. We could embrace new technologies and ways of doing
things that would lower our energy costs, too. A decarbonized future will
need more forward-looking union practices.
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GRID NEUTRALITY

Maximizing the savings of electrification requires minimizing the cost of
the grid, which means grid regulations are critical. I have already men-
tioned the idea of grid neutrality, where people could share energy demo-
cratically, like they do information on the internet. This will not only
help with the problem of intermittency, it will also reduce energy costs.

Net metering, where solar panels and other home renewable-energy
sources are connected to a public-utility power grid and surplus power
is transferred back onto the grid,® isn’t good enough. Since electricity is
generally purchased back at the wholesale rate, rather than the consumer
rate, it doesn’t encourage you to maximize your own solar capacity or
share your storage assets. It’s a bit like a tax credit; it’s only useful if you
pay a lot of tax.

Time-of-use pricing, where electricity rates vary over daily or yearly
cycles and utility companies charge more during high demand and less
during low demand to help balance the grid,” isn’t good enough either.
This method breaks the day into chunks at different prices, and then con-
sumers choose when to use energy. Not everyone has that choice, and the
coarseness of the rate schemes limits adoption.

In a grid-neutrality system, households and utilities would be treated
the same and would be allowed to buy and sell from each other without
limit. Only through this arbitrage can we realize the most savings (in
both dollars and watts). It would be like the internet, where I can give the
internet as much information as I want, take as much information as I
want, and even create my own businesses.

The utilities don’t love this idea, especially those that are also trying
to protect their natural-gas business. But remember that “we the people”
regulate the utilities, so we don’t need to fear them. We can control them;
we just need to express our collective will. Utilities will say that they are
necessary to provide guaranteed access to low-cost energy to the poor-
est households. I counter that we can lower the cost of energy to those
households if we write the rules of the road correctly. We can guarantee
access by other means. The utilities wish to maintain the monopoly that
we granted them. If they don’t work with us for a climate-friendly future,
we should take their monopoly away. Utilities have a big role to play
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in solving climate change, but that doesn’t involve preventing house-
holds from generating and sharing electricity for themselves and with
each other.

There are thousands of other examples of rules and regulations that
undermine the climate action we need today. This is the very front line
of the fight we have to save the beautiful world that we want and need.
There are good groups working on these regulations, either writing new
ones or overturning old ones. (A good example is the Environmental Law
Institute of Columbia University and the Widener University Delaware
Law School.®)

There’s no such thing as too many people working on fixing these
impediments to our future.
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JOBS, JOBS, JOBS

[ Decarbonizing America in the timeframe required to beat a 2°C/3.6°F
increase in global temperature will create tens of millions of jobs.

> High unemployment caused by the coronavirus pandemic presents an
opportunity to build a zero-carbon economy with a stimulus effort that
can pay for itself.

> The majority of jobs that are created will be distributed throughout the
economy, and there will be high-paying jobs in every zip code.

I wish that decarbonizing for the sake of having a better planet to live
on would be enough incentive to get it done. But people are rightfully
cautious about the impacts this decarbonization might have on the econ-
omy. A lot of people have portrayed the idea of decarbonizing America’s
energy system as being bad for economic growth, particularly for people
who work in traditional energy industries. Any proposal to transform the
world by overhauling the energy sector needs to reassure people that they
won't lose their jobs—or even better, that they will get new jobs that pay
more and are more satisfying.

So far, I've outlined a path that can save everyone money tomorrow,
but people need jobs today. As I write this, during the COVID-19 pan-
demic, the unemployment rate is higher than it has been at any time
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since the Great Depression. There is a solution to this tragic challenge.
The good news should be shouted from the rooftops: a rapid transition
to a clean-energy economy will create millions of better-paying jobs. In
this terrible employment environment, decarbonizing America’s energy
system is probably the only project ambitious enough to get everyone
back to work. These jobs will be highly distributed geographically and
difficult to offshore.

WHY DOES CLEAN ENERGY CREATE MORE JOBS THAN
FOSSIL FUELS?

Simply put, clean-energy technologies require more labor in manufactur-
ing, installation, and maintenance than fossil fuel technologies. It takes
more people to install and keep a wind farm running than it does to drill
a well and keep it pumping to produce the same amount of energy over
time. Renewables get their fuels for free, whereas fossil fuels cost money.
It takes more labor and maintenance to access those free renewable fuels.

WHAT DO PEOPLE DO ALL DAY?

In order to have a smooth transition to zero-carbon energy, we have to
bring along the people who work in the fossil-fuel industry. But there
aren’t as many of them as you might guess. The Bureau of Labor Statistics
(BLS) maintains excellent publicly available data on jobs in their “Cur-
rent Employment Statistics” monthly reports. We arrange it in figure 15.1
as a tree map that breaks down the big categories into increasingly small
ones—answering the question that Richard Scarry sought to answer in his
famous children’s book What Do People Do All Day?"

What stands out is just how few people are directly employed by the
energy industry—about 2.7 million of the 150 million (pre-COVID-19)
workers in the US. The majority of people employed in fossil fuels are the
nearly one million working in gas stations; convenience stores sell 80%
of the gas in this country.? But we need to remember convenience stores
also sell hot dogs, cigarettes, and lottery tickets, so we probably shouldn’t
categorize them solely as energy industry employees.
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15.1 Al US jobs, prior to the COVID-19 pandemic. Data from the US Bureau of Labor
Statistics’ “Current Employment Statistics” reports, n.d., https://www.bls.gov/ces/. Get
out your glasses!
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We can see just how few jobs there are in coal mining—around
50,000—and compare that, say, to the 450,000 people who work in hair
styling and barber shops, the 370,000 who work in golf clubs, or the more
than 10,000,000 who work in restaurants. There are more accountants in
the US than there are employees in the entire energy industry. It’s not a
big slice of the economy at all.

HOW MANY NEW JOBS WILL WE HAVE IN OUR CLEAN
ENERGY WORLD?

There are many ways to calculate the number of new jobs that will be cre-
ated by decarbonizing the US, and while estimates vary widely based on
methodology, just about everyone agrees the answer is “a lot.” My friend
Jonathan Koomey warned me that calculating jobs in the energy sector is a
fool’s errand. I went on that fool’s errand in a white paper, “Mobilizing for
a Zero-Carbon America: Jobs, Jobs, and More Jobs.”® I found a new friend,
Skip Laitner, an economist used to such calculations, to help me be a fool.

Our estimate of jobs comes from understanding how much energy we
currently use in the US, and how much renewable energy we would need
to produce to power our lives at the same level of comfort we enjoy today
(cars, heaters, push-button conveniences)—all of which I've described
in previous chapters. Laitner and I have used this understanding of our
energy needs to build a “machines-up” account of decarbonization,
counting each specific piece of equipment required to make the transi-
tion: solar panels, heat pumps, electric dryers, and electrifying equipment
such as hot water heaters and electric vehicles that can be used for energy
storage. Then we figured out how many jobs it will take to create all these
new electric things.

Economists estimate job creation by starting with a cost estimate. We
use our estimate of the cost of all the machines we need to build to figure
out how much money the whole project of decarbonization will cost.
Economists then draw from historical data the number of jobs created per
million dollars spent, for a variety of industries. These jobs include direct,
indirect, and induced jobs.

Direct jobs are those that are concretely and specifically in energy.
Indirect or supply-chain jobs are associated with servicing the direct jobs.
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A direct job might be installing natural-gas pipelines or solar panels, and
an indirect job related to that is making the steel for the pipes, fiberglass
for wind turbines, or the valves and pumps for the pipeline. Induced jobs
are those created in the community around the direct and indirect jobs—
the people employed in the restaurants, schools, local retail stores, and
other facilities who support the people in the direct and indirect jobs.
The woman installing wind farms gets a handsome pay check that she’ll
spend a good portion of in her local economy employing butchers and
bakers and LED makers.

To create our beginning cost estimate, we made a list of what the US
will need to build. Remember, we will need something like 1,500 GW
of new (clean) electricity capacity on the supply side. That will mean
millions of miles of new and upgraded transmission and distribution to
get the electricity to the end user. On the demand side, we’ll need to
electrify our 256 million cars and trucks, 130 million households, 5.5
million commercial buildings covering 90 billion square feet, and all of
our manufacturing and industrial processes. From those numbers we can
estimate how many batteries, heat pumps, induction stoves, electric cars,
and water heaters that will need to be manufactured and installed.

We add up the cost of everything I just described, in comparison to
the things they replace. This gives the relative cost of decarbonization
versus business as usual. We divide that amount of money by the ratio
of direct jobs per million dollars spent for our zero-carbon economy.
Similarly, we can calculate the number of indirect and induced jobs. For
example, $1,000,000 (2017 dollars; economists have to adjust everything
for inflation) spent in construction creates 5.38 direct jobs, 3.87 indirect
jobs, and 10.22 induced jobs. That’s nearly 20 jobs created per million
dollars spent.

That gives us the gross number of new jobs. Then you have to subtract
the jobs that will be lost in industries catering to the fossil-fuel economy,
including indirect and induced jobs. We have to phase out coal min-
ing and find jobs for those 50,000 miners, but we won'’t phase out the
2,500,000 jobs in the auto industry, as they’ll be redirected to electric
vehicles and other net-zero vehicle options.

We assume that we will have a massive wartime mobilization period
up front (3-5 years) to get our production capacity up to scale, followed
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by a 10-year period of deployment. This is in line with an emissions tra-
jectory that increases global temperatures by no more than 2°C/3.6°F. On
the demand side, we replace incumbent technology at the rate implied
by their natural lifetimes. For example, when your water heater kicks the
bucket after 11 years of use, we assume you'll replace it with one powered
by a heat pump.

Transitioning to renewables will add a lot of jobs in finance, R&D, and
training, which we include.

Figure 15.2 summarizes the output of this model. At its peak, the
model projects that this rewiring of America will create more than 25 mil-
lion new jobs. There are around 12 million jobs currently in the energy
industry (including all of the indirect and induced jobs). You can see over
the course of 20 years that the existing fossil jobs transition to new clean-
energy jobs, and that the end result after the rapid buildup is a sustained
5-6 million job increase over what it is today.
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15.2 Total jobs in the energy sector through 2040, with a decarbonization effort com-
mensurate with a target of 2°C/3.6°F in global temperature increase. The “efficiency”
jobs (horizontal wavy stripes) are optional and unnecessary for decarbonization, and
they are not included in our total job count.
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WHAT DOES HISTORY HAVE TO SAY ABOUT THIS?

Creating this many jobs, and doing it in quick order with a massive mobi-
lization, is not without precedent. As we’ve seen, we did something quite
similar during World War II. Winning the war for the Allies had a total
cost to the economy of around 1.8 times the 1939 GDP. (In 1940, the
US GDP was $100 billion. Between 1939 and 1945, the US spent $186
billion producing the war materials critical to the success of the Allies.)
Transitioning to a completely decarbonized energy system probably has
a cost closer to just one 2019 GDP of $22 trillion—a comparative bargain
to save the world.

The last time unemployment was this high, during the Great Depres-
sion, we stimulated the economy with the New Deal, which created many
jobs but still wasn’t enough. Figure 15.3 shows how, at the height of the
Great Depression, US unemployment was over 24%. FDR’s public-works
and jobs programs made real progress starting in 1935, but it wasn’t until
the war that the job situation changed significantly. After the mobiliza-
tion of American industry to manufacture war materials, unemployment

HISTORY OF US EMPLOYMENT
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15.3 Historical rates of unemployment in the US, including the recent COVID-19 spike

in unemployment.
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was down to 1.2%. Unemployment was so low that, for the first time,
women and African Americans were employed in large numbers in high-
paying jobs. The productive capacity America built for that wartime effort
created not just temporary jobs, but jobs for decades afterward.

We can take a retroactive look at the wartime production known as
“the Arsenal of Democracy.”* Our projections, which look enormous, are
not dissimilar in their effect on the economy to what was seen in WWIL.
There was a 60-70% expansion of manufacturing employment, a more
than doubling of manufacturing output, and massive increases in con-
struction and raw-materials production required to feed this activity.

World War II production statistics show the economy-wide benefits of
such an audacious project: an 18.3% increase in the labor force, a 63%
increase in manufacturing employment, a 52% increase in Gross National
Product, and a 58% increase in consumer spending. The war analogy is
not perfect, but it will help the public understand that if we shoot for a
victory against climate change with a wartime-style mobilization of the
nation’s industrial productivity, we stand to benefit enormously econom-
ically, and in terms of jobs and consumer well-being.

BUT WAIT A SECOND . ..

Our numbers aren’t gospel, and they're almost certainly on the high side.
This is so far outside business as usual that it’s challenging to arrive at
accurate estimates. The historical data of jobs per million people is based
on periods in which the economy was fairly normal. What I'm suggesting
would be such an enormous stimulus program as to render a lot of that
normal econometric data iffy, at best. Nevertheless, you can conclude
that there will be a huge number of jobs created—many, many more than
we might lose.

The economist’s method underscores a sharp conflict in any of these
job estimates—you create more jobs by spending more money! This was
why the various announcements of the Green New Deals sounded like an
ever-increasing race to spend, spend, spend. If you want the biggest head-
line about jobs, you just spend more money. (If you'd like to re-examine
your relationship with money and debt, go read David Graeber.) This
is in conflict with making energy cheaper, which should be our other
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goal. Making energy cheaper means getting efficiencies of scale and low-
ering the job count required to do every task. Balancing employment and
cheap energy is critical, and we need to think bigger as a society about
this issue.

Some have proposed ideas like a universal basic income, but we could
just consider something we’ve done before. In the 1950s and 1960s,
America went from a majority six-day work week to a five-day work
week. The productivity improvements that came from automation after
the Industrial Revolution were sufficient to give most Americans more
leisure. I don’t know a lot of people who want to give up their two-day
weekends. So for me there isn’t a conflict between creating more jobs and
creating cheaper energy. Let’s just automate the work, and lower the cost
of energy as much as we can, and then make every weekend three days
long. Yay for robots!

Another funny aspect of doing this detailed analysis was underscored
by calculating the job situation around LED lighting. LEDs are now so
cheap and last so long that they save consumers a ton of money. This
means that finishing the project of converting much of America’s lighting
to LEDs will save money, which, to the economist, destroys jobs. Think
of the headline “LED lighting destroy jobs—it’s un-American!” Except of
course, we Americans like our energy cheap.

HOW MUCH?

The Green New Deal announcements were met with sticker shock, because
these vague plans just had a topline number of $20 trillion. They made it
sound like a bad, expensive deal for America. It probably does cost about
that much, but this amount will be spread out over 15-20 years. This is
mostly spending the country was going to do anyway—everyone is going
to buy a new car or two in that 20 years, and appliances, and home retro-
fits, and all of that spending that was going to happen anyway shouldn'’t
be considered an “extra cost.”

And in reality, American consumers will save when we transition to a
zero-emissions economy. If the country follows something like the recipe
this book outlines, it'll save every family up to $2,500 a year. For America’s
120 million households, these savings add up to $200-300 billion a year!
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The other important point is that the government won'’t bear all of the
cost. If the government uses a mechanism like loan guarantees for this
infrastructure, the government doesn’t outlay cash; rather, it uses its heft
and reputation to give everyone the best possible interest rate. Similarly,
the government doesn’t have to pay the full cost of every item to make
them cost-effective, just enough to tip the market in favor of decarbon-
ized solutions with the right subsidies that are a fraction of the cost of the
whole item.

For instance, the current renewable tax credit in the US is set at 26%.
If, for argument’s sake, we apply this as the government’s share of all
these costs, it would only amount to about $300 billion per year for the
15 years of the mobilization. This is only a third of our current military
budget. Not only that, but America’s household and business savings will
pretty much cover this cost.

We need to change the unhealthy narrative that saving the earth is
going to cost us money. It won't. If we do it right, we all stand to reap
the benefits and save money—and have longer weekends!

JOBS EVERYWHERE

The topic of jobs is inherently political. I spoke to a veteran operative in
climate politics, appropriately jaded and cynical to prove it, while look-
ing at all of these numbers. He said, “One million future jobs don’t have
nearly the political currency of the dozens of jobs of one small, loud
interest group or union.” That’s probably true. We won'’t be able to win
every heart and mind.

But to reassure those hearts and minds, remember that this plan
doesn’t call for immediately shuttering plants and closing all the com-
ponents of the fossil-fuel economy. Those jobs will transition out at the
replacement rate of the machines that are retiring. It'll mean a slow and
steady transition into new clean-energy jobs over the next 20 years.

One thing that really matters to people is where jobs are. The nice
thing about the plan I outline in this book is that a huge portion of the
solution is in your driveway, on your roof, in your basement. These are
jobs that can’t be offshored to China or Mexico or even done by robots.
These are jobs in every zip code in America, and many are biased toward
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suburban and rural communities. These are also neither boffin (Austra-
lian for nerd) jobs in lab coats, nor minimum-wage jobs in restaurants.
These are skilled blue- and white-collar jobs, the great majority in the
trades—electrical, plumbing, and construction—that will pay well and
are rightfully the kind of satisfying jobs where people will go to work in
(an electric) pickup truck, feel proud of their day’s efforts and contribu-
tions to their community, and be part of the larger national project they
are building toward: a better, rewired, America.

RED VS. BLUE ENERGY POLITICS

But knowing there could be more jobs won't necessarily reassure people
whose current jobs are in an energy sector that will change. To pretend
this problem isn’t political is naive. Currently the red states have the
majority of the energy jobs. They are scared of losing them, which is a
potential reality, and this is trumpeted as the reason not to move toward
a clean-energy future. After hurricanes, people in Texas and Louisiana fret
about the environmental damage to their magnificent waterways caused
by damaged oil and gas facilities, but shortly after the storm, they return
to jobs in fossil production that will cause more of the storms that cause
their worry.

After the election in 2016, I was moved to look at the political break-
down of the energy landscape. It was one of the more eye-opening things
I had done in a while. As you can see in figure 15.4, fossil-fuel produc-
tion doesn’t skew just a little red. It is overwhelmingly—around 85% of
all production—located in red states. Among the issues driving voters in
those states are their energy jobs.

It is a similarly interesting story if we look at electricity production,
which seems fitting in a book titled Electrify. But looking closely, we see
that the picture is complicated. Red states outproduce blue states in all
electricity-generation categories including nuclear and the blue-state dar-
ling, renewables. Putting all the solar on our rooftops that we can will still
only produce a relatively small fraction of all clean energy, 10-25% of the
total supply. So there will need to be an enormous amount of “industrial”
clean energy and big renewable installations.
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AllUS Fossil Production, 2015, by 2016 Election Preference
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15.4 Fossil production by state in 2015, including coal, natural gas, oil, and total pro-
duction, as arranged by 2016 electoral preferences. More than 80% of fossil fuels at that
time were produced in Republican-voting states.
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AllUS Electricity Generation, 2018, by 2016 Election Preference
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15.5 Electricity generation by state in 2018, including renewable, nuclear, non-carbon,
and fossil fuels, as arranged by 2016 electoral preferences. In all categories Republican-
voting states produced more electricity.
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Those big solar and wind installations require land. This is the rea-
son more farming, more manufacturing, and more energy production is
done in red states: the red states have more land. We can see this clearly
in figure 15.6, which shows that around 70% of the US land area voted
Republican in 2016. It shouldn’t be surprising that that is where the oil
is. What also shouldn’t be surprising is that the future of clean energy is
in those same places. Texas is realizing this with its boom in wind energy
installations. There is every reason to believe that the future of energy
jobs looks like the past in the critical political sense of employment. Most
of the electricity generation jobs will be exactly where the current oil,
gas, and coal jobs are for exactly the same reason: these states’ wide open
spaces and (hopefully soon) clean air.

US Land Area (Million Square Miles)
by 2016 Electoral Preference
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15.6 Big states vote Republican. The 2016 electoral map, arranged by land area. There
is a simple reason for why red states produce more fossil fuels and more electricity: they
are much larger. This advantage (around 70% of land area) will also play out in renew-
ables deployment, as renewables require large installations covering a lot of land.
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HISTORICAL PARALLELS

Job creation on this scale (tens of millions) and at this pace (a few urgent
years) is not without precedent. The US followed a similar path in mobi-
lizing for World War II (as we’ll see in the next chapter). As we have
seen, winning the war for the Allies had a total cost of around 1.8 times
the 1939 GDP. Transitioning to a completely decarbonized energy system
probably has a cost closer to just one 2019 GDP of $22 trillion.

We can look to the wartime production that was recorded in the US
War Production Board’s October 9, 1945, report, Wartime Production
Achievements and the Reconversion Outlook, to see that these enormous-
looking projections are not dissimilar in their effect on the economy
as to what was seen in World War II. In figure 15.7 we see the 60-70%

15.7 Expansion of key US economic sectors comparative to 1939 as a result of wartime
production. Source: US War Production Board, Wartime Production Achievements and
the Reconversion Outlook: Report of the Chairman, October 9, 1945, https://catalog
.hathitrust.org/Record/001313077.
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15.8 Wartime shifts in the US economy for critical economic parameters as a result
of the WWII production effort. Source: US War Production Board, Wartime Production
Achievements and the Reconversion Outlook: Report of the Chairman, October 9, 1945,
https://catalog.hathitrust.org/Record/001313077.
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expansion of manufacturing employment, the more than doubling of
manufacturing output, and the other massive increases in construction
and raw-materials production required to feed this activity.

Even more illustrative is figure 15.8, which shows the economy-wide
benefits of such an audacious project: an 18.3% increase in the labor
force, a 63% increase in manufacturing employment, a 52% increase in
Gross National Product, and a massive 58% increase in consumer spend-
ing, as so many more people had money in their pockets to spend. The
war analogy is not perfect, but it helps us to understand that mobilization
of our nation’s industrial capacity can drive the creation of millions of
new jobs while protecting consumer well-being.

As I'm fond of saying, there will be so many jobs that we’ll need robots
to do them. Americans need not fear the future if we decide to take mat-
ters into our own hands and shape it so that it provides prosperity for
everyone.
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MOBILIZING FOR WORLD WAR ZERO

[ Modern wars are won with technology and a production plan, as proven
in World War II.

Fighting climate change will be cheaper than fighting WWII.

We need to select a small number of “critical munitions” and ramp up

Nt

their production rates.

To get to carbon zero, we have to fight World War Zero. (John Kerry may
have coined this term, and I use it because it’s a great summary of what
we need: a wartime effort to get the economy to zero-carbon emissions.)
Even if the situation currently seems mired in inertia and political paraly-
sis, we have to act. We must rally together to get to zero-carbon emis-
sions, to prevent a climate disaster that would be as devastating as any
world war we could imagine. The odds are stacked against us, but we have
a way forward.

As we've seen, electrify everything represents a viable solution that can
eliminate most emissions with technologies that already exist. Then the
first challenge becomes one of scale: can we produce these solutions in
sufficient quantity and within the required time frame? And if not, how
quickly can we build the production capacity to make these solutions in
quantity?
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The fastest possible pathway to decarbonization requires a rapid indus-
trial scale-up of working solutions. The US has done this before, with the
heroic industrialization effort known as the “Arsenal of Democracy” that
rapidly scaled up production to fight World War II. Winning the climate
war will take resources and a collective effort akin to what helped win
WWIL It will take scaling up industrial efforts at a very fast rate, as we
did during that war. As we've seen throughout this book, it’s a problem
of will, not technology.

Not only did America and the Allies win WWII, we created jobs and
technologies that insured our country’s long-term prosperity. With a
heroic national wartime effort, we clearly can do even better fighting
climate change than the already impressive growth rates of our critical
clean-energy industries.

In 1939, the United States was at the tail end of the Great Depression.
The mood of the country, particularly among New Deal Democrats, was
against intervening in international affairs. We see similar sentiments
today with the climate crisis—a lack of interest in getting involved,
turning away from the problem, focusing on business as usual at home
instead of on melting glaciers, rising seas, or wildfires in other places. The
climate emergency should be at the top of every politician’s agenda, but
until after the 2020 election, when President Joe Biden made addressing
climate change a priority, it often rated only a token mention.

Similarly, the US was woefully unprepared and disinclined to engage
in World War II. In 1939, the US military ranked 18th in the world, just
edging out the Netherlands. As Arthur Herman recounts in Freedom’s
Forge, the US Army resources were well behind Hitler’s, so much so that
Brigadier General George Patton had only 325 tanks to the Germans’
more than 2000, and had to order nuts and bolts for them from the Sears
and Roebuck catalog. Practice war games held that year were so shabby
that the Army used ice cream trucks as stand-ins for tanks, and Time
magazine reported that the exercises looked like “a few nice boys with
BB guns.”

In his book, Herman describes how Winston Churchill entreated Roo-
sevelt to join the war. After the humiliating 1940 retreat from Dunkirk in
a ragtag flotilla of boats marshaled by civilian volunteers, Churchill had
to motivate a nation that thought all was lost. His “we will fight them on
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the beaches” speech was an unvarnished appeal to the fact that it is more
noble to go out fighting than to lay down your arms in the face of the
enemy. Or as the Churchillian politician we need today might re-write his
speech to address our climate crisis:

We shall go on to the end. We shall fight right here in the US, we shall fight for the
earth and oceans, we shall fight with growing confidence and growing strength for

clean air, we shall defend our planet, whatever the cost may be. We shall fight with
our homes, we shall fight with our vehicles, we shall fight with our grid and in the

streets, we shall fight in our cities; we shall never surrender.’

Roosevelt was convinced, and began a massive buildup for the war effort,
employing William Knudsen, a man with a background in car manufac-

turing, to manage wartime production and gear up industry for the task
ahead.

16.1 The US very quickly ramped up production between 1941 and 1943 for the criti-
cal components required to win the war. Source: modified from US War Production
Board, Wartime Production Achievements and the Reconversion Outlook: Report of the
Chairman, October 9, 1945, https://catalog.hathitrust.org/Record/001313077.
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The US government drafted a list of critical munitions and offered cost
plus a guarantee of a 7% profit to industrialists who would contribute
their engineering experience, industrial know-how, and factories to pro-
duce a military arsenal that could fight Hitler and save democracy. The
profit was sometimes ridiculed as “patriotism plus 7%."”

In 1942, Roosevelt appointed another industrialist—Donald M. Nel-
son, of the Sears catalogue—to the Wartime Production Board. As Roos-
evelt would say in a speech of that year:

The superiority of the united nations in munitions and ships must be over-
whelming—so overwhelming that the Axis nations can never hope to catch up
with it. In order to attain this overwhelming superiority the United States must
build planes and tanks and guns and ships to the utmost limit of our national
capacity. We have the ability and capacity to produce arms not only for our
own forces but also for the armies, navies, and air forces fighting on our side. . . .

Only this all-out scale of production will hasten the ultimate all-out vic-
tory . .. Lost ground can always be regained—lost time never. Speed will save
lives; speed will save this Nation which is in peril; speed will save our freedom
and civilization.?

It did get the job done, and in record time, partly because of the finan-
cial incentives the government offered. Building on the mass-production
genius of Henry Ford, the Arsenal of Democracy took American-style
mass manufacturing to the next level and helped win the war. In 1939
the US had only 1,700 aircraft and no bombers. By 1945, the US had
produced a war machine that included some 300,000 military aircraft;
18,500 B-24 bombers, 141 aircraft carriers, 8 battleships, 203 submarines,
and 52 million tons of merchant ships; 88,410 tanks and guns, 257,000
artillery pieces, 2.4 million trucks, 2.6 million machine guns, and 807
cruisers, destroyers, and escorts; and 41 billion rounds of ammunition.

It was an arsenal big enough to support the Allies and defeat the Axis.
The incredible production ramp up can be seen in the postwar analysis of
the project by the Wartime Production Board as seen in figure 16.1.

As none other than Joseph Stalin described it:

I want to tell you, from the Russian point of view, what the President and the
United States have done to win the war. The most important things in this war
are machines. . . . The United States . . . is a country of machines. Without the
use of those machines . . . we would lose this war.?
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Table 16.1 Critical Munitions Required to Win World War II Compared to the List
of Critical Machines Required to Win World War Zero

WWII Arsenal of Democracy World War Zero
Aircraft Wind turbines
Liberty ships Solar farms

Bullets Batteries

Combat vehicles Electric vehicles
Engines Heat pumps
Electronics and communications Grid infrastructure

In table 16.1, I present an analogous set of “critical war materiels”
(as they were known in WWII) for fighting our war on climate change.
Instead of air craft, we need wind turbines; instead of liberty ships, we
need solar farms; instead of bullets, we need batteries. It won't be simple,
and just as with WWII it will require giant political compromises in the
public-private partnership required to get it done. Nevertheless, the task
ahead can be described fairly simply as a short list of things that need to
be deployed at massive scale.

The simple effort of doubling production over and over again is what
got the job done during WWII. All of this manufacturing brought over
16 million new people into the workforce. Women, adolescents, retirees,
African Americans, and others historically excluded from the workforce
were brought in to meet the extraordinary demands of this effort.

No jobs program before or after has been as successful at putting
people to work as this US wartime production. After all the smoke had
cleared, WWII investments in manufacturing continued to sustain Amer-
ican prosperity for decades. At the height of the Great Depression, US
unemployment was over 24%. After nearly a decade of New Deal pro-
grams, unemployment stubbornly remained above 14%. With the war-
time production effort, though, it rapidly decreased to below what we
now think of as the minimum unemployment number of 2%. In 1944,
unemployment was 1.2%. Addressing climate change is another project
large enough to employ everyone.
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It may not be realistic to imagine we can keep doubling production
capacity until the job is done. Unlike with WWII, there are economic and
practical considerations that we now face. What we need to do is double
production capacity as fast as possible until we get to the replacement
rate, the speed of natural turnover based on the lifetime of a technol-
ogy. As I mentioned previously, these technologies do have lifetimes. For
example, we need to get wind turbine production rates as quickly as pos-
sible to the rate at which we can replace them as they retire 30 years after
they were built. Globally, if we need 4 TW of wind power and their life-
time is 30 years, then we need to sustainably produce wind turbine gen-
eration capacity at 133 GW per year. That is only a little more than two
doublings from our current 25 GW, and a production rate we would hit in
2029 if the current industry growth rate of 19% is sustained. If we assume
all solar technology lasts 20 years, we need a production rate of 200 GW
per year, a rate that we would hit in 2027 if we maintain current growth
rates. Once we hit those maintenance levels of production, the industries
won't need to grow any more; they just need to continue to produce at
that level to sustain the output required for global clean energy. This
pushes back by a few years the point when we will cover total global
energy demand with renewables, to around 2048 (and around 2045, if we
include current nuclear and hydroelectric assets).

The fastest possible pathway is then limited by how comprehensively
we adopt these working solutions. As we’ve seen, this will be limited by
their cost and whether US policymakers can implement financing meth-
ods that help everyone afford the future. A relentless focus on reducing
the soft costs—the costs of retrofits, permitting, installation, and inspec-
tion that will make this transition easy, cheap, and smooth—is critical,
because it is currently not so easy for US consumers to decarbonize.
The fastest possible pathway will be enabled by sensible early retire-
ment of our heaviest-emitting technologies, and a sensible regulatory
regime that prevents the granting of new fossil leases and exploration
rights. This might also be achieved with carbon pricing, although the
price needs to get pretty high pretty quickly to actually be the fastest
regulatory method. Aggressive research and development is necessary to
achieve the fastest possible pathway, but not in the way most people
imagine. There is a role for R&D in reducing the cost of the things we
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need for immediate deployment, but the heavy lift for R&D is in the
cleanup projects—finding new ways to decarbonize the sectors that we
know we don’t have an answer for. Most of these challenges are in either
agriculture or materials, and they deserve our attention and resources
if they are to provide solutions in the 10-20 year timeframe we need
them to.

This wartime mobilization will come with serious up-front costs. But,
again, the country has done this before. In 1940, the US population was
132 million, and the GDP was $100 billion. Between 1939 and 1945, the
US spent $186 billion producing the war materials critical to the Allies’
success, and the GDP doubled from 1940 to 1943.

Today, the US population is 330 million, and the GDP is $21 trillion
dollars. If we were to spend in the same proportions today, it would be
equivalent to $39 trillion. The good news is that the effort to decarbonize
will definitely cost less than $25 trillion—comparatively less than the
financial commitment required to win WWII!

In fighting World War Zero, the war on climate change, we could com-
pletely decarbonize America with a similar effort, on a similar timeline,
and at a lower comparative cost to the economy. We know that to meet
our climate target rate of 1.5°C/2.7°F, we need a 100% adoption rate,
meaning we need every new power plant to be zero carbon, every new
car to be electric or zero emission, and every new furnace to be electric
and powered by carbon-free sources. That means a radical transformation
of American industry and the goods we make.

Roosevelt recognized the necessity of building the military arsenal
required to face the enemy earlier than the American public did. When
the Japanese bombed Pearl Harbor at the end of 1941, the US military
was ready, and the rest of the country woke up to the threat. We face
a similarly grave threat today. This is a project that America undertook
once before, and we can do it again. In the process, it will reinvigorate our
people, pride, and economy.

If we take the massive electrification path to solve climate change—
which is really the only viable path—we need to manufacture a very large
number of machines. This is not to mention new biofuel industries, new
farming methods and technologies, new manufacturing opportunities,
and new approaches to forestry.
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As we have seen, all this manufacturing will generate jobs for decades.
FDR’s infrastructure investments of the New Deal markedly reduced
unemployment caused by the Great Depression, but the manufacturing
effort for WWII was demonstrably more successful in dealing with high
unemployment rates. Sixteen million new workers were brought into the
economy during WWIL. To have a chance of creating the future our chil-
dren want and need, our war to stop the climate emergency requires a
massive buildup of the country’s manufacturing, technical, business, sci-
entific, and human resources. We need another Arsenal of Democracy—
and we'll need another Apollo moonshot, and maybe a research effort
akin to the Manhattan Project as well.

Mid-twentieth-century America was built on an audacious combina-
tion of science projects, visionary infrastructure, innovative manufactur-
ing, and novel financing, all supported by and in partnership with the
government. This is why the world looks to America to lead the decar-
bonization revolution: we are the only country with a history of achiev-
ing projects this ambitious.

America’s abundance has been based on cheap energy, which guar-
antees economic strength. We can make our energy costs even cheaper,
while also meeting the demands of a zero-carbon world. This is the path
to a new American abundance. By committing to a full-scale energy trans-
formation through electrification, America will define climate success in
the twenty-first century.

Just as America prospered after WWII by building the products that
rebuilt the world’s destroyed infrastructure, America will prosper after
this decarbonization effort by exporting solutions to the rest of the world.
We can win this war, and have achieved similar industrial transforma-
tions within living memory. As with World War II, we have to fight,
and we have to invest right now to save everything we hold precious
and dear.

BATTERIES ARE THE NEW BULLETS

The world produces close to 90 billion bullets every year. That’s more
than the number of LEGOs produced annually—around 20 billion. What
a damning statistic about humanity!
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What is a bullet, though, but a metal wrapper around some energy-
dense materials? What is a battery but energy-dense materials the size
of a bullet, wrapped in a metal canister? We’ll need trillions of batteries
to power the future if we are using something like the canonical 18650
lithium-ion battery. But if we can make a trillion bullets in a decade, we
can surely ramp up battery production.

If we were to increase the production of the small number of things
fundamental to winning the war on climate—EVs, heat pumps, solar
cells, batteries, wind turbines—what would that look like, and can it
be done?

In 2019, the global solar industry added an annually averaged capac-
ity of around 30 GW to bring the total installed capacity of solar to
around 127 GW (that is actually generated power, not just nameplate
power, which is only realized under ideal conditions). The solar industry
is currently growing at 25% annually. In 2018, the global wind indus-
try installed around 20 GW of annually averaged capacity, bringing the
installed base to about 249 GW; the wind industry is growing at about
10% per year. In 2019, of the 75 million vehicles sold globally, 1.1 mil-
lion were electric; the electric-vehicle market is growing at above 20%
per year.

As 1 have shown, a fully electrified economy requires only half the
energy the world currently uses. Globally, we use around 16 TW of energy
today; half of that is 8 TW—as we’ve seen, a rough estimate of what we’ll
need. We should assume some growth in demand, so let’s call it a round
10 TW. At the current growth rates, somewhat amazingly, by 2037 wind
and solar alone would produce this total energy demand by themselves.
At the current electric-vehicle growth rate of 20%, by 2033 we could make
the 75 million vehicles we produce globally each year.

This is achieved with the magic of compound growth. If your manu-
facturing capacity grows at 25% per year, you double your capacity in
only three years. This was the logic behind the manufacturing buildup
for WWII: identify the critical war materials, and focus relentlessly on
increasing the rate at which you can produce those items.

The first liberty ship produced in WWII took 244 days to build. By the
middle of the war it took an average of only 42 days. In one heroic public-
ity stunt, one was produced in under five days.
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Imagine for a moment that we got truly ambitious in this climate
emergency and doubled the growth rate of production of just these
three items: EVs (doubling the current rate would mean a 40% produc-
tion growth rate), solar panels (50%), and wind turbines (20%). We could
meet global demand for energy, with zero carbon, by 2030. All new vehi-
cles could be zero emissions by 2028.

Yes, this is a heroic plan. But in a story where you're saving the love of
your life—planet earth—it’s worth it for all of us to be heroes.
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CLIMATE CHANGE ISN'T
EVERYTHING

Electrifying everything is the immediate path out of our climate emer-
gency.

But our environmental problems are bigger than climate change.

We must rethink industry for a decarbonized world.

We could address climate change and still kill the oceans with plastic.

499E 14

We need to think about our products as heirlooms, and recyclable ones,
if we are to solve our consumption problem.

Solving climate change isn’t much good if we suffocate the oceans with
plastics, kill our bees with pesticides, and continue to pollute the world’s
waterways with excess fertilizers and other environmental toxins. The
industrial ecosystem is where our climate-change challenges collide with
all of our other environmental problems. There are huge opportunities
for win-wins that address not only climate problems but also the other
negative effects of our consumption habits.

My original degree was in materials science and metallurgy, and my
first industrial jobs were in aluminum smelters, steel blast furnaces, and
rolling mills. Apart from apathy, there is no reason to believe we can't
massively reduce the energy use of industries like these while also fixing
a huge number of other environmental problems associated with how we
make things. Rethinking industry for a decarbonized world is one of the
most exciting challenges for the industrialists coming of age today.
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The US industrial economy is actually the largest consumer of energy
(~32%) and a huge emitter of CO, and other climate-warming gases. We
saw the energy flow breakdowns of this sector in figure 4.5. The indus-
trial sector, as defined by the agencies who measure our energy uses and
carbon emissions, includes mining, construction, and agriculture, as well
as manufacturing, the largest component of the industrial economy. To
take one example, nearly one of the 32 quads required to power industry
is used for making fertilizer. Fertilizer is good, and we need it, but we
don’t use it very effectively, and it is likely that a lot could be saved while
maintaining healthier and better food systems and soils. Heavy fertilizer
application and poor soil management leads to huge emissions of nitrous
oxide, a more damaging greenhouse gas than carbon. There are similar
opportunities for improvement throughout the industrial sector.

While we can easily understand why our cars produce CO, emissions
from the giant amounts of gasoline we feed them, and why heating our
homes and running our stoves do too, it is harder to understand how the
things that we purchase as “consumer goods” contribute to emissions.

We saw earlier, in the Sankey diagram in figure 4.5, just how much
energy is used in making all of our stuff. This diagram is largely built on
the data provided by the semi-annual Manufacturing and Energy Con-
sumption Survey (MECS). I have dived deep down this rabbit hole at vari-
ous times, as incredible business and research opportunities are buried in
the decarbonization of the industrial sector.

A helpful way to understand the flow of energy through the industrial
sector is to look at the flow of materials through the economy. We see
in figure 17.1 just how much stuff we move around. The 6,544 tons of
stuff the US takes from the natural world each year is 20 tons per person.
Funnily enough, this is without even counting the CO,. When we burn
those 1,936 million tons of fossil fuels they mix with oxygen to create
CO,—around 6,700 million tons of the stuff. If we counted CO, as one
of the things we manufactured, it would, astoundingly, weigh more than
everything else we push around combined!

Contemplate that before you get too enamored with the propaganda
thatis the hype around carbon sequestration. We would have to bury more
CO; every year than all of the other stuff we dig out of the ground or take
from forest and field. That’s going to be one hell of an environmentally
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US Material Flows
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. . egetables : 30
biomass: e 285
oots and tubers : 21
1710 ice:10
—nuts: 3

tobacco: 0.3

w other crop residues : 134

& grazed blomass

timber (industrial roundwood) : 192
- wood fuel and other extraction: 28
— wild fish catch: 5

77 copper ores : 358

— nickel ores: O
— bauxite and other aluminium ores : 0.09
titanium ores : O

silver ores 1

ironores:

¥ non-metallic
minerals :

2304

E sand gravel and crushed rock for construction: 1088

§imestone:695
ornamental or building stone : 238
= structural clays :
— dolomite ;
gypsum: 16
& industrial sand and gravel : 120

: = sah:44

ST fertlizer mineralsnec.: 27

non-metallic minerals-—  industrial minerals ne.c:15
. o specialty clays: 13

industrial : 220 chemical minerals ne.c.: 2

17.1  US flows (by tonnage) of materials through the economy.
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destructive process and require a second industrial ecosystem as big as all
of our current ones.

On the bright side, looking at these giant material flows gives us the
opportunity to contemplate a saner version of carbon sequestration.
Looking at those flows, especially the bigger ones, ask yourself, “Can I
conceivably bury or sequester carbon in that flow?” If you can figure out
how to make the answer to that “yes,” you have an enormous contri-
bution to make in addressing climate change. If we are to store carbon
somewhere, at the scale required, it would need to be absorbed in these
large existing material flows—like moving soil, or in forestry and wood
products, or in concrete and drywall (I helped found a robotics company
that can finish drywall, and we are looking at how to use the process to
make walls a carbon sink, not a source). It may not be as glamorous as
“direct air carbon capture,” but it is more feasible and more reasonable.
It does realistically mean that our pathways for sequestration at scale are
likely slower than have been modeled into UN IPCC emissions reduc-
tions scenarios. That means we need to figure it out quickly and imme-
diately get going.

There are many other efficiency wins and energy reductions through
technology transformations that can substantively impact industrial
energy flows. In addition to using our material economy to sequester
carbon, we need to start thinking big about how to use fewer materials
to achieve the same goals, how to achieve 100% recycling rates of those
materials, and how to use materials that have lower toxicity. Shockingly,
one-third of the world’s children already have poisonous levels of lead in
their blood.

AN IMPORTANT WAY TO THINK ABOUT ENERGY IN STUFF:
EMBODIED ENERGY

Engineers think about the energy or carbon footprint of products in terms
of their embodied energy or embodied carbon. Embodied energy—the
sum of all the energy required to produce something, which we can think
of as energy incorporated or “embodied” in the thing itself—is pretty
easy to understand, which is why I use it as the reference number when
making calculations. You can imagine that the embodied carbon could
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Table 17.1 Approximate Embodied Energies and Embodied Carbon for an Array
of Common Materials.

Material MJ/kg Carbon (kgCO./kg)
Concrete 1.11 0.159
Steel 20.1 1.37
Stainless steel 56.7 6.15
Timber 8.5 0.46
Glue-laminated timber 12 0.87
Glass-fiber insulation 28 1.35
Aluminum 155 8.24
Bitumen 51 0.4
Plywood 15 1.07
Glass 15 0.85
PVC 77.2 2.41
Copper 42 2.6
Lead 25.21 1.57

vary greatly depending on the energy source that was used to produce
the material. If we were making all of these materials with zero-carbon
electricity, most would have near-zero embodied carbon. It is embodied
energy we care about, for which I share reasonable reference numbers in
table 17.1.

But this assumes the material is only used once. In reality, to compare
all of these materials, we need to recognize that the energy or carbon
impact of an object is determined by the equation:

Weight of thing x embodied energy
Lifetime or number of uses

Energy per utility of a thing = (17.1)

This equation tells you some really important things. To decrease envi-
ronmental impact, you can lower the weight of a thing, or you can use
a different material altogether. But making the thing last longer is key.
The first strategy is the material-optimization strategy used by
many companies—for example, shaving a few grams of plastic off your
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toothbrush. The savings are generally really small from this type of effort.
As a strategy, it’s similar to energy efficiency: often hyped, yet unlikely to
yield transformative gains. Often, though, designers will use more exotic
materials to achieve those weight savings, but at the expense of increas-
ing the embodied energy of the object produced. This is generally typified
by the use of carbon fibers and exotic composites. These materials end
up making lighter objects, but the weight loss is offset by the embodied
energy gain by using the new materials, and often by some toxic future
recyclability problem, as well.

The other strategy that lots of “green” companies use is material sub-
stitution. This is evident in all of the “green” products made of bamboo.
People associate bamboo with “green,” but it isn't always so. Many bam-
boo products are shipped from China and grown under unclear environ-
mental standards; “sustainable” bamboo clothing and fabrics are often
processed with toxic chemicals, or using enormous amounts of water and
heat. The much-touted advantages of hemp-based textiles, perhaps pro-
moted by those smoking their own T-shirts, is eliminated by the unfor-
tunate fact that it takes much more water and heat to separate out the
hemp fibers than it does with the cotton production process.

In most cases, it is the number of uses, or the lifetime, of a product
that determines its sustainability. If your bamboo toothbrush is only used
once, it’s an awful idea. If you use your carbon-fiber bicycle for 15 years
and 60,000 miles, it was an excellent choice.

In estimating our future economy-wide electrification needs, we don’t
assume any other efficiency wins in manufacturing, although there will
be many. One way to reduce the need for electricity is if we simply buy
and throw away a lot less stuff. The great majority of all of the mate-
rials we use eventually wind up in a landfill, and landfills themselves
are a significant source of emissions as the buried cellulose decomposes
anaerobically into methane (which could be used to power a generator).
Americans throw out 4.5 pounds of stuff per day, a number that is still
increasing. (And remember, that is only your personal stuff that goes to
landfill; if we added all of the roads and bridges and your share of the
shopping malls and movie theaters you use, it is more like 100 pounds a
day!) Even more astonishingly, every American uses an average of 6 tons
of fossil fuel per year, which amounts to around 40 pounds per day of
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carbon, or more than 100 pounds per day of CO,. As we are all learning,
there is no “away” to throw it all.

The energy used to make an object is amortized over its lifetime. This
is why single-use plastics are a terrible idea. It is also why the easiest way
to make something “greener” is to make it last longer. I've always loved
the idea that we could turn our consumer culture into an heirloom cul-
ture. In an heirloom culture, we would help people buy better things that
would last longer, and consequently use less material and energy. There
is an old adage that rich people can’t afford to buy cheap things of low
quality—a statement of the fact that well-made things last longer. This is
the environmental embodiment of that parable. Buy good-quality things
and use them for a long time. This once again gets to the financing issue,
however. Often the right choice is more expensive up front. Again, US
policymakers will need to think about how to help consumers finance
the right material and product choices.

Vehicles are often the focus of technocrats’ obsession with embodied
energy, and for good reason. Approximately half of the carbon emissions
of a typical car are in the production stage—in their embodied energy.
One thing that excites me about electric cars is that they are so simple
they should last much longer. If your classic electric car (I can only hope
that one day there is such a thing) drives for 50 years with only a (recy-
cled) battery pack change-over, that will eliminate a huge amount of the
true energy used in driving.

It is estimated that the manufacturing of an ICE automobile requires
about 125 GJ of energy, and because it is a little heavier and the bat-
teries are more complicated to produce, 200 GJ for an EV.* That’s 50-
60,000 kWh. If you were driving that EV at a pretty efficient 300 Wh/
mile, that means you have to drive the car for 200,000 miles before the
energy used in moving it would equal the energy used in making it. This
means it doesn’t really get 300 Wh/mile, but instead 600 Wh/mile. (The
same math applies to ICE vehicles.) If you multiply the embodied energy
in the 17 million ICE vehicles sold in the US every year by that 125 GJ,
it pencils out (and sorry for switching units) at a little over 2 quads. Two
percent of our current energy consumption is in making vehicles!

Designing vehicles and building them to last 500,000 miles is obvi-
ously a much better idea. During the electric-scooter craze of 2018, 1
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calculated the embodied energy of a typical scooter, and used its average
45-day life in service to estimate its total energy consumption per mile. It
was close to 900 Wh/mile. That is worse than the fuel economy of a Ford
Expedition SUV!

Industrial energy use and material resource use are such important top-
ics that the DOE publishes fantastic studies on just how good we could
get at producing various industrial materials. These are known as Energy
Bandwidth Studies.* They are worth taking a look at, if only to see the
biggest energy consumers and carbon emitters. 1 will provide a look at a
few below.

STEEL

The carbon emitted during the production of steel is a result of the energy
used in heating and processing the steel, and of the coal used in the pro-
cess of making the raw iron in the first place. All of our steels have sig-
nificant quantities of carbon in them; in fact, cartbon content is one of
the principal descriptors of types of steel. “Low-carbon steels” are duc-
tile and pretty strong, “high-carbon steels” are typically more brittle but
super strong. Today most of the heat for the steelmaking process comes
from natural gas, but there is no reason why it cannot come from clean
electricity. There are companies all over the world working on ways to
add carbon content to steel without having to add it as coal in the blast
furnace, where it oxidizes and produces CO, as part of the process. A
Rearden metal-sized fortune (excuse my Atlas Shrugged reference) will go
to whomever succeeds.

Thyssenkrupp has figured out how to make steel using hydrogen
instead of coking coal. One of the critical places for hydrogen in an elec-
trified world is in manufacturing to generate the high temperatures we
need for industrial processes.

Steel is 100% recyclable, but only about two-thirds is actually recycled.

CONCRETE

Cement is another big energy consumer and CO, producer, but we don’t
yet have a scalable alternative. This represents a giant opportunity:
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Roman and Greek cement absorbed CO,, and this might be a case of back
to the future by using cement to sink carbon. Cement is also what we
need to make humanity’s favorite material, concrete.

I've always been astounded by the statistics on concrete. The US pro-
duces almost two tons of concrete per person per year! The stuff is every-
where you look. Joni Mitchell was bang on target when she sang of paving
over paradise. It is estimated that 8% of global emissions come from
cement alone. Half of those emissions are from the energy required during
production, and the other half are emitted in the creation of clinker, the
lime-based binder that holds it all together. Limestone (CaCOs) is heated
to become lime—calcium oxide (CaO)—which creates leftover CO,.

But it doesn’t have to be this way. We should be able to make cement
that absorbs CO, through its lifetime. And we certainly should be able
to build with less concrete. Covering ground with concrete has negative
effects on drainage, soils, and more. I'm sure we can do better.

The American Concrete Pavement Association publishes data about
how roads made of hard concrete, instead of softer asphalt, enable cars to
get better mileage. The real problem is that we don’t add the embodied
energy of making the roads that our cars drive on into our estimates of
energy used per vehicle mile traveled. This means that our 600 Wh/mile
estimate just got worse.

What's more, very little concrete is recycled, though some of it becomes
the base for yet more roads.

ALUMINUM

Most aluminum is already made with electricity, so once again, in theory
we can make it without carbon emissions, but the energy input is not the
only source of carbon emissions. In the arc furnaces used to smelt alumi-
num in today, the electrodes are carbon, which is the source of much of
their carbon emissions. Apple recently worked with Alcoa and Rio Tinto
to create the first batch of carbon-free aluminum.* I've personally always
found aluminum to be a wonder material, so I'm glad we are on a good
track for carbon-free aluminum.

Aluminum is also 100% recyclable, yet only about two-thirds is recy-
cled in the US.
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PAPER

In theory, paper can be a zero-net-carbon product. The huge amount of
energy used in the paper and pulp industry (more than two quads!) is
mostly used in separating the cellulose fibers from the lignin glue that
holds trees together. The promise of the paperless office has yet to lower
the amount of paper we need, and the convenience of online shopping
is increasing the demand for cardboard packaging. It might not sound
sexy, but a better paper and paperboard industry is critical to addressing
our climate issues.
About 63% of paper and paperboard are recycled in the US.

TIMBER

Wood is good. I like to think that wood is the second-best method for
carbon sequestration, other than books! To use more would mean we
need to have much better forestry management. People are already build-
ing wooden multistory housing, and wood is really a perfect sustainable
building material, but there isn’t enough of it in the world for every-
one to have an American-style home. I once planted 30,000 trees—I told
you I had an environmentalist mother—when my mom was trying to
create habitats for some endangered birds. Many of these trees reached
maturity. Just a few of them could have been my entire lifetime’s supply
of construction materials and carbon sequestration. More forests, better-
managed forests, and more wood products that are made to last longer
would be a great thing.

GLASS

Glass can be recycled basically infinitely, but it does require a lot of energy
to produce it. This is because the melting point of glasses is so high.

We are getting good at making stronger, thinner, tougher glasses, but
maybe all we really need is a cultural shift back toward reusable glass
packaging. It’s cleaner and chemically much safer than storing your food
in plastic.

Every time I receive one of those ubiquitous plastic takeout food trays I
think about how 50 years ago it would have been touted as a food-storage
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miracle. Remember Tupperware? Two hundred years ago it would have
been prized as highly as we value gold, pewter, and silver. Now, they get
used once and thrown away. There is no “away,” though, so let’s start
thinking about reusable glass.

But glass isn’t always the answer; in bottles it is hugely heavy and
usually single use. If you are going to drink wine, buy it by the cask.
We used to have cultural practices around “house wine” that are worth
reprising—many Italians still buy, or make, their wine that way. If you
can’t get behind a keg or a cask in your basement, then at least consider
aluminum cans of your currently glass-bottled beverages, since they are
more recyclable and much lighter.

Today, only 34% of glass is recycled in the US.

PLASTICS

I don’t write much in this book about the problem of ocean plastics, nor
of the larger plastic pollution nightmare. But it is an enormous concern.
Perhaps not surprisingly, the fossil-fuel industry expanded from the low-
margin industry of energy supply into the higher-margin industry of plas-
tics. They have had astounding success with the project, as evidenced by
the plastics that pervade our marine environments. We need a combina-
tion of consumer behavior change and new technology to solve this prob-
lem. I have hope for biologically derived plastics that are biodegradable.
This is a critically important problem to solve, as the current production
of the plastics we use every day generates large quantities of nitrous oxides
and other gases even more harmful to our atmosphere than CO,.’

Unless we change things quickly, plastics, on their own, will emit
10-13% of our remaining carbon budget.® This isn’t as obvious as you
might think.

Plastics have big, long carbon backbones and last forever, so you would
think we could sequester carbon in them. Maybe we should drill for oil
to mold giant plastic dinosaurs that we could re-bury to sequester car-
bon! Unfortunately, this is what most people’s carbon sequestration plans
are anyway. What actually happens is that in the creation of olefins—
the precursor to most plastics—there are large amounts of nitrous oxide

emissions.

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966487/c008800_9780262367288.pdf by MIT Libraries user on 03 August 2022



184 CHAPTER 17

The recycling picture for plastics isn't great: less than 10% of plastic is
recycled in the US.

So recycling doesn’t work, and we need an entirely new pathway to
plastics, but even if we did they would still gather in the oceans. Because
of all this, I think we should use paper and glass and metal and more reus-
able containers, but we should also invest heavily in synthetic biology or
other pathways to a new kind of polymer that would quickly biodegrade
the way leaves do. Leaves, after all, don’t end up as ocean microplastics.

If the US acts wisely, our moonshot science investment would involve
studying and inventing materials systems, especially polymers, that don't
degrade our environment or use excess energy. Biology and the natural
world has a lot to teach us in this domain.

MATERIAL PROCESSING

It costs enormous amounts of energy to process raw materials into the
objects we use. When I studied metallurgy, we called it “heat and beat,”
or the study of getting things hot and shaping them with something
like a hammer. If you could imagine a better way to do any of these
things—grinding of materials (0.49 quads), electrochemical processing
(0.16 quads), or food processing (1.11 quads)—you could be a captain of
those new industries.

While most of the heat in our homes is low temperature—hot water
and hot air at below boiling point—a huge amount of energy used in
industry is in high-temperature heat. This is the heat used to bend steel,
melt aluminum, and bake ceramics. This high-temperature heat isn’t
amenable to the efficiency tricks of heat pumps, but relies on looking for
other pathways to energy efficiency. There are a lot of opportunities to
build billion-dollar manufacturing businesses in the electrified future, if
you can figure out the right technology to avoid those high temperatures
or make them cleanly.

THE MATERIALS OF OUR ZERO-CARBON FUTURE

Many renewable technologies rely on rare-earth metals such as neodym-
ium, scandium, and ytterbium for critical components. The rare-earth
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metals used in high-energy magnets and electronics are actually not as
rare as their name implies. Their costs pose some challenges to critical
components like electric motors and batteries, and so finding ways to
decrease the amount needed can reduce the costs of these devices.

Developing robust and efficient recycling pathways for solar cells, bat-
teries, motors, and carbon fiber will offer further opportunities to lower
costs of critical components by lowering material costs.

In this book, I have explained that we need about 4,000 W of constant
energy supply per person to live our decarbonized life. That translates
to a 20,000-watt solar array. A 400 W solar module weighs around 40
pounds. That’s 10 watts per pound. That means every one of us needs a
2,000-pound solar array. That array will last around 20 years. That means
we will need around 100 pounds or 40 kg of solar arrays built for every
one of us every year. We will probably figure out how to make these arrays
last longer and work more efficiently, and how to make them thinner and
lighter, but even if it is 10 or 20 kg per person per year, that’s going to be
a lot of what amounts to e-waste.

Similarly, a family of four on the decarbonization program presented
in this book will need around 200 kWh of batteries to make it all work.
At current battery efficiencies and a lifetime of 7 years, that will be 30 kg
or 70 pounds per year of batteries for each of us. Obviously, we need to
consider making solar arrays, wind turbines, and batteries last longer. We
need to figure out how to recycle 100% of the materials in them. You
could imagine tying the federal financing suggested in earlier chapters to
a federal recycling rebate (like the 5-10 cents per bottle applied to certain
bottles in some places) to motivate collection and reuse.

Much of the cobalt in the world is mined in West Africa, in Zambia
and the Democratic Republic of Congo (DRC). Cobalt is a critical com-
ponent in batteries and other electronics. I visited my dear friend Louise
Leakey, whom I should write to more often and who is the latest in the
line of very famous Leakeys who not only study the origins of evolution
in humanity’s birthplace in Kenya's Rift Valley but are also vital protec-
tors of Africa’s incredible wildlife. Louise’s father, Richard, lost both of
his legs when his plane was sabotaged because he was leading the cam-
paign against ivory exploitation that was endangering elephants. Lou-
ise’s husband, Emmanuel de Merode, a Belgian prince, has devoted his
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life to protecting Virunga National Park in the DRC, including its highly
endangered population of mountain gorillas. Emmanuel was shot mul-
tiple times and (like everyone in the Leakey orbit, it seems) lived to tell
the tale, while trying to prevent the encroachment into these precious
habitats of the very mining companies that give us our cobalt. If I had
to have a world without gorillas or a world without electric cars, I would
choose to kill off the EVs and keep the gorillas.

The story of neodymium (which makes the powerful magnets used
in computers, cell phones, medical equipment, motors, wind turbines,
and other electronics) and the other rare-earth metals is only marginally
better than the story of cobalt. After a half century of mining these met-
als, China has woken up to the enormously toxic trail they leave, not to
mention the questionable labor practices involved.

This is to emphasize that we need to be much better at mining, and we
need to be enormously better at recycling. We should also spend more of
our country’s science budget on developing alternatives to these exotic
materials, or designing electrical machinery around less-exotic, and less-
toxic, materials.

But even the less-exotic materials can be enormous problems. I grew
up in Australia during the period when Australian mining companies
were pillaging the environment in the exotic rainforests of Papua New
Guinea. Whole mountainsides were destroyed to bring us the copper we
use in electronics and wires.

It doesn’t have to be this way. I have a number of great friends pio-
neering the use of biology and biological processes to make the things we
need less toxic. My friend Drew Endy and a former professor of mine at
MIT, Tom Knight, pioneered an area called synthetic biology. It uses the
power of cellular manufacturing to produce biological materials. To date,
it has mostly been harnessed in pursuit of better pharmaceuticals, but I
believe their bigger promise is in solving some of our bulk-materials prob-
lems. I took classes with Professor Shuguang Zhang, also at MIT, where
we brainstormed how to create materials with the incredible properties of
bones, bamboo, fingernails, and silk, but in quantities and formats ame-
nable to a clean, green industrial manufacturing infrastructure. When I
tell people I want to make surfboards out of fingernails, they imagine I'm
going to do a lot of toenail clipping, but what I really mean is growing
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surfboards in vats of organic materials. Endy now advocates that mush-
rooms, or more specifically the mycelium fibers they produce, can be
used to make packaging, insulation, and building materials. Our mutual
friend Philip Ross is making leather substitutes with it that are fantastic.

My friend Fio Omenetto ran the silk lab at Tufts. He and I brainstorm
all sorts of things to make with biology. His favorite new plant is Lunaria
annua, a marvelous plant with reflective properties that also grows pro-
lifically, like a weed. He imagines using it in geoengineering schemes to
change the earth’s albedo. (Albedo is a measure of the reflectivity of a
surface, like snow or dirt. If more of the earth were covered in snow, more
light would be reflected into space, and we would slow or reverse global
warming—this is why losing the glaciers and Arctic ice is a terrible idea,
because reflective snow is replaced with light-absorbing water or stone.)
I am trying to convince Omenetto that we should start making glitter
with Lunaria annua. Glitter today is a toxic little timebomb made out of
plastics and sometimes thin layers of metal (for the sparkles). So for all
the wedding guests and children out there who love sparkles but also
want sparkly clean oceans, we should be harnessing the powers of this
miraculous little plant to make biodegradable sparkly glitter. I would like
to call it “Mermaid Glitter—sparkles you can have without choking the
fish.” (This is why they assign me to the lab and not to marketing. I'll ask
my seven-year-old daughter what she’d like to name it.)

The environment, the elephants, the gorillas, the fish, the mermaids—
they are all worth saving. These are the things that motivated me to get
into the business of finding solutions to climate change in the first place.
These are the things that make the world rich, beautiful, and fascinating.

We might be compelled to fix climate change to save humanity, or to
save the creatures, or both, but it won’t be much of a victory if we lose the
apes and the dolphins and the polar bears along the way.

My colleagues in labs and universities and companies around the world
are all confident that we can collectively find the answers and build the
electrified world my seven-year-old and eleven-year-old deserve.

It will take all of us.
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YES, AND . ..

I want readers to be able to understand the main arguments of this book
without getting stuck in too many details. Here, I will try to offer you
dinner party-ready talking points for the main questions that people will
inevitably have for the main argument of the book. Each topic is worthy
of a book in itself. If I dispose of a favorite baby of yours too quickly
here, or you think I have it all ass-backward, then we should grab a beer
sometime.

YES, AND ... WHAT ABOUT CARBON SEQUESTRATION?

Carbon sequestration would be a great technology to support, if only it
were a good idea. It is attractive because it gives us the illusion we can just
keep on burning fossil fuels if we can figure out how to suck the emis-
sions back out of the air.

This idea derives from the natural processes that have kept our planet
in balance for millions of years. Trees, plants, and microbes evolved to
turn atmospheric CO; into a useful product—biomass or wood. They do
so using cascades of elegant chemical reactions and enzymes. Plants cre-
ate a large surface area in their leaves and branches, which allows them
to do a great job of absorbing CO, from the atmosphere. All of the plan-
et’s trees and grasses and other biological machines pull a grand total of
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about 2 GT of carbon a year. To put that in context, our fossil burning is
emitting 40 GT a year. Imagining that we can build machines that work
20 times better than all of biology is a fantasy created by the fossil-fuel
industry so they can keep on burning.

When considering carbon sequestration, we should first remind you
just how staggering that 40 GT of CO; is. If you had a giant set of scales
and put all the things humans make or move on one side, and all of the
CO; we produce on the other, the CO, would weigh more (see figure 17.1).

The worst version of carbon sequestration is the most seductive one:
capturing CO; from thin air. This is energetically difficult, and by that I
mean as difficult as juggling babies, bowling balls, electric chainsaws, and
flaming tiki torches. You have to sort through a million molecules to find
the 400 that are carbon, then convince those 400 to become something
they don't naturally want to be: a liquid or, better yet, a solid. That sorting
and conversion costs energy—a lot of it. Even if we could make it work
reasonably, we’d have to install zero-carbon energy to run it, which is like
using zero-carbon energy to supply our energy needs anyway, except it’s
more complicated and expensive to add the carbon-sequestration step.
The government should fund sequestration research, within reason and
with some skepticism, understanding that it’s a miracle technology that
we’d like to have but don’t technically need, and probably can’t afford.

The challenge of air capture is like a treasure hunt looking for CO,
needles in the atmospheric haystack. You have to look at 2,500 molecules
before you find 1 CO, molecule. For context, it is far easier to find Waldo,
who in his various books appears at concentrations of around 1,200 to
4,500 PPM (or more accurately WPP, Waldos Per People).!

More seriously, the paper on the topic that I think is the most infor-
mative is that by Kurt Zenz House and his colleagues.” House analyzes
carbon capture from chemistry-first principles and places a very high bar
on anyone claiming to be able to sequester carbon dioxide from ambient
air in a cost-effective manner. They project it would likely cost $1,000 per
ton of CO;; the most optimistic estimate is $300 per ton. Using the likely
overly optimistic number, that would be the equivalent to adding 30¢/
kWh to the cost of coal-fired electricity, or 15¢/kWh to the cost of natural
gas. We should invest our time and money in things that are going to
work instead.
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A slightly better idea is capturing the highly concentrated CO, gas in a
smokestack and somehow burying it. It is a little bit easier than the trou-
bled idea of atmospheric CO, separations, because for some fossil fuels
you can start with a concentrated flow of CO; in the smokestack, instead
of a dilute gas that must be filtered from the atmosphere.

Sounds promising. But when we burn fossil fuels, we mix them with
oxygen (that’s what combustion is), and in so doing the burned fuels
become much larger (and also a gas which makes them larger still). The
idea behind carbon sequestration of fossil fuels is basically to stuff the
carbon back in the hole in the ground from whence it came. But even
if you squeeze carbon dioxide back down into liquid form, which costs
you yet more energy and money, the volume is much larger (around five
times greater) than the volume that you originally took from the ground.
That’s because when it came up it was mostly carbon, and when it goes
back it is carbon with lots of oxygen. People propose putting carbon in
other underground reservoirs, or at the bottom of the sea where the pres-
sure of the water could contain it. But if you spring a leak, you lose all
that hard work.

The economic argument against sequestration is that renewables are
already competitive with coal and natural gas in most energy markets,
and the added expense of carbon sequestration is not going to help fossil
fuels compete. It is not unreasonable to say that the expense of carbon
sequestration would be the death knell of fossil fuels.

Even though smokestack sequestration is a bad idea, the fossil-fuel
industry is happy to have the American public confuse that bad idea
with the worse idea of capturing the more diffuse emissions from cars,
furnaces, or kitchen stoves. Those emissions are extremely distributed—
they are generated at the furnace and stovetop ends of the 4.4 million
miles of the US natural-gas pipeline distribution network and our 260
million tailpipes. It is nearly unimaginably difficult to collect the CO,
from those sources and render it into a form that doesn’t end up in the
atmosphere.

In addition to the obvious business-as-usual reasons for the fossil
industry to champion fossil fuels with carbon sequestration, the self-
interest goes further. By injecting this CO, into the ground, the industry
can force more fossil fuels back up; in fact, most of the CO, that humans

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966488/c010000_9780262367288.pdf by MIT Libraries user on 03 August 2022



194 APPENDIX A

have sequestered so far has been used to help with “enhanced” oil and
fossil fuel recovery—further perpetuating our reliance on fossil fuel. This
is an expensive, multi-layered cake of bad ideas topped with cynical
frosting.

Frack ’em all.

YES, AND . . . WHAT ABOUT NATURAL GAS?

Natural gas sounds benign, like the energy version of organic kale. But
despite the “natural” label, it’s largely methane, mixed with ethane, pro-
pane, butanes, and pentanes. When natural gas burns, like other fossil
fuels, it emits carbon dioxide, carbon monoxide, and other carbon, nitro-
gen, and sulfurous compounds into the atmosphere, contributing to the
global greenhouse-gas effect and local air pollution. Don’t be fooled by
those who will profit from confusion by promoting ideas like natural gas
as a “bridge fuel” to the clean-energy future. Coal gets more air-time as a
dirtier fuel, but natural gas is just as filthy if you account for the fugitive
emissions. Natural gas is an unsafe, collapsing bridge to nowhere. We
burned that bridge . . . with natural gas.

YES, AND ... WHAT ABOUT FRACKING?

Fracking—or hydraulic fracturing—is the process of pumping pressurized
liquid into well holes to fracture the surrounding rock, which enables
gas and other hydrocarbons to be more readily extracted. This technol-
ogy, and the accompanying revolution of horizontal drilling, gave the US
cheap natural gas at exactly the wrong moment in history.

Fracking spews methane directly from the mining sites, which offsets
the nominal win from burning natural gas instead of coal. It also leaks
from its network of distribution pipes. There are many other underly-
ing problems with mining natural gas, such as water-table pollution and
the creation of seismic instabilities. What’s more, it’s a huge distraction
from the things that we know to be zero-carbon, like solar, wind, nuclear,
pumped hydro, electric vehicles, and heat pumps.
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YES, AND .. . WHAT ABOUT GEOENGINEERING?

We already are geoengineering, we are just doing it badly—we're heating
the earth and destroying the planet’s lungs. Burning fossil fuels is geoen-
gineering that gives us climate change. The question is, can we geoengi-
neer for good instead?

Geoengineering is not a decarbonization strategy. It is a hope to con-
trol the temperature of the earth while giving up on CO; strategy. Many
of the early arguments for studying geoengineering were that we should
know how to do it, just in case the world turns out to be apathetic about
climate change. We now know of multiple paths to geoengineering to
mitigate climate change: most of them amount to managing the incom-
ing flux of energy from the sun. You have probably heard of these ideas—
giant space mirrors, scattering reflective particles in the atmosphere, or
artificially generated clouds. In an ecosystem as complex as that of earth,
all of these ideas will produce unintended effects.

Embracing geoengineering would also make us forever dependent on
future geoengineering solutions. It’s a bit like using liposuction as the
solution to obesity when you're just going to keep eating cheeseburgers.
Even if it works, we can’t afford to lose sight of the better, cleaner solu-
tions proposed in the rest of this book.

The problems of trying to control the climate are many. Who sets the
temperature? Low-lying islanders and people who love coral or northern
Europeans who might benefit from a bit more climate change? We don’t
really know all of the unintended consequences—environmental, social,
or political—that would arise from geoengineering.

It is a good idea to study geoengineering schemes, and it does help us
understand earth systems better, but this is not a realistic or permanent
solution. It could also draw large amounts of resources away from tech-
nologies we already know can solve the problem.

YES, AND ... WHAT ABOUT HYDROGEN?

Many people believe hydrogen will provide a pathway to decarboniza-
tion. But hydrogen is not a source of energy. You don’t discover hydrogen;
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it is a battery in the form of a gaseous fuel. The fossil-fuel industry is
happy to promote the hydrogen fiction because the majority of hydrogen
sold today is actually a byproduct of the natural-gas industry. Only a tiny
amount of gaseous hydrogen exists naturally on earth. To make and store
carbon-free hydrogen, we would first have to create electricity to power
a chemical process called electrolysis, which is not highly efficient. Then
we’d have to capture the hydrogen gas and compress it, which consumes
about 10-15% more energy. Then we’d have to decompress the gas and
burn it or put it through a fuel cell. We lose more energy at every step of
this process.

As a battery, hydrogen is pretty ordinary; for the one unit of electric-
ity you put in at the beginning, you probably get less than 50% out at
the other side. This is called “round-trip efficiency.” To run the world
off hydrogen, we’d have to produce twice the amount of electricity
that we currently produce, which would itself be a monumental chal-
lenge. Remember, chemical batteries typically have 95% or so round-trip
efficiency.

Germany and Japan invested heavily in hydrogen because they don’t
have domestic natural gas and they wanted something with the energy
density of gasoline. In theory, hydrogen has about three times more
energy per kilogram than gasoline (123 M]J/kg as compared to 44). But
you have to compress it and store it in a tank made of exotic materials.
The tank weighs much more than the hydrogen gas itself. If you include
the tank in your calculations, hydrogen ends up being about a quarter of
the energy density of gasoline and only a little more energy dense than
batteries.

I started a company called Volute that built better compressed natural
gas and hydrogen tanks. This technology is now licensed into both of
those industries, so even as someone who would profit greatly from a
hydrogen economy, I'm pretty confident it will only end up being a niche
player. We can argue about the size of the niche. For example, hydro-
gen can serve as the high-temperature gas for industrial processes such as
steelmaking and can solve some transportation problems.

Hydrogen will be useful, but it is not the answer.
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YES, AND ... WHAT ABOUT A CARBON TAX?

A carbon tax isn’t a solution. A carbon tax is a market fix meant to
make all of the other solutions more competitive. It's designed to slowly
increase the price of carbon dioxide, making fossil fuels uncompetitive.
The idea is that a high enough carbon tax would make all of the fossil
fuels more expensive than at least some of the other solutions, and then a
perfectly rational market would use those cheaper clean-energy solutions.

Carbon taxes might have been sufficient if we’d started with them in
the 1990s, but for the taxes to achieve the 100% adoption rates we need
now, they would have to ramp up very quickly. They would also be dif-
ficult to implement, as well as regressive, hitting lower-income people
hardest.

It would probably be just as effective to eliminate fossil-fuel subsidies,
which in many markets would tip the scales in favor of alternatives any-
way. And by the time we have the political will to implement a carbon
tax, renewables with batteries will be cheaper than fossil fuels.

A carbon tax is useful in decarbonizing the hard-to-reach end points
of the material and industrial economy, but unlikely to be rapid enough
to transition home heating to heat pumps, and vehicles from internal
combustion engines to electric vehicles at the rate required.

YES, AND ... WHAT ABOUT TECHNOLOGICAL MIRACLES?

“Miracle” technologies include fusion, next-generation nuclear fission,
direct solar rectification, airborne wind energy, high-efficiency thermo-
electric materials, ultra-high-density batteries, and other technological
breakthroughs we can’t yet imagine. All of these miracle technologies
would, in fact, help with various components of decarbonization, and
the US should invest in them as research topics. With good management,
some of them might come to fruition. However, it would be unwise to
bet our future on miracles, as our timeline for climate-change solutions
is too short. Any ambitious technology like these would take decades to
develop and scale up. We don’t have decades.

The real miracles are that solar and wind are now the cheapest energy
sources, electric cars are better than ICE vehicles, electric radiant heating
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is cozier than our existing heating systems, and the internet was a prac-
tice run and blueprint for the electricity network of the future.

YES, AND . .. WHAT ABOUT THE EXISTING UTILITIES?

There is no way we win this war without the utilities. We need them to
deliver three to four times the amount of electricity they do today. They
are perfectly poised to be a giant participant in our clean-energy future.

Utilities should be the natural leaders in this project, as they already
have five valuable characteristics (thanks to Hal Harvey for pointing this
out): 100% market penetration, 100% billing efficacy, 100% knowledge
of how we use electricity today (if they want to know it), access to low-
cost capital, and an incredible local workforce in every zip code.

Beware the utility that prioritizes its natural gas business over its
electricity business. If you really want to make a difference, get yourself
elected to the board of your state’s utility commission and steer it in the
right direction.

YES, AND ... WHAT ABOUT EMISSIONS THAT ARE NOT
ENERGY-RELATED?

This book principally concerns itself with the approximately 85% of
greenhouse-gas emissions related to the US energy system.’ They are
the overwhelming majority of our emissions. The other emissions come
from the agricultural sector, land use and forestry, and from industrial
non-energy-use emissions. If we undertook the mobilization to address
climate change as suggested in this book, this would also address much
of the industrial non-energy emissions and a little of the other two,
as well. Decarbonizing our energy supply is 85% of what we need to
do. For the other 15%, people are successfully making and selling syn-
thetic meats, creating pathways to cooling without terrible refrigerant
emissions, and working on steel production with hydrogen and alumi-
num without CO,. I have to believe that if we commit to the 85%, the
smart and passionate people working on the other 15% will do their
part, too, as I mentioned in chapter 1.
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YES, AND .. . WHAT ABOUT AGRICULTURE?

The moonshot to ignite the heartland’s creativity is replacing a harmful
monoculture system with an agriculture that sequesters carbon and heals
our soils while also preventing the pesticide and fertilizer run-off that
is polluting our rivers, estuaries, and oceans. Our world-class system of
land-grant universities should be able to knock this out of the park.

YES, AND . .. WHAT ABOUT MEAT?

There are a number of problems with meat, as any vegan will tell you.
One is the amount of land required to grow the animal feed. Another is
that ruminants such as cows and sheep belch methane, which is far worse
as a greenhouse gas than CO,. Eating less meat remains one of the easiest
consumer decisions to reduce climate impact, but it alone cannot solve
our climate problem. On an infrastructure scale, better land management
and new low-carbon farming alternatives will lower the impact of occa-
sional meat consumption. My old friend David MacKay used to quip that
the best way to harness solar energy in Scotland was to grow and eat
sheep. Meat-eating doesn’t have to go away completely, but Americans
do need to become more conscious about their diets.

YES, AND ... WHAT ABOUT ZERO-ENERGY BUILDINGS?

Building standards for extremely efficient homes that need no net-energy
input, such as the energy-efficient German “passivhaus,” are a good idea.
Exactly what constitutes “no net-energy input” is up for debate because
of the complexities of tracing material and energy flows. Some will argue
that with a sufficiently good passivhaus you do not need heat-pump heat-
ing; that may be true, but we have to solve this problem for the houses
that are already built as well as the houses we build tomorrow—in the US
only 1% of our housing stock is built new each year.

These houses, no matter how they are built, will be rare birds. Remem-
ber, too, that only about 2% of houses are built by an architect; the major-
ity are built from common plans by a contractor. I think of passivhaus
and other similar architectural plans as a wonderful library of very good
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ideas for building efficient houses, and even some retrofits, and we all,
especially architects and builders, should embrace these ideas and create
even more.

What would perhaps have more impact in this area are the cultural
shifts that make living in smaller, simpler houses more desirable. Mobile
homes have gotten a bad cultural rap, but they have a smaller carbon
footprint than conventional houses and could offer one of the fastest
pathways for adopting modern decarbonized domestic infrastructure.

YES, AND ... WHAT ABOUT THE REST OF THE WORLD?

America is only responsible for about 20% of current annual global emis-
sions (though historically, it has produced a larger share). People say this
is why it’s not worth bothering with decarbonizing the US. China will
emit more, and if not them, it will be the Saudis, or India, or Africa. If we
all adopt that defeatist attitude, we are done. If America leads, however,
it is likely that other countries will follow once they see the economic
advantages of doing so. The early movers will own the lion’s share of
these critical twenty-first-century industries.

YES, AND ... CAN WE MAKE ENOUGH BATTERIES?

No two ways about it, we will need a lot of batteries. This is not impos-
sible, though, given America’s current manufacturing capacity. To replace
our 250 million personal gasoline-powered vehicles with EVs in the next
20 years, we will need over a trillion batteries, or around 60 billion 18650
batteries every year (18650’s are 18 millimeters in diameter and 65 mil-
limeters long—slightly larger than your flashlight’s AA batteries). That is
similar to the 90 billion bullets manufactured globally today. We need
batteries, not bullets.

YES, AND ... WHAT ABOUT FLYING?

Flying is energy-intensive per minute, but not per mile. Per passenger-
mile traveled, it requires approximately the same energy as driving in
a car with a passenger. That said, reducing the number of flights taken
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is one of the most effective ways for individuals to reduce their energy
footprints.

In the electrified future, short-haul flights (under 500 miles) will be
electric, enabled by increases in the power density of motors and bat-
teries. Long-haul flights will use biofuels to get enough range. Passenger
and freight flights in the US require a total of 2 quads, and military avia-
tion is another 0.5 quads. The US can produce about 10 quads of biofuel
energy, easily covering the tab for flying, in addition to other hard-to-
electrify things like construction and mining equipment (which together
add another 1-2 quads).

I have several friends who have electric aircraft companies; they are
very bullish on flying cars. I have another colleague who accurately states
that at about 80 mph it starts to take more energy to keep the car on the
ground than just flying it—keeping the car’s tires on the ground costs you
a lot in energy! It is even possible to convince yourself that small electric
aircraft will have energy efficiencies per passenger mile similar to electric
cars. This is true if you fly naked, but not if you pack a lot of luggage. Also,
if we could all fly everywhere quickly, we’d do it more, and lose the gains
in extra miles traveled. As a result, I predict this will remain the domain
of billionaires.

YES, AND ... WHAT ABOUT AUTONOMOUS CARS?

Like flying cars, autonomous cars have captured the public’s imagination
(not to mention the self-interested parties trying to profit from them).
Supposedly, they will reduce traffic and lower emissions. This is almost
certainly not true. When groups of people were given a chauffeur as a
stand-in for an autonomous vehicle, they drove many more trips, and
would occasionally send the “autonomous” car across town to buy them
their favorite sandwich.* Autonomous cars will almost certainly induce
more miles traveled.

In the taxi industry, there is something known as “carriage-miles.” This
is the ratio of miles driven without a passenger to miles driven with one.
For taxis, this ratio is about 1.7, meaning the car has to drive 1.7 miles to
move a passenger 1 mile. In disrupting the taxi industry, Uber and Lyft
were able to get this number down to about 1.4. This is probably a good
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proxy for what will happen with wide deployment of autonomous vehi-
cles. Even if we all are driven around to the same places, we’ll increase
miles driven by 40%. Honestly, this is yet more Silicon Valley snake oil.

YES, AND ... WHAT ABOUT THE DANGERS OF NUCLEAR
POWER?

America has led the world in nuclear power. The US Navy operates the
largest fleet of small reactors in the world, and it boasts an impeccable
safety record. Nuclear is a form of electrification, and it fits squarely with
the plan to fight global heating. Nuclear power currently delivers around
100 GW of very reliable electricity to America’s grid. Maintaining or even
ambitiously increasing this amount would no doubt make the climate
solution easier. Today’s best estimates have nuclear energy at approxi-
mately double the cost of wind and solar. Without a doubt, those costs
could be trimmed enormously given advances in engineering, since most
of these plants were designed 50 years ago.

The health effects of nuclear power have been well studied. It is estab-
lished that nuclear is not as dangerous as we tend to think. But like shark
attacks, it’s the prospect of a low-probability event that could release radi-
ation that drives our fears. We can lower that probability further by build-
ing dedicated infrastructure like the facility at Yucca Mountain, but the
fact remains that for 40 years, policymakers haven’t been sufficiently able
to convince people to invest in this kind of infrastructure. Nuclear power
will remain a very difficult political topic unless we have a breakthrough
in waste management.

YES, AND . .. WHAT ABOUT GROWING TREES?

Yes, we should—at least a trillion. Grab a shovel!
The best time to plant a tree is 30 years ago. The second-best time to
plant a tree is today.

Go plant a tree for your grand-kids to climb on. Even better, go plant
30,000.
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WHAT CAN YOU DO TO MAKE A
DIFFERENCE?

It’s time to get to work. Ask not what your planet can do for you but what
you can do for your planet. Everyone has a role.

Your first role is as a citizen. Become a political agitator, work on things
that make a difference, embrace twenty-first-century solutions to twenty-
first-century challenges. Lots of things will change; only be nostalgic
for the things that truly matter. To fix climate change, we need unlikely
coalitions. We need to bring people to the table from all walks of life—
urban and rural, government and business, red state and blue state, black
and white, union members and gig workers, young and old.

If you are eligible to vote, it is time to vote for politicians who take cli-
mate change seriously. If you do support these politicians, and they enact
a plan as ambitious as the one outlined in this book, there is a glorious
future for us all. If you do not, the next hundred years are going to be
pretty grim. As the COVID-19 pandemic reminded us, threats that seem
remote and distant can erupt far more suddenly than we expect. Just as
the prospect of a pandemic seemed like something that could happen, but
somehow seemed unlikely despite experts’ warnings, a far larger storm is
brewing, and it’s well past time to begin preparing.

An event like the pandemic may hurt the old economy, but it is a trans-
formative opportunity for a new one. We can maintain this economy

that lurches from one predicted but unplanned disaster to the next, only
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to find ourselves mid-century in an endless string of climate change-
induced disasters that frankly make COVID look like a picnic. Or we can
wake up now and get to work building a better future. This project has the
capacity to be the foundation of a new American economy that employs
more people, and in better jobs, than ever before.

If you are not old enough to vote, you should vote with your feet by
protesting. The youth climate strike is a fabulous place to start. You might
also consider various ways to file lawsuits against the adults and indus-
tries that are stealing your future. Get angry and get creative, but remem-
ber to have fun and forge great friendships along the way. Chain yourself
to a fence. Fall in love with the passionate activist beside you.

If you are a consumer, don’t focus so much on your small decisions.
While it may be helpful to buy shampoo in bulk to eliminate the plastic
or buy all-natural clothes that can be composted, what matters most are
your big purchasing decisions. Your next car must be electric. You need to
do everything you can to make your house run on solar power. If you are
about to buy a house, consider a smaller one or a mobile home. Whatever
you invest in turning your house into a big battery that can give back to
the grid will have more impact on climate change than any other pur-
chasing decision you make.

If you are a farmer, this is an incredible opportunity to reimagine agri-
culture. American farmers and their incredibly productive lands are cen-
tral to global climate success. Let’s make our lands generative and let’s
make them absorb carbon in the soils, not release it.

If you are an engineer, there is a lot of work to do. Get to work hammer-
ing out the details of our electrified future. Design the new grid. Make
things more reliable, robust, and affordable. Squeeze out the last few per-
centage points of performance.

If you are a lawyer, you should either file a lawsuit against the fossil-fuel
interests or you should work to overturn local ordinances and building
codes that are impediments to rolling out climate solutions as quickly
and cheaply as possible.
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If you are a small-business owner, differentiate your product by making
it cleaner and greener sooner. Make products that every American wants.

If you run a school or community college, we need more shop classes
and more trainees in the practical arts. We need more Americans who
know how to make and install things, turn screws and tighten bolts, and
build the future.

If you are a designer, make electric appliances so beautiful and intui-
tive that no one would ever buy anything else. Design electric vehicles
that redefine transport. Create products that don’t need packaging. Make
products that want to be heirlooms.

If you are a union representative, don’t let a fear of lost jobs stand in the
way of the enormous number of jobs that will be created in a zero-carbon
economy. Prepare yourself and your union by working with environmen-
tal lobbyists for guaranteed job placements, transfer of pay and benefit
levels, and retraining programs. Without labor, there will be no economic
transformation.

If you are a teacher or professor, communicate clearly to your students
the intergenerational burden that has been placed upon them. Teach
them about science and justice and inspire them all to be activists. Most
of all, you need to help your charges understand that no one is coming to
save us; we must save ourselves.

If you are a poet or an artist, we desperately need love letters to planet
earth. Inspire us with beauty to appreciate the world and each other. Help
us ask the right questions.

If you are an investor, invest in companies that are working toward a
carbon-free future. Divest from fossil fuels. Be less greedy. Remember that

profits mean nothing if the planet is ruined.

If you are an electrician, prepare to be the busiest you have ever been.
Train your friends, teach your children.
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If you are a roofer, learn to be a solar installer, too, and prepare for a big
increase in demand.

If you are an hourly worker, advocate for the renewable economy,
because your wages will go up. Better jobs are coming if we get this right.

If you are in construction or renovation, encourage your clients to
shift to houses that don't pipe in natural gas and buildings that are solar-
powered. Learn to install heat pumps and batteries that make houses run
efficiently.

If you are an architect, this is a great time to work on propagating new
architectural solutions that maximize a building’s potential to be part
of the solution. This means rooftops that are flatter and face toward the
sun (south-facing in the Northern Hemisphere). It means promoting
high-efficiency houses, lighter construction methods, and, given that
buildings use so many materials, finding ways for the buildings to be net
absorbers of CO; rather than net emitters.

If you are an entrepreneur, start the billion-dollar clean energy com-
pany that addresses 0.5% of our energy economy. We only need 200 of
you to succeed.

If you are a doctor or health care professional, speak loudly and clearly
about the human costs of pollution and fossil fuels. Respiratory illness
caused by burning fossil fuels kills millions of people globally. Asthma,
bronchitis, and pneumonia are exacerbated by the particulate matter
created by burning dead dinosaurs. Cancers proliferate that were caused
by hydrocarbons, dioxins, and other chemicals born of the fossil fuel
economy. Sedentary, car-based lifestyles lead to obesity, diabetes, heart
disease, and other serious ailments. Vastly better public health outcomes
will be gained by transitioning rapidly to a clean-energy world.

If you are a mechanic, start building electric hot-rods. After all, it’s the
sheet metal that we fall in love with, not the engine.
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If you are a biologist, help make biofuels and biomaterials to power
long-distance flights and sectors of the economy that can’t run on wind,
solar, or nuclear energy.

If you are a tech worker, stop making social media and delivery apps and
start making software that helps people use less energy and that balances
the grid, automates the design of solar and wind plants, makes public
transit work better, and does other useful things to accelerate America’s
transition to renewables.

If you are a social worker, you can be an advocate for helping lower-
income people access homes and transportation using clean-energy
sources.

If you are a city planner, help make US cities and towns more amenable
to a zero-carbon future.

If you are a coal miner, thank you for your service. Now you'll have a
job mining materials for batteries and electric motors.

If you are an oil-industry worker, thank you, too, for your service. Now
you'll have a job helping America build the massive infrastructure that is
required for a zero-carbon future.

If you are a politician, you need to listen to people in this order: scien-
tists, children, engineers. Then you need to rise above the din and clear
the regulatory and financial paths required to get this job done. Work
with everyone. Redefine political boundaries, parties, and coalitions.

If you are a city, town, or county representative, listen to your con-
stituents and find out what is holding them back from buying electric
vehicles, installing solar power, purchasing clean energy from their utili-
ties, retrofitting their houses, and securing loans to buy decarbonization
technologies for their home. Remove all of these barriers by whatever
means necessary.
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If you are a mayor, change the local building codes as necessary to pro-
mote the fastest, cheapest ways to decarbonize. Install clean energy on
local buildings. Create electric-vehicle infrastructure everywhere in your
town.

If you are a state-level politician, it is useful to remember that the states
are experiments. No one has the perfect answer to decarbonization, and
we all have things to learn from one another. Be bold, take risks, and
write the brilliant piece of legislation that speeds up the clean-energy
transition that can be cut and pasted into other state’s policies and even
federal programs.

If you are a congressperson or senator, stand up to corrupting influ-
ences. Remember that you were elected by people, not corporations, and
that you were elected to improve Americans’ lives for the long term.

If you are a president, lead. With vision. Try some FDR, a dollop of
Churchill, a dash of JFK, a pinch of Reagan, a seasoning of Mandela, and
a splash of Merkel.

If you are a corporate CEO, you should be leading your company with
an authentic vision for the future and preparing to fully decarbonize your
operations in a decade. You will need to listen to your youngest employ-
ees, as well as the frustrated older ones who have been telling you to
change for years. Between those groups, you probably already have the
solutions within your organization. Stop worshipping the quarterly num-
bers and build your company for the future.

If you are a billionaire, you might consider buying out a fossil-fuel lease
or two. Own a piece of history in some remote place. Turn it into a nature
reserve. Divest your portfolio of fossils. Invest in start-ups that offer ambi-
tious solutions, even if they can’t offer fast, guaranteed returns. Sponsor
young activists. Lose some money swinging for the fences as though you
were 24 years old again. You have nothing to lose other than the planet.

If you are a vegan cyclist, thank you. Live long and prosper.
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If you are a singer or songwriter, nothing is more powerful than music
to move people. We need anthems for our movement. We need some
Neil Young—he had his vintage Lincoln Continental electrified to dem-
onstrate his commitment to the future. Throw in some Cat Stevens and
some Joni Mitchell, too.

Don’t it always seem to go

That you don’t know what you've got 'til it’s gone

They paved paradise
And put up a parking lot'

In building an abundant and verdant future, there is a job for every-
one. Good luck. May the winds be with us.
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DOWN THE RABBIT HOLE: CLIMATE
SCIENCE 101

Climate science encompasses a broad array of activities and a lot of layers
of varying complexity.

Basic climate science seeks to understand the underlying physics and
chemistry of earth systems with careful measurements.

Climate modeling seeks to assemble the findings of basic climate science
into models of how earth systems interact.

The first climate model was built without computers and could predict
climate change reasonably well.

Impact studies predict the social, economic, political, and other impacts
based on the climate model.

Carbon budgets are the estimated further emissions that we can afford
given a particular temperature or climate target.

Emissions trajectories are the projections for emissions reductions and
technology changeover required to hit a carbon budget.

Integrated assessments try to put all of the pieces together in reports for
broader audiences.

The science is sound, and we have the tools that tell us what we need to
do.

N

Getting from climate science to climate action requires several steps,
which I will walk through here.
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20.1 The original “Keeling Curve” of atmospheric CO, concentration, and its continu-
ation. Source: Jack Pales and Charles Keeling, “The Concentration of Atmospheric Car-
bon Dioxide in Hawaii,” Journal of Geophysical Research 70, no. 24, 1965.

CLIMATE SCIENCE

First, we must do climate science, the detailed work of measuring and
modeling the clouds, glaciers, oceans, soils, emissions, and other factors
affecting global climate. These component systems are simple enough
that the physics can be deconstructed and probed, generating predictions
that can be confirmed through measurements.

For example, in one of the most iconic climate science studies, Pales
and Keeling first documented the increasing concentration of CO, in the
atmosphere.' The resulting “Keeling Curve” of CO, concentration, as it is
now known, is shown in figure 20.1. Through fastidious measurements
taken between 1959 and 1963 atop an observatory at Hawaii’s Mauna Loa
volcano, the study showed both seasonal absorption of CO, by trees, as
well as the disturbing and long-term upward trend due to burning fossil
fuels. The measurements of that study have continued to be collected
since then, providing further documentation of these trends.?

CLIMATE MODELING

After climate science, we must perform climate modeling, the assembly
of these components into a model of the entire climate system. The inter-
actions of models are complex, and system-level models today typically
employ large computers to crunch the numbers. These models are quite
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20.2 Arrhenius’s 1897 model of temperature variation versus concentration of carbonic
acid (CO,). Source: Svante Arrhenius, “On the Influence of Carbonic Acid in the Air upon
the Temperature of the Ground,” Astronomical Society of the Pacific 9, no. 54, 1897.

good now, and have been tested rigorously against past data to verify pre-
dictive accuracy. There is still some uncertainty, but a small and quanti-
fied amount, and the major phenomena are well agreed upon.

For example, in one of the first papers to model the climate, Swedish
Nobel Prize-winning scientist Svante Arrhenius showed the relationship
between increasing CO, concentration and temperature (shown in figure
20.2). In the 120 years since then, climate scientists have been expanding
on this simple model to increase its scope by leveraging the ever-growing
computational resources available (for instance, the seminal 1967 paper
by Manabe and Wetherald that established temperature equilibrium con-
ditions for the atmosphere®). So while the best models today embody
great complexity, the punchline was simple enough to be worked out

on paper: increasing CO, concentration leads to increasing temperature.
IMPACT STUDIES

After modeling the climate, scientists undertake impact studies to deter-
mine how the climate affects other things we care about, like humans,
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geography, animals, earth systems, economics, and pandemics. Impact
studies warn us what will happen as a result of climate change. They tell
us how much sea level change will occur for a given emissions trajectory,
and how many people will be displaced. They tell us how climate change
will affect our agriculture and food supply. They help us understand the
changing patterns and intensities of events like storms and bushfires.
Impact studies encompass a broad range of disciplines (including eco-
nomics, politics, and engineering), and address an enormous number of
issues including food security,* tourism,®> poverty,® migration,” econom-
ics,® war,’ air quality,' disease,"' and labor,'* among others. The breadth
of these impact studies can be overwhelming, but the IPCC regularly pub-
lishes summaries for mere mortals."

CARBON BUDGETS

With our climate models and impact studies of how climate affects the
things we care about, we can then draft carbon budgets, or estimates of
allowable carbon emissions that limit adverse impacts to manageable lev-
els. This shows us, in concrete terms, the amount of CO, or other green-
house gasses we can emit.

Perhaps the most iconic carbon-budget study was the “trillion ton”
paper, which gave a clear and sobering method for budgeting our remain-
ing carbon emissions in terms of the resulting temperature rise.'* The
“trillion” study highlights that we need to stop short of 1 trillion tons of

cumulative emissions.

EMISSIONS TRAJECTORIES

With a carbon budget, we can then create an emissions trajectory, or
a yearly progression of allowable emissions that hit the budget. This is
not quite climate science—it’s more like climate socio-economics, as it
tries to estimate how human behavior will respond to fighting a warm-
ing climate. Figure 20.3 shows a graph of emissions trajectories starting
at present and proceeding through 2100. We clearly see how current
policies and global pledges and commitments don’t come close to our
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20.3 2100 warming projections mapped to commitments, trends, pledges, and
targets. Source: Climate Action Tracker, n.d., https://climateactiontracker.org/global
/temperatures/.

desired 2°C/3.6°F target let alone the 1.5°C/2.7°F target we should be
aiming for.

INTEGRATED ASSESSMENTS

Finally, people who work in climate science and policy write integrated
assessments, which package all the steps into digestible reports and policy
recommendations. These reports take years to assemble and include the
work of hundreds or even thousands of contributing scientists. This is the
work of the IPCC.

WHERE DOES THAT LEAVE US?

There is a lot of room for confusion and opportunity for people to dis-
agree on urgency, because this is not a simple question.

Iimagine the confusion plays out like this in people’s minds: They read
a newspaper article about an impact study that captures their eye. This
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20.4 Mitigation curves redrawn from Robbie Andrew, “It's Getting Harder and
Harder to Limit Ourselves to 2°C,” Desdemona Despair, April 23, 2020, https://
desdemonadespair.net/2019/08/its-getting-harder-and-harder-to-limit-global
-warming-to-2c-it-is-partly-this-hope-in-future-technologies-that-delays-action.html.

press article is likely a poor summary of the science behind the impact
study. Maybe they go on to read the original study. Then they decide if
it impacts them or something they care about—which was probably the
headline that made them read the article in the first place. Some people
might then try to find out how avoiding that impact relates to an emis-
sions trajectory. By this point they’re likely to get lost in the complexity
of it all. If not, they likely will be at the next stage when they look into
the black-hole of uncertainties related to any given emissions trajectory
within a climate model.

For me, it is pretty simple. I want to live in a world that has coral reefs
and rainforests full of the beautiful things I experienced as a child. I also
fear the panicked responses of human beings when we feel impacts and
stressors on our nations’ food systems. Even a warming of 1.5°C/2.7°F will
create a great deal of disruption and stress in the world, so I want to try to
figure out how to keep us as close to that target as possible.
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MITIGATION CURVES

Mitigation curves are the near-term emission responses required to keep
us on track for a particular climate target, such as 1.5°C/2.7°F or 2°C/3.6°F.
The impact of even so much as a four-year delay on our chances is ter-
rible, as is illustrated clearly in figure 20.4.

The simple conclusion is that we now must reduce emissions as fast as
humanly possible, with an emergency, wartime-level response. We need
to turn aggressive mitigation curves into an action plan with production
timetables and deliverables in order not to experience the worst impacts
of climate change.
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DOWN THE RABBIT HOLE: HOW TO
READ A SANKEY FLOW DIAGRAM

I use a lot of charts in this book, despite the fact that I'm told it is a recipe
for publishing failure. That’s why I'm hiding so many of them here at
the back of the book. The one type of chart I refer to extensively is called
a “Sankey diagram,” so this is an introduction to where they came from
and how to read them. They're elegant tools that can communicate com-
plex issues—the big picture and the little details at once—and they are
fairly simple to understand.

The first Sankey-style flow diagram that we know of was drawn by a
French engineer named Charles Joseph Minard. In 1845, he created a flow
chart to depict the traffic on roads between Dijon and Mulhouse, France,
to inform the routing of a new railroad.! In 1869, he created the chart
that he is best known for: a visualization of Napoleon's foray into Russia,
his retreat, and troop losses throughout the campaign (figure 21.1).

The two-dimensional band chart displays six types of data: the num-
ber of Napoleon'’s troops, the distance they traveled, temperature, latitude
and longitude, direction of travel, and their location on specific dates.

The pink line that starts out thick on the left is proportional to the
number of troops that were alive at any point. The thinner the line, the
more tragic the story. By the time he arrived in Moscow, he’d lost two-
thirds of his troops, and then he was beaten all the way back, losing more
men along the way, as represented by the black line. The chart shows that
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21.1 The often-cited 1869 “Sankey” diagram of Napoleon's troop levels as he fought
his way into, and back from, Russia. Source: Sandra Rendgen, The Minard System: The
Complete Statistical Graphics of Charles-Joseph Minard (Princeton, NJ: Princeton Archi-
tectural Press, 2018); from the collection of the Ecole Nationale.

by the time he returned to Kowno, his 422,000 troops had been reduced
to just 10,000.

A few years after Minard created his flow chart of Napoleon’s 1812—
1813 Russian campaign, Irish Captain Matthew Henry Phineas Riall San-
key created a flow chart to visualize the efficiency of the steam engine
(that presumably powered his ship). This is the first known use of the (as
it would become known) Sankey diagram to visualize the flow of energy.
The width of the arrows is proportional to the flow rate of energy.

At the time, coal had become an important fuel in powering ocean-
going vessels, and for very good reason. Wind doesn’t always blow, and
only rarely from the direction you want. Coal sits in the bottom of your
hull, ready to shovel at a moment’s notice. While many sailors were still
mainly concerned with the weather and sails, Sankey was diagramming
the conversion of coal energy into pressurized water and steam, and
understanding the energy losses along the way.

Sankey diagrams are particularly good for visualizing energy because
they conserve proportion at every point along the flow. This gels well
with the law of conservation of energy and the related first law of ther-
modynamics, which both state that energy can neither be created nor
destroyed, but can only change from one form to another.
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21.2 The original Sankey diagram, by Captain Sankey. We can see from Sankey'’s dia-
gram the conversion of coal energy into pressurized water and steam in the boiler,
and the consequent losses as it is turned into propulsive power at the propeller of his
boat. Source: Alex B. W. Kennedy and H. Riall Sankey, “The Thermal Efficiency of Steam
Engines,” Minutes of the Proceedings of the Institution of Civil Engineers 134, part IV
(1898): 278-312, doi:10.1680/imotp.1898.19100.
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If you look where energy is lost in the flows, it is typically to heat. This
is as true today as it was for Captain Sankey; the cold hard destiny of all
energy is that eventually it becomes low-grade heat from which it is too
difficult to extract useful work. The temperature of the universe is 2.73°K,
-270°C or -455°F—chilly no matter what unit we express it in. The fate
of all of our waste heat here on earth will ultimately be to radiate its way
out into space as it cools to the temperature of the universe.

This book is largely about energy budgets. To illustrate them with an
analogy, most people have some understanding of their household bud-
get, so in figure 21.3, I present the average US household budget as a
Sankey flow diagram.’

The chart is read from left to right. The inputs to the house are things
like income and interest on accounts. These flow into a total household
budget. The total household budget then flows into four large categories
of things: housing, transportation, food, and the catch-all bucket “every-
thing else.” These further break down into the minutiae of how we spend
money—on gasoline, eating out, clothes, and other activities of our daily
lives. This same data is presented in table form in figure 21.4.

The average US household is known as the “consumer unit.” Con-
sumer units include families, single persons living alone or sharing a
household with others who are financially independent, or two or more
persons living together who share major expenses. In 2019, the average
American consumer unit had a pre-tax income of $78,635.

The average household expenditures totaled $61,224. We can see that
it is spent on four large categories of things: transportation, housing,
food, and everything else. Housing is the biggest category. $3,477 is spent
in the home on utilities, fuels, and public services; we can already see
the link between energy and our own personal budget. Transportation is
another big segment; of that sector, a third flows into the cost of gasoline.
The average household spends a little more than that on health care, and
less on savings and retirement. We spend less again, under $1,000, on
education. We spend only about $120 a year on reading.

Just as some of you might be interested in chasing down every dollar
in your household budget, I'm interested in tracking down every joule
of energy in the US and global economy. Sankey diagrams have been
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instrumental in this analysis. Let’s go for an eye-opening ride (if you can
keep your eyes open!).

Sankey diagrams found widespread use during the oil crises of the
early 1970s. In 1973, Jack Bridges, working for the Joint Committee on
Atomic Energy, reprised the Sankey and improved upon it in a fabulous
book, Understanding the National Energy Dilemma. The United States had
just experienced oil shortages, and energy was on people’s minds.

The book was quite novel. It not only employed a Sankey to show
current energy trends, it provided historic Sankeys and future projec-
tions to communicate the challenges of planning and delivering a coun-
try’s energy supply. A Sankey of 1950, 1960, 1970, 1980, and 1990 were
included in special full-color, fold-out centerfolds. These fold-outs were
intended to be assembled into a three-dimensional view of the history
and future of US energy consumption. It showed the rapidly increasing
total demand, divided into portions of “lost” energy and “used” energy.
Lost energy is waste heat.

Place yourself in the historical context of this diagram, when the
energy world was in upheaval. There was a major oil crisis because Ameri-
ca’s appetite for oil had outpaced its production, and for the first time our
energy destiny, growth capacity, and entire future as a nation were tied
to geopolitics. Everything was being disrupted; our desire for electricity
was proving as insatiable as our desire for gasoline, and we were install-
ing hydroelectric plants everywhere we could. Nuclear-powered electric-
ity was just starting to take off, and estimates of its future potential were
hyperbolic; it was already controversial.

Nuclear advocates at the time would say that “electricity will be too
cheap to be metered.” People had a renewed interest in wind power for
generating electricity, and some people at the fringes were just starting
to talk about solar architecture and solar thermal. The changing energy
landscape, and the urgency of the oil crises, underscored the importance
of tools for visualizing and planning the future of the American and
global energy supply.

The methodologies behind these visualizations are now used in the EIA
Annual Energy Review (AER) and in yearly summaries of the energy econ-
omy made public by Lawrence Livermore National Laboratory (LLNL).?
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Table 21.1 Average Income and Expenditures of All Consumer Units, 2018

ITEM 2018 Expenditure
Average income before taxes $78,635
Average annual expenditures 61,224
Food 7,923
Food at home 4,464
Food away from home 3,459
Housing 20,091
Shelter 11,747
Owned dwellings 6,678
Rented dwellings 4,249
Apparel and services 1,866
Transportation 9,761
Vehicle purchases 3,975
Gasoline, other fuels, and motor oil 2,109
Healthcare 4,968
Health insurance 3,405
Entertainment 3,226
Personal care products and services 768
Education 1,407
Cash contributions 1,888
Personal insurance and pensions 7,296
Pensions and Social Security 6,831
All other expenditures 2,030

Source: the Bureau of Labor Statistics (BLS), “Consumer Expenditures—2019,”
news release, September 9, 2020, https://www.bls.gov/news.release/cesan.nrO.htm.
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Perhaps the most intense Sankey diagram is the one by Wes Hermann,
shown in figure 21.4. I was first introduced to this chart in around 2007
by Hermann, who interviewed with me for my company Makani Power.
Wes didn’t take the job with us, though the interview was great; he took a
job with a young electric vehicle company—Tesla—instead. When I asked
him about the choice, emphasizing how important wind energy was, he
simply replied that burning gasoline to run cars was the dumbest destruc-
tion of otherwise useful energy in the whole system and that electric cars
were the only way to go. He was right about electric cars, though wind is
still key. He made the chart as a student of the Global Climate and Energy
Program at Stanford. While the chart itself is nearly impossible to read

21.4 Wes Herman's Sankey charts for Exergy and Carbon. (Top) Exergy is the useful
portion of energy that allows us to do work and perform energy services. While energy
is conserved, its exergy content can be destroyed when the energy undergoes a conver-
sion. We gather exergy from distinct, energy-carrying substances in the natural world we
call resources. These resources are converted into forms of energy called carriers that are
convenient to use in our factories, vehicles, and buildings. This diagram traces the flow
of exergy through the biosphere and the human energy system, illustrating its accumula-
tions, interconnections, conversions, and eventual natural or anthropogenic destruction.
Choices among exergy resources and exergy carriers and the manner of their utilization
have environmental consequences. An examination of the available resources and cur-
rent human exergy use places the full range of energy options available to our growing
world population and economy in context. This perspective may assist in efforts to both
reduce exergy use and decouple it from environmental damage. (Bottom) The ability of
carbon-based molecules to store a large amount of useful energy, or exergy, has made
carbon an important exergy carrier in natural and human energy systems. Carbon is
being reintroduced to the biosphere through the human use of fossil fuels at a rate far
exceeding its natural sequestration. This large and accelerating transfer of carbon to
the atmosphere and upper ocean may lead to global environmental changes that would
adversely impact our quality of life. This diagram traces the flow of carbon through the
subsurface, the biosphere, and the human energy system. The energy conversions that
lead to the sources of anthropogenic carbon dioxide are illustrated. In conjunction with
the global exergy diagram above, alternate energy pathways that either do not require
fossil carbon or store it in reservoirs other than the atmosphere and ocean surface can
be examined in the context of current exergy use and carbon flow. Source: Wes Her-
mann and A. J. Simon, Global Climate and Energy Project at Stanford University (http://
gcep.stanford.edu), © 2007.

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966491/c012900_9780262367288.pdf by MIT Libraries user on 03 August 2022



228 APPENDIX D

without more explanation than I can provide here, what it shows are all
possible energy sources on planet earth, including fossil fuels—which are
only a tiny fraction of our possible energy sources. We have many other
sources of energy.

These visualizations of our energy sources and uses allow us to imagine
that if we electrify everything, we will need far less energy to begin with.
The Sankey diagrams give us the opportunity to clearly see a carbon-free
future.

Downloaded from http://direct.mit.edu/books/book/chapter-pdf/1966491/c012900_9780262367288.pdf by MIT Libraries user on 03 August 2022



DOWN THE RABBIT HOLE: LOOK
FOR YOURSELF

Energy Information Administration (EIA), Monthly Energy Review, https://www.eia
.gov/totalenergy/data/monthly/

EIA, by Sector Energy Use, https://www.eia.gov/totalenergy/data/annual/

EIA, Manufacturing Energy Consumption Survey, https://www.eia.gov/consumption
/manufacturing/

EIA, Residential Energy Consumption Survey, https://www.eia.gov/consumption/resi
dential/about.php

EIA, Commercial Business Energy Consumption Survey, https://www.eia.gov/con
sumption/commercial/about.php

Environmental Protection Agency (EPA), Greenhouse Gas Inventory Data Explorer,
https://cfpub.epa.gov/ghgdata/inventoryexplorer/

Federal Energy Management Program (FEMP), https://energy.gov/eere/femp/federal
-energy-management-program

Material Flow Analysis Reporter, http://www.materialflows.net/visualisation-centre
/raw-material-profiles/

Oak Ridge National Laboratory (ORNL), National Household Transit Survey, http://
nhts.ornl.gov/

ORNL, Transportation Energy Data Book, http://cta.ornl.gov/data/index.shtml
US Consumer Expenditure Surveys, https://www.bls.gov/cex/
US Current Employment Statistics, https://www.bls.gov/ces/

US Unemployment Data, https://www.bls.gov/cps/tables.htm
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grid and, 150f
Gross National Product (GNP) and,
152, 161
health care, 147f
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infrastructure and, 154
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storage and, 148
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153, 205
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decarbonization and, 29, 34, 39, 41

efficiency and, 29-33, 35, 39, 45
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infrastructure and, 63, 66, 199-202
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storage and, 70-72
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transportation and, 67f, 69, 196
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Financing, 20 wildlife and, 12
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climate loans and, 1, 23, 125, 127 Fission, 56, 65, 71, 197, 226f
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Green New Deal, 111, 123, 152-153
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Gross National Product (GNP), 152, 161

Habitats, 182, 186
Harvey, Hal, 198
Hausfather, Zeke, 15
Health issues
air pollution, 19, 21, 26-27, 61, 123,
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Heat pumps
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sustainability and, 85, 93

Incentives, 4, 18-20, 28, 76, 125, 131,
138-142, 145, 166
India, 8, 200
Induction heating, 78, 88, 118, 149
Industrial Revolution, 34, 153
Infrastructure
air conditioning and, 99
balanced, 6
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127-129

landfills and, 9f, 178, 226f

manufacturing, 17f, 19-20, 23, 109,
129, 170, 186

materials and, 186

oil and, 99, 207

paying for past and, 132, 134-135

personal, 6, 98-101, 118-120
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