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More Praise for The 100% Solution

“Goldstein-Rose, a leading Millennial thinker, offers what the
world desperately needs: fresh thinking on climate change, with
the goal of steering the debate toward solutions that are both
technically and politically practicable.”

— Steven Pinker, Professor of Psychology, Harvard
University

“Solomon Goldstein-Rose is not just an analyst who brings a
grasp of the subject matter to the table, but also a former state
elected official who, at a tender age, learned quickly what’s
needed to make change. His combination of knowledge and ex-
perience will reach new audiences and could inject new energy
into the debate and give hope to a generation.”

—Armond Cohen, Founder and Director, Clean Air
Task Force

“A pragmatic, feasible road map for addressing climate change.
This is exactly the kind of thinking that is needed now.”

—Christina Paxson, President of Brown University

“The 100% Solution is an important read for anyone who cares
more about addressing climate change than fighting ideological
battles.”

—Ted Nordhaus, Founder and Director, Breakthrough
Institute

“[Solomon’s] vision offers a practical path forward and more
climate thinkers need to understand his ideas.”

—Dan Bosley, former State Representative, architect
of the 1997 MA Electric Restructuring Act



“Goldstein-Rose is the rare Millennial author who is passionate
about protecting the planet for his and future generations but is
also sober and rigorous in his prescriptions to reduce climate-
warming emissions...The 100% Solution is a model for prag-
matic and systemic thinking about climate change and proof
that activist passion and scholarly rigor can go hand in hand.”

—Varun Sivaram, Chief Technology Officer at India’s
largest renewable energy company, author of Taming
the Sun: Innovations to Harness Solar Energy and
Power the Planet

“With clear text and elegant organization, Goldstein-Rose sets
aside apocalyptic visions and maps planetary rescue.”

—Professor Steven J. Davis, Associate Professor of
Earth System Science, UC—Irvine

“I'm proud to have worked alongside Solomon and seen first-
hand what a tremendous force for change he is. He has already
proven himself an adept political leader and an effective com-
municator on climate change.”

—US Rep. Jim McGovern, member of Congress (D-MA)
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INTRODUCTION

I'm twenty-six years old, and I can’t remember a time before I
understood and worried about climate change. Most Millenni-
als take for granted that climate change is a serious problem
that will cause devastating floods, droughts, storm damage, ill-
nesses, and large-scale human and animal displacement in our
lifetimes. And we know that if we don’t reverse the current
trend of greenhouse gas emissions, the effects will reach a new
order of magnitude within our children’s lifetimes.

Solving climate change is more important for our future than
tackling many other worthwhile causes, because so many issues
—poverty, disease, immigration politics—cannot improve if cli-
mate change worsens.

Like most people of my generation, I want to live in a safe
world and pass on a better one to my children. Throughout my
life, I've asked myself what I could do to help solve climate
change. This drew me to study engineering, and later public
policy; spurred me to run for Massachusetts state legislature
right after college and get elected at age twenty-two on a cli-
mate-focused platform; drove me to spend thousands of hours
reaching out to energy system experts, professors, startups, and
fellow activists to understand the ins and outs of greenhouse
gas emissions and climate change solutions; and prompted my
recent shift to full-time climate change work.

This book is a product of that work. Along the way, I realized
that most people, including me, tend to take on pieces of the
problem that seem achievable, but don’t understand whether or
how those pieces might contribute to a solution that addresses
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the full picture. Perhaps most significantly, few people take into
account the importance of developing countries, which emit
two-thirds of global greenhouse gases each year.

Most of the specific ideas here have been written about before
by other experts. The point of this book is to tie it all together
into a framework that gives us a comprehensive perspective on
what is needed so we can be more focused and effective in our
advocacy.

Despite so much amazing work done over the years, the
world is still nowhere near on track to solve climate change. The
problem is not only worsening, it’s worsening at an accelerating
pace as we continue to add greenhouse gases to the atmosphere
each year. The efforts of global agreements, national and state-
level advocacy, and corporate promises combined have all failed
to set us on a path that could add up to a complete reversal of
greenhouse gas emissions in the timeframe laid out by the latest
science—a 100% solution.

Part of our failure to act is because people haven’t been to-
tally sure what action is truly needed. For example, the school
climate strike movement that youth leader Greta Thunberg is
heading has repeatedly put out statements calling for policy-
makers to “act” but not specifying what exactly they should do.
Sometimes they’ve specifically said that it’s up to the adults to
figure that out. Meanwhile, legislators, who generally have
equally incomplete understandings of energy and agricultural
systems, push for incremental steps they see as politically viable
and “in the right direction” without any sense of whether those
steps could possibly add up to solving the problem globally. The
US Millennial-led Sunrise Movement and related groups have
called for a World War II-scale mobilization, which is an apt
analogy for the general scale needed, but, within that broad vi-
sion, what exactly is needed? What constitutes “enough” to
solve climate change? Without knowing the answer, we have no
metric against which to judge political proposals or with which
to guide how we direct our efforts.

This book has two goals. The first is to demonstrate how



much bigger we need to be thinking if we're going to actually
meet the consensus goal of climate scientists and the United
Nations—reducing atmospheric greenhouse gas levels by the
year 2050. The second goal is to lay out a specific framework,
which is both technically and politically viable, that actually
does add up to a 100% solution to climate change. My hope is
that, with a specific blueprint to rally around, climate move-
ments can focus their efforts and achieve more concrete results.

To be sure, small-scale actions will be necessary—someone
has to carry out every little piece of the pillars I present here—
but to be confident that those efforts will all add up in time,
someone also has to be thinking about the comprehensive pic-
ture. That’s the missing piece right now, and I hope this book
will empower activists and the presidents and prime ministers
they elect to be those comprehensive thinkers.

This book’s framework centers on five pillars of action that add
up to a 100% solution:

1. Deploy clean electricity generation.

2. Electrify equipment that can be electrified.

3. Create synthesized carbon-neutral fuels for equipment
that can’t be electrified or isn’t electrified by 2050.

4. Implement various non-energy shifts, especially in agri-
culture.

5. Make up for the remaining emissions and get to negative
emissions using sequestration.

This framework is compatible with various particular visions,
proposals, and bills. In the United States for example, if De-
mocrats who support a Green New Deal win enough Congres-
sional seats and the presidency in the 2020 elections, that pro-
gram would have a chance of achieving a 100% solution to cli-
mate change—so long as its specifics, when they are fleshed out,
meet all the criteria of this framework. Or Republican Senator
Lamar Alexander’s suggestion for a New Manhattan Project and
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similar proposals that might come from members of Congress
could provide a 100% solution if fleshed out to meet all the
same criteria. Other proposals that presidential candidates
might put forward could do the same in slightly different ways.

Or perhaps the United States will fail to take sufficient action
and the president of China or a coalition of European and Asian
countries will carry out the necessary projects instead. Or per-
haps several political groups will propose different solutions
that each add up to 100% but come with different benefits or
costs. There are more efficient and less efficient ways to get to a
full solution, but what matters most is that we achieve that full
solution by 2050.

Despite a lot of implied and outright cynicism, it is possible to
solve climate change fully by 2050. Yet, currently no proposal is
on the table that specifically addresses the full scope of solu-
tions needed, in part because there hasn’t been a common
frame of reference for what amounts to “enough.”

Without key leaders taking a comprehensive view, we may
not realize the need for certain tactics or the urgency of others.
With a comprehensive view, the strategy becomes clearer, and
we may find that the solutions to climate change that can actu-
ally add up are in fact more politically viable than the scattered
actions we’ve attempted up to this point.

Indeed, the 100% solution laid out in this framework could be
accomplished without personal or lifestyle sacrifices, without
slow-moving international cooperation, and without compro-
mising global economic development. Focused on innovation,
and bolstered by policy wherever possible, this framework re-
quires only the initiative of a small number of key entities to
carry out the minimum required steps. Let’s make it happen.

11



PART 1

SOLUTIONS MUST ADD
UP
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THE FULL SCALE OF THE PROBLEM

WE CAN’'T HALF-SOLVE CLIMATE CHANGE

What does it mean to “solve” climate change? It is a problem
that already impacts humans across the world, and it will con-
tinue to hurt today’s young generations and the next few gener-
ations—as well as the planet’s natural places and other species
—even if we achieve the most ambitious targets ever set for “so-
lutions.” So, solving the problem can’t mean avoiding any im-
pacts; we've already failed at that.

But it also can’t mean simply adapting to the new realities of
a seriously warmed earth, because scientists tell us that we will
reach a threshold of warming in the not-too-distant future be-
yond which the effects will be unacceptable or impossible to
adapt to.! Whether disaster comes in the form of billions of peo-
ple displaced by steadily rising sea levels or in the form of the
possible sudden “tipping points” that could alter climate sys-
tems in some or all of the globe even more dramatically, we
don’t want to reach that point.

“Solving” therefore means limiting impacts to the moderately
severe level that we can reasonably predict and adapt to, and
which might eventually go away.

The interesting thing about climate change, which makes it
different from most other global issues, is that we can’t expect
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any lessening of impacts on the way to a full solution. Most so-
cial problems in the world, such as poverty or diseases, cause a
certain amount of harm each year, and if we make a little
progress on a given issue, it causes a little less harm the follow-
ing year. Climate change is different. The impacts are caused by
higher average global temperatures, which are driven by
higher-than-average levels of greenhouse gases in the atmos-
phere. Reducing emissions is not enough to avoid, or even re-
duce, climate change effects—reducing the amount of CO, in

the atmosphere is the only way to do that, which requires totally
eliminating emissions and then removing some portion of the
CO, that’s already in the atmosphere. (We will discuss various

methods for taking CO, out of the atmosphere later on.)

Eventually, we can return greenhouse gas levels, and there-
fore temperatures, to historic averages and be “back to normal.”
But the timeframe in which we do so is important, as “solving”
climate change means ensuring that the maximum impacts—
and any permanent changes they will cause—aren’t impossible
to adapt to. As temperature and impacts continue increasing
until atmospheric CO, levels start decreasing, achieving the

start of that decrease sooner rather than later is key in limiting
the overall consequences of climate change.

For many years, political leaders and scientists worked under
the rough estimate that limiting warming to at most two de-
grees Celsius would keep those overall consequences at man-
ageable levels.? Even then, some cost-benefit models suggested
3.5 degrees or other targets as the standard, and various talking
heads pretended the problem didn’t exist at all.> More recently,
as early climate change impacts have started to raise awareness
of the issue, consensus about the importance of climate change
has grown. In late 2018, the international scientific community
—working through the Intergovernmental Panel on Climate
Change (IPCC)—finally quantified what the world can expect
with two degrees of warming compared to 1.5 degrees of warm-
ing, and concluded that 1.5 degrees should absolutely be the
goal.4 Most advocacy organizations and political leaders have
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now adopted rhetoric consistent with the 1.5-degree target. This
book will take that goal as a given and examine how to achieve
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To do so, scientists tell us we need greenhouse gas levels in
the atmosphere to start declining at a significant rate by around
2050, with as few emissions as possible between now and then.
The moment we switch from emissions (adding greenhouse
gases to the atmosphere) to “negative emissions” or “sequestra-
tion” (removing greenhouse gases from the atmosphere) is the
moment at which impacts (perhaps delayed a few decades as
temperature adjusts) start getting better rather than worse,
with the promise of an eventual return to historic climate pat-
terns. With the condition that any solutions that get us to that
goal must be permanent, we’ll call that turning point “solving”
climate change.

There’s a lot of rhetoric about “moving in the right direction”
on climate change. But because of its difference from other is-
sues (impacts being caused not by each year’s emissions but by
cumulative emissions until we start removing them from the at-
mosphere), there’s not really such a thing as “moving in the
right direction.” Climate change impacts get exponentially
worse until we solve the problem 100%. That’s why it is so
much scarier and more urgent than other problems, especially
for today’s young generations who, along with our children,
would see the disastrous consequences of failing to achieve a
100% solution.

And that’s why we must establish the timeframe: a 100% so-
lution to climate change doesn’t simply mean reducing emis-
sions a bit each year until one hundred or two hundred years
from now the whole world is carbon neutral. By then, cata-
strophic climate tipping points might have already disrupted
the fabric of human civilization, and intense “normal” impacts
would certainly have caused hundreds of millions or billions of
deaths. “Solving” climate change—a 100% solution—must mean
achieving negative emissions by 2050.

We can see how some strategies might be effective over the
span of one hundred or two hundred years, but not within
thirty. To achieve solutions, we’ll need to think in this time-
based mindset.

16



WHOA, THIRTY YEARS—CAN WE DO THAT?

Step back for a moment. We have just acknowledged that the
only way to avert the most disastrous impacts of climate change
is to totally eliminate emissions and start removing CO, from

the atmosphere by 2050. That’s a tall order.

It’s such a tall order that many people think—consciously or
subconsciously—that it can’t be done. And historical experience
weighs heavily on activists, policymakers, engineers, and oth-
ers. Those who have lived to see climate change develop to this
point may understandably think: “It’s taken so much effort just
to get pollution reduced a little, we can never make it go that
much faster.” Or perhaps: “We’ve been working on this issue for
so many decades and yet it’s still getting worse; we’'re probably
doomed.” Or a virtuous line of thinking: “We might be doomed,
but I'll make sure I at least do my part and hope others do the
same.” Even the last of these does not commit to or contribute
to actually solving the problem. Today’s young people aren’t
looking for virtue; we’re looking for results.

Many people, including the most passionate activists, seem to
take for granted that we won’t achieve a 100% climate change
solution by the 2050 deadline that scientists have given us. So,
naturally, they either disengage, assuming all is hopeless or that
they personally can’t affect the outcome, or they turn to “doing
what they can.”

For engineers, this means making modest progress on a cer-
tain kind of solar cell or battery, for instance. For activists and
policymakers, this means pursuing state-level mandates for in-
creased percentages of renewable electricity and public charg-
ing stations for electric cars. For corporations, it means well-
publicized efforts to reduce water and energy use to “do our
part” for the environment. And for many people, it means tak-
ing shorter showers and biking instead of driving.

The idea of “doing what we can” is dangerous when it comes
to climate change because it implicitly accepts that the maxi-
mum viable action is less than the minimum needed action.

17



If advocates focus on “what we can” achieve right now, even if
all of their efforts were successful, the results will fall short—as
they have for many decades.

Instead, we need to approach climate change from the per-
spective of “what needs to be done,” and come hell or high
water—the latter may well come literally—find a way to make it
happen. This is what younger people understand, and why the
movements getting new levels of attention around the world are
youth movements demanding action to truly solve climate
change.

“what we what we
con need to
achieve ochieve

AN

MILLENNIAL THINKING

The daunting need for a 100% solution may be where young
people’s perspective is most needed. When examining a prob-
lem, older people often consider the issues in the context of
their life experience: how an issue came to be, how similar is-
sues have been addressed in the past, and so on. Young people
have yet to acquire most of that perspective. Sure, we can learn
from historical examples, but we can also take issues solely in
the context of where they are right now and where they might
go from here.

Looking backward in time is often an essential contribution
to solving a problem. But in the case of technology, for instance,
young people’s tendency to only look forward becomes particu-
larly useful. Political rhetoric may return repeatedly to the same
ideas, but technology keeps moving in one direction.

18
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No one has tried to return society to horse-drawn carriages.
And legislatures around the world are learning that they’d bet-
ter license and regulate new ride-sharing apps because no city is

going back to traditional taxi dominance.

The only way to avert the most disastrous
impacts of climate change is to totally elimi-
nate emissions and start removing CO, from

the atmosphere by 2050. That’s a tall order.

A forward-looking perspective is all the more important when
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dealing with a challenge unprecedented in human history, be-
cause there is no comparable situation on which to base our
thinking.

In the 1970s, advocacy efforts passed policies to clean up
smog in US cities. The Clean Air Act took a lot of political will
and regulatory enforcement, and the environmental activism
and policy leadership involved was hard and slow. It involved
top-down mandates and slightly burdened some companies
with extra costs, and therefore it was a hard-won victory. People
who lived through the decades in which smog was dramatically
cleaned up might compare that effort to today’s need to clean
up greenhouse gas pollution. It might be easy to assume that
addressing climate change will also involve a slow, mandate-
based transformation over many decades, and that incremental
actions are all we can hope for today—even if we know such ac-
tions won’t add up in time to solve climate change.

Young people look at the numbers scientists have given us
our whole lives and say, “Whoa, we need to find a plan that can
make this transition happen in thirty years!” There’s no ques-
tion of whether this is likely or not given historical examples.
We know that our generation’s future and our children’s future
depend on finding a way to achieve a full solution to climate
change in thirty years. We acknowledge that as the baseline and
think forward: How do we make that happen?

THIRTY-YEAR SOLUTIONS

For emissions to be eliminated and sequestration to begin by
2050, various tactics will have to be employed that add up to a
100% solution. Most crucially, all tactics that we’re going to rely
on must be able to roll out at full scale between now and then.
(Tactics that would be useful but that we’re not relying on in the
minimum calculation of adding up to a 100% solution do not
necessarily need to achieve full scale by 2050.)

“Full scale” means a tactic has been adopted everywhere
we’re relying on it being adopted. For example, if a mandate for

20



capturing CO, from the exhaust of steel factories is a tactic our

strategy relies on, then that mandate must be passed in almost
every country that manufactures steel—close enough to all of
them that the tiny remaining steel emissions could be made up
for by sequestration (which is almost always more expensive
than eliminating emissions in the first place, and is therefore
the “last mile,” not “first mile,” of emissions reductions). To in-
clude such a mandate in a strategy that adds up, we have to be
confident that it could in fact be politically viable in enough
countries.

Likewise, relying on a particular technology—such as electric
heat pumps displacing methane (“natural gas”) and oil for
home heating—means that we must believe it is or can become
cheap enough to be adopted pretty much everywhere in thirty
years. Obviously, if it is twice as expensive as the fossil fuel al-
ternative, not many people will choose to make the switch—and
not many countries will be able to garner the political will in
such a short timeframe to mandate it.

There are several key questions for evaluating tactics and
strategies that could add up to a 100% solution to climate
change:

e Is it or can it be cheaper than, or about the same cost as,
the current system? If a clean option is significantly more
expensive, it is too unlikely for policy incentives or man-
dates to be viable in enough countries to rely on that op-
tion as part of a 100% strategy.

e Can it physically scale up in time? Are there enough raw
materials? Can the supply chain expand rapidly enough to
manufacture/distribute/etc.? Will there be a workforce to
build or run or teach about it? How much land area does
it require?

e How many people have to make a proactive choice to
adopt it? A solution implemented at the governmental or
wholesale level is much more likely to reach full scale in
thirty years than a solution that requires every family in
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the world to make an individual decision.

e Does it require significant changes to anyone’s lifestyle?
While solutions that focus on behavior change may have a
chance of significantly shifting consumption trends over
many decades, at the global scale, these solutions won’t
add up in a major way in thirty years (especially when so
many people have serious financial limits). Personal
lifestyle changes fall in the “cherry on top” category of tac-
tics to try for, but not rely on.

In constructing a framework for a 100% solution, all the tac-
tics we plan to rely on must have satisfactory answers to these
questions. Most solutions must be cheaper than the current sys-
tem to scale quickly. If they are significantly cheaper, they will
roll out faster—a good example of this is how methane power
plants rapidly replaced coal power plants in huge swaths of the
United States as fracking made methane a much cheaper fuel in
the beginning of this century.> Coal workers didn’t like being
outcompeted, environmentalists hated fracking, and politicians
promised to reverse the decline of coal, but it kept happening
because methane was so cheap due to the new drilling technol-
ogy.

Most solutions must require no or minimal changes to peo-
ple’s lifestyles. A good example of how lifestyle-changing solu-
tions can fail to be adopted even if they have other benefits is
the case of clean cookstove deployment. A massive effort was
made in the last two decades to give families in developing
countries electric or propane cookstoves that don’t pollute their
homes or cause burns. Follow-up studies found that many fami-
lies in India continued using their old, more dangerous wood-
based cooking equipment because of its cultural and traditional
value, ignoring the healthier and cleaner stoves they were
given.®

CURRENT RHETORIC DOESN’T ADD UP

We need a framework to guide activism and policy efforts—one

22



that actually adds up to a 100% solution: negative emissions by
2050. So far, political discourse has been filled with incremen-
talist steps (for example, improving car engine efficiency) or
with rhetoric that focuses too narrowly on one tactic or set of
tactics without concern for the comprehensive picture (for ex-
ample, “leave fossil fuels in the ground” or “mandate 100% re-
newable electricity”).

Youth movements such as the school climate strike have re-
cently raised climate change much higher on the political
agenda, and they have highlighted the urgency and scale in a
way no one else has been able to. But these movements still
don’t have a specific plan or proposal that would achieve a
100% solution. The strikers demand “action,” and, indeed, our
policy leaders should heed their call and get to work. When they
do, we will need to have a rubric by which to judge whether pol-
icy actions are significant enough.

In the United States, the Green New Deal was popularized by
the youth-led Sunrise Movement and its transformational aspi-
rations—“WWII-scale” mobilization—are around the right
scale, but again it doesn’t include specifics on how we’re going
to achieve all the aspects of this transformation. Similarly, some
2020 presidential candidates have proposed excellent ideas, but
always with at least some piece missing or without a clear com-
mitment to the full scale of action needed. The lack of full solu-
tion—oriented proposals may represent a deeper sentiment—
that we don’t need to analyze how things add up, but simply
need to start taking actions that reduce emissions. This might
come from a line that gets repeated often by climate thought
leaders and has pervaded much of the activist community: “We
have all the technology we need; we just need political will.”

If that were true, then a demand to simply “act” would make
a lot of sense, as would a policy mandate to simply stop using
fossil fuels.

The problem is that we don’t have a lot of the technology we
need—for more than half of global emissions, the theoretical
technologies that may exist in a lab or demonstration project
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somewhere are far too expensive to roll out economically by
2050 and usually too expensive even to make policy mandates a
viable option. Those technologies will all have to improve
rapidly to enable a transition by 2050, and they will have to im-
prove dramatically if the majority of the world that is poor, de-
veloping, and reliant on cheap energy is to adopt them. Indeed,
the idea that political will alone can solve the problem is incred-
ibly industrialized-country-centric.
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GLOBAL EMISSIONS, GLOBAL SOLU-
TIONS

10% VS 100% SCENARIOS

The dialogue about having all the technology we need and only
lacking political will arose in the 1990s and early 2000s. It
seems to have been Al Gore who popularized the line to empha-
size that solar and other such options were viable right now and
that we could choose to adopt them if we were willing to pay a
little extra now to avoid massive costs from climate change im-
pacts later.”
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It’s a useful way to emphasize our ability to start reducing
emissions. The problem is that it tends to imply we currently
have the ability to simply “choose” to eliminate all emissions.
Even in the realm most activism focuses on—electricity genera-
tion—we can see this is not true. Yes, we can choose to start re-
placing coal and methane (“natural gas”) power plants with
solar and wind electricity generation. An electric utility com-
pany can build a bunch of solar farms and they’ll run their
methane power plants a little less. Since the early 2000s, solar
installation costs have dropped enough that they might even
save money, at least with the income from state and federal
subsidies. Indeed, some states have driven this process along to
the extent that solar now comprises about 10% of their electric-
ity generation—so, political will can cause some percent of
methane to be replaced with solar. But if we pushed that to
100% and shut the methane plants down entirely, we wouldn’t
have electricity at night. The 100% scenario isn’t the same, en-
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gineering-wise, as the 10% scenario.

A longer-sighted political argument would acknowledge that
the anti—climate action politicians are partly right: some tech-
nologies—such as batteries to store solar energy for a full night-
time—are too expensive to adopt right now. Rather than pre-
tending that everything is cheap enough already, or succumbing
to the defeatist (or denialist) argument that we should wait for
technology improvements to come along before taking any
meaningful climate change action, pro-action politicians should
emphasize the need to create those improvements in technol-
ogy so we can mandate solutions where necessary, and see
other technologies get adopted naturally as they become the
cheapest option in the market.

Sadly, this argument was largely ignored for many years be-
cause of the increase in partisan polarization—at least in the
United States—that made each side feel like it had to totally
deny all arguments the other side made. This polarized atmos-
phere has made it seem that if climate deniers were right in one
tiny piece of their rhetoric, the whole pro-action argument
would fall apart, which of course is not the case. Recently, many
pro-action politicians have gotten closer to the mark, acknowl-
edging the need for technology improvement alongside short-
term acceleration of deployment. In general, heightened atten-
tion to climate change has started to reduce polarization around
the issue and pushed a larger portion of politicians toward prac-
tical strategies (see Chapter 11).

Pro-action politicians should emphasize the
need to create those improvements in tech-
nology so we can mandate solutions where
necessary, and see other technologies get
adopted naturally as they become the cheap-
est option in the market.
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To achieve a 100% solution, it is not enough to simply start
taking various actions that reduce emissions. We need to ana-
lyze how things add up in the comprehensive picture and strate-
gize accordingly. And technology improvement is essential to
any strategy.

INDUSTRIALIZED COUNTRIES

Technology improvements that lower the cost of non-polluting
options would make it much more politically viable to mandate
their adoption. It is theoretically possible that once clean tech-
nologies are only slightly more expensive than their polluting
counterparts, industrialized countries could mandate solutions
that cost a little extra and eliminate nearly all their emissions.
One study that modeled strategies for the United States to
achieve 80% emissions reductions by 2050 showed the cost
would only be around 1% of GDP.8 That’s politically hard, but
not actually unreasonable. Perhaps the remaining emissions
would be minor enough that they could be sequestered, and in-
dustrialized countries would be carbon-neutral.

This isn’t a likely pathway—it relies on political will being
strong enough in the next few years to sell cost increases to an
agitated public. And it might turn out that some specific tech-
nologies are simply too expensive to pay for, even if the political
will exists. However, we shouldn’t rule it out. For industrialized
countries that have the money in individuals’ pockets, compa-
nies’ investments, and governments’ budgets, at least a large
share of emissions could be addressed simply “by having the
political will.”

DON’T FORGET INDIA

But rhetoric that implies the whole solution to climate change
could come from such incentives or mandates ignores the key
principle that any solution must be viable in developing coun-
tries as well. Although most cumulative emissions since the In-
dustrial Revolution have come from those countries that are
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now the wealthiest industrialized nations, two-thirds of current
emissions—the emissions that will make the difference between
achieving and failing to achieve a 100% solution — come from
developing countries, which are now undergoing that same
process of industrialization.®

Unlike industrialized countries, where mandates and subsi-
dies run into mainly political problems (at least once clean tech-
nology becomes only slightly more expensive than current op-
tions), developing countries often lack the physical ability to de-
ploy more expensive solutions, whether they would be paid for
by individuals, companies, or government bodies. Indian politi-
cal leaders would love to clean up the air pollution that plagues
their cities and reduce the threat of climate impacts that men-
ace their coasts, but their country doesn’t have the extra money
to simply make that choice. And India is representative of many
developing countries around the world.

Huge swaths of Asia and Africa and parts of Latin America—
together containing more than half the world’s people—are
climbing rapidly out of poverty. For this more-than-half of hu-
manity, industry is growing, medicine is becoming more acces-
sible, education is reaching most of the population, and birth
rates are falling.’® Other countries have gone through similar
development and seen these dramatic improvements in quality
of life, but remain much less wealthy than the richest industri-
alized countries, falling in the same “middle income” category
as India.
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Many other countries are still in the earliest stages of poverty
reduction, and few people have significant access to energy.
Those “lowest income” countries are the places where popula-
tion is growing fastest, but energy use (and food consumption)
per person is still so low that they aren’t contributing signifi-
cantly to climate change. The larger contributor is the set of
“middle income” developing countries epitomized by rural
India, which is in the second phase of development, where pop-
ulation growth has started to slow but where access to energy
has started to grow rapidly, causing major increases in green-
house gas emissions.
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In these countries, access to electricity for safe lighting, ac-
cess to home heating and air conditioning, the ability to get
around quickly, and industry that provides jobs and raises in-
comes are all being powered by fossil fuels. This is because fos-
sil fuels are cheap. In poor parts of the world, people can only
access energy when that energy is cheap. Paying more for clean
options is impossible. For the same reason, policy mandates
that achieve cleaner systems at extra costs are impossible. This
is why policies that simply mandate adoption of current, more
expensive clean options are unlikely to happen in most of the
developing world. Fossil fuels are lifting people out of poverty—
as they once did in now-industrialized nations.

You can’t ask a poor farming community in India to forgo a
coal power plant and remain in poverty; you have to have some-
thing cheaper. When political discourse in industrialized coun-
tries focuses on policy mandates that would increase costs, even
slightly, policymakers and activists are forgetting India.
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Given the huge share of global emissions that come from this
middle category of countries, that’s a serious problem. Cur-
rently, developing countries emit about two-thirds of the
world’s greenhouse gases each year.'3 Despite having signifi-
cantly lower emissions per person, a large majority of the peo-
ple in the world live in developing countries, not in countries
with extensive already-established energy infrastructure. In de-
veloping countries, such infrastructure (currently almost all
powered by fossil fuels) has expanded rapidly, first in China in
the last few decades and now in India and elsewhere. Because
they are the countries where energy access is growing, develop-
ing countries account for not only two-thirds of current emis-
sions but also almost the entire increase in emissions under the
business-as-usual models between now and 2050.'4 For exam-
ple, a recent International Energy Agency report noted that
newly introduced air conditioning alone is projected to increase
electricity demand massively in developing countries by 2050—
at a deployment rate of roughly ten AC units every second.'> In
business-as-usual models, 70% of total cumulative emissions
from 2020-2050 would come from developing countries.
Therefore, solutions to climate change must first and foremost
be practical in these countries.

Developing countries emit about two-thirds
of the world’s greenhouse gases each year...
You can’t ask a poor farming community in
India to forgo a coal power plant and remain
in poverty; you have to have something
cheaper.
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GLOBAL BUSINESS-AS-USUAL EMISSIONS 2020-2050
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Projected business-as-usual emissions from various
countries—developing countries contribute 70% of the cu-

mulative total from 2020-2050.'°

Because developing countries can generally make the neces-
sary transitions only if clean options are cheaper, the mandate-
based policy discourse of industrialized country activists and
policy leaders applies to only a third of the world’s emissions
problem. (Of course, some parts of “developing” countries are
industrialized, and some parts of “industrialized” countries are
still developing, but the rough proportions of two-thirds/one-
third serve as an average across the world.)

The United States will still be hit with the full
impacts of climate change—even if industri-
alized countries successfully decarbonize—
unless the entire world eliminates emissions
in time.

Maybe people assume that developing countries’ emissions
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aren’t so significant. True, developing countries currently use
less energy per person, but a majority of the world’s existing
population lives in these countries, and their usage per person
is increasing massively every year.

Or maybe people are stuck in that mentality of “doing our
part” without considering that some ways that “we” might be
able to do our part would not work for most of the world. How-
ever and whenever the United States and other industrialized
countries decarbonize, it will not matter much unless the rest of
the world does so as well. US activists and political leaders need
to remember that the United States will still be hit with the full
impacts of climate change—even if industrialized countries suc-
cessfully decarbonize—unless the entire world eliminates emis-
sions in time.

ARE CLEAN OPTIONS REALLY MORE EXPENSIVE
RIGHT NOW?

Some climate activist and renewable energy company rhetoric
implies that clean options are already cheaper than fossil fuels.
This is true in some cases—for example, in a region with abun-
dant potential for hydropower, that is usually the cheapest op-
tion for electricity generation.”” Countries with huge hy-
dropower potential have indeed exploited it to a large degree,
sometimes powering almost 100% of the nation’s electricity.
Brazil, for example, is a developing country that powers about
three-quarters of its electricity using hydro.’® That’s because
naturally, the cheapest electricity generation option is the one
that is deployed most. By the same logic, we can see that in
most parts of the world without that kind of hydro potential,
fossil fuels—not wind or solar—are the cheapest options.

In the United States, as methane became very cheap in the
last two decades, methane power plants rapidly replaced coal
power plants. The fact that India and China are still building
large amounts of coal electricity generation demonstrates that
in those regions, coal is indeed the cheapest energy source.'®
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There are some cases where this is starting to change (such as
with electric cars, which are cheaper to operate than gas cars
but not yet cheaper to purchase), but by and large, the contin-
ued massive expansion of fossil fuel energy around the world
shows that clean options are still more expensive.

A confusing factor is that when they are producing electricity,
solar and wind can be cheaper than coal and methane, which
has led to many misleading reports that renewables are “al-
ready cheaper” than fossil electricity. But because they don’t
produce electricity most of the time (in fact sometimes output
drops for days at a time, a duration no battery system can yet
come near to sustaining economically), the total costs of electric
grids heavy in solar and wind are higher than those of grids
heavy in fossil fuels. That’s why developing countries are not
deploying renewables more rapidly.

INNOVATION IS NEEDED

The solution, of course, is that industrialized countries must use
their greater financial flexibility and technological expertise to
bring the cost of most clean technologies down to levels roughly
on par with, or lower than, current emitting systems. This is the
only way clean options can scale up in the developing world fast
enough to eliminate nearly 100% of emissions by 2050.

There are several ways to make clean options cheaper: simply
scaling up the manufacturing of clean options can bring down
costs through more efficient business practices and supply
chains. In some cases, new basic technology can improve the
cost of an existing product—for example, a new electrode mate-
rial for a lithium-ion battery. In other cases, brand-new designs
for the whole product can become the key innovation—for ex-
ample, a liquid flow battery that has a different structure from a
lithium-ion battery entirely. In many cases, technologies (both
for entire new products and for components or new manufac-
turing systems) are floundering at one of these early stages. “In-
novation” is used throughout this book to refer to any and all
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direct efforts to move them along toward widespread commer-
cial deployment.

The interesting part of innovation-based solutions is what
they mean for industrialized countries’ own transitions: If clean
options can become cheaper than dirty options virtually every-
where in the developing world, they will be cheaper in industri-
alized countries as well. Once that happens, it will eliminate
most of the need for policy mandates (at least for energy emis-
sions) both in developing and in industrialized countries: the
cheaper clean technologies will outcompete polluting technolo-
gies naturally. The cheaper the clean tech can become, the
faster the transition will happen.

Some mandates or incentives in industrialized countries may
well be required to bring those technology costs down in the
first place. For example, California’s Low Carbon Fuel Standard
is already helping to enable commercial development of car-
bon-neutral fuels that otherwise would be slower to get to mar-
ket. But by the end of the transition, if it is to go fast enough,
policy approaches won’t be the main direct driver of emissions
reductions in either developing or industrialized regions.

When current rhetoric says “we have all the technology we
need, we just need political will,” it overlooks the fact that most
clean options are still far too expensive to mandate, let alone
scale on their own, within thirty years, and it focuses too nar-
rowly on industrialized countries “doing their part,” ignoring
the fact that political will can never overcome basic economic
realities in the developing countries that account for two-thirds
of the world’s emissions.

It is time to leave that thinking behind and get into the mind-
set of a 100% solution. We need tech improvement to make
clean options cheaper, to make all emissions—including those
from the developing world—reach near-zero before 2050. Then
we will need affordable sequestration methods to reach nega-
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tive emissions by 2050 to save today’s young generations and
our children and grandchildren from the worst impacts of cli-
mate change.
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ELIMINATING ALL EMISSIONS

EFFICIENCY TACTICS ARE NOT SOLUTIONS

Think of the example given in the previous chapter of building
solar panels and running methane power plants a bit less. It
worked for the 10% scenario, but it didn’t include a plan for the
100% scenario accounting for when electricity wouldn’t be gen-
erated at night. Different measures, such as mixing in other
electricity generation technologies or adding long-term electric-
ity storage systems, would be needed to preserve a steady flow
of electricity in the 100% scenario. But those measures won’t be
pursued if our efforts remain fixated on the 10% solution.

The mindset that all 10% solutions could be pushed to be-
come 100% solutions makes a lot of advocacy rhetoric unfo-
cused right now. It implies that tactics that can bring immediate
emissions reductions are the same tactics that need to be
pushed further to achieve all emissions reductions, which is
often not true. This conflation of 10% and 100% solutions might
come partly from a combination of normal-issue thinking (re-
duce the cause of a problem a bit and that will reduce the im-
pacts a bit) and subconscious cynicism (we’ll probably fail at the
100% solution so I won’t even try to think about the full picture,
but will focus on a piece that I can understand or affect). A lot
of efforts and proposals up to this point have focused mainly or
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entirely on tactics that can reduce emissions by some percent-
age economy-wide or in a given sector, but cannot, by defini-
tion, ever reduce them to zero.

We'll call these efforts “efficiency tactics.” Some include ef-
forts for literal efficiency: requiring cars to have better miles per
gallon, or subsidizing consumers to buy more efficient oil boil-
ers for heating homes and businesses. Some are indirectly in
this “efficiency” category: some climate change proposals have
called for efforts to expand education of women and girls and
access to contraception in developing countries. These are wor-
thy causes, but their climate change impact is limited to reduc-
ing the growth in population, a minor factor contributing to our
current emissions trajectory (as noted before, the countries
with the fastest population growth are those in the first stage of
development, which will not see massive energy access expan-
sion in the next thirty years).

Reducing population growth equates to reducing the 2050
demand for energy and food, but can never get near eliminating
that demand. And incentivizing more efficient fossil fuel equip-
ment, or replacing the first 10% of methane electricity genera-
tion with solar, means reducing emissions within a system that
still causes emissions. What we need instead is to shift to sys-
tems that cause no net emissions.

Many efficiency tactics can be helpful in driving system shifts.
For example, carbon pricing (charging a fee on fossil fuels and
emissions-intensive goods) would itself reduce but not elimi-
nate emissions, but it would also create markets for new clean
energy technologies and accelerate the adoption of clean op-
tions (in fact, carbon pricing is probably the single best incen-
tive policy to support and accelerate the implementation of this
framework). Efficiency tactics can reduce the total cost and
make the transition to non-emitting systems easier. It’s even
possible that in some countries, the only way to implement the
needed physical changes is through a combination of many
such efficiency measures. But they cannot themselves add up to
100% globally. Policy leadership and advocacy need to focus
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mostly on the minimum framework that constitutes “enough”
to actually reach a 100% solution.
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Here’s another related example. Many activists emphasize the
need for individuals and institutions to “do their part.”
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When everyone who is willing pools their individual behavior
changes, these steps might all add up to a 10% solution. But
these are only the most tangible sources of emissions from indi-
vidual lifestyles. Aside from the fact that many, if not most, peo-
ple will not be convinced to “sacrifice” and change their behav-
ior to reduce emissions, even if they did we would be doing
nothing about the many emissions that are inherently tied to
larger systems. We must not confuse steps that put small dents
in emissions—the 10% solutions—with system-changing steps
that could add up to eliminating all emissions globally—the
100% solutions.
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Even the best advocacy efforts focused on 10% solutions may
still take away effort or momentum from the 100% solutions
that are really needed. And worse, some movements toward
10% solutions actually make it harder to later implement 100%
solutions, by locking in infrastructure that can’t accommodate
key 100%—solution technology, or by creating a mindset that ig-
nores the need for other tactics to reach 100%—a mindset that
can be difficult to reverse in time.

We must not confuse steps that put small
dents in emissions—the 10% solutions—with
system-changing steps that could add up to
eliminating all emissions globally—the 100%
solutions.

THE FULL PIE

42



A 100% solution has to deal with all the greenhouse gas emis-
sions in the world.

GLOBAL SOURCES OF
GREENHOUSE GAS EMISSIONS

Es
Mg\r:ne

Fossil Fuel

Processin 3

|nJush3

Process Emissions

Buildin3 Fuel Use

A 100% solution means eliminating all these emissions, and
then starting to remove CO, from the atmosphere to get nega-

tive emissions. Current political discourse in industrialized
countries focuses mostly on electricity generation, which is re-
sponsible for only about 25% of global emissions. Some efforts
target transportation and building heating, which together add
only about 20% more. In total, all the usual rhetoric addresses
less than half of emissions.

ELECTRICITY GENERATION
(INCLUDES DISTRICT HEAT PLANTS AS WELL)
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Mostly coal-powered, lots of methane and some oil; cen-
tralized infrastructure, owned by public or private utilities
and energy companies; lasts for many decades.

TRANSPORTATION

Virtually all oil-powered; mostly road travel (personal vehi-
cles and freight trucks); decentralized infrastructure, owned
by billions of people and companies; lasts ten to twenty
years; ships ~2%, airplanes ~1.5% of total pie, owned by
smaller number of entities.

BUILDING FUEL USE

Mostly methane and oil (furnaces) with some coal and wood
(heat stoves); mostly for space heating, some water heating
and cooking; decentralized infrastructure, owned by billions
of people and companies; lasts fifteen to thirty-plus years.

INDUSTRY FUEL USE

Mostly coal, mostly for heat to drive processes; many sub-
categories, most significant are steel furnaces and cement
kilns; semi-centralized infrastructure, owned by many com-
panies, large portion in China.

INDUSTRY PROCESS EMISSIONS

Direct emissions from chemical reaction byproducts other
than burning fuels (e.g., CO, off-gassed when limestone

heated to make cement; CO, released when methane split

to get hydrogen for chemical feedstock); centralized infra-
structure, subset of industry fuel use ownership.

FOSSIL FUEL PROCESSING

Burning fuels to extract and move coal/oil/methane.

ESCAPED METHANE

From extraction and distribution leaks, incomplete combus-
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tion in compressor engines along methane pipelines, and
extraction equipment; centrally-owned but physically
spread out infrastructure.

WASTE

Organic waste in landfills produces methane and waste-
water treatment plants produce several greenhouse gases;
mostly-decentralized infrastructure.

OTHER

Processes that don’t fit into other slices.

AGRICULTURE AND DEFORESTATION

Cutting and burning forests (and other ecosystems) re-
leases CO, (7-10% of pie); livestock belch methane (~5%);
fertilizer generates nitrous oxide emissions (4-5%); soil,
residues, and equipment release other emissions.

If we want a 100% solution, we need proposals to address
100% of the pie. The less-discussed half of the pie includes
many smaller slices that aren’t even related to burning fossil
fuels—non-energy direct emissions from certain industrial
processes, waste, and more. The largest of these slices is agri-
culture, which includes emissions from deforestation and other
changes to land.

Electrici

Generation

27%

Trans Porhﬂ'ion

Buildina Fuel Use
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All the usual rhetoric addresses less than half of emis-
sions.
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Non-energy emissions are about a third of the global
total.

Some of the larger fossil fuel slices in the chart are composed
of many different processes—most notably industry fuel use,
which encompasses various activities with totally different
kinds of equipment used to produce everything from steel and
cement to paper and ammonia. None of these slices tend to be
included in mainstream rhetoric, yet they need to be eliminated
as well. Many of these specific sources of emissions will be dis-
cussed in more detail when we look at solutions to them in
Chapters 6 and 7 (for industry energy, as well as transportation
and heating) and Chapter 8 (for non-energy emissions from in-
dustry, agriculture, and wastes).

TECHNOLOGY DEVELOPMENT IS NEEDED

We can simply look around and see that there aren’t widely de-
ployed non-emitting technologies for many of these slices. Re-
searchers and startups are working on most innovations
needed, but a large portion are still in lab stages or are still far
too expensive to implement, even with serious subsidies. For
example, there isn’t a technology readily available to power air-
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planes in a fully carbon-neutral way, even at a modestly higher
cost than that of jet fuel.?’ In fact, the majority of the pie does
not have currently affordable technology that could be man-
dated immediately to eliminate the slice in question. A 100%
solution requires lowering the cost of technologies to address
the remaining emissions.

Some of the technology required is a piece of equipment—for
example, someone has to design and commercialize an electric
motor to power long-distance ships. Some of the technology re-
quired is a process—for example, cement production currently
off-gasses CO, when limestone is heated in a cement kiln, and

someone has to design and implement a new process that re-
duces or eliminates those direct emissions. Some of the “tech-
nology” required is in the form of new practices—for example,
someone will have to work with farmers to get most farms in
the world to adopt better soil management systems (which re-
late to crop rotation, interspersing of crops and livestock, or-
ganic practices, and more) to reduce emissions from farmland
soil, and to start sequestering CO, in soil, which there is signifi-
cant potential for. And finally, some emissions—for example,
direct emissions which are caused by fertilizer spread on fields
(see Chapter 8)—probably can’t be fully eliminated by 2050.

The majority of the pie does not have cur-
rently affordable technology that could be
mandated immediately to eliminate the slice
in question. A 100% solution requires lower-
ing the cost of technologies to address the
remaining emissions.

By 2050, we will need sequestration to compensate for those
emissions that can’t be fully eliminated. Sequestration, of
course, is needed by definition to go from zero emissions to
negative emissions.
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GLOBAL SOURCES OF GREENHOUSE
GAS EMISSIONS IN 2050

These slivers of emissions probably can’t be eliminated
by 2050.%2

“Sequestration” means removing CO, that is already in the
atmosphere and storing it (as pure CO, gas or as another chem-

ical that it gets turned into) in some way that it will not be re-
leased again for a long time, if ever. CO, can be locked into the

wood, soil, and other plant matter in forests; mixed into farm
soils by microorganisms and crops; pumped as a gas into un-
derground caverns; or chemically converted into plastics or
other goods that lock the carbon inside their materials. These
and other methods will be explained in Chapter 9.

Some of the ways to accomplish sequestration—especially soil
management and replanting forests—are cheap or might even
save farmers money, and they come with other benefits to
ecosystems, outdoor recreation areas, and agricultural yields.
But they can only sequester a certain amount of CO, each year

—there’s only so much land area where we can plant forests.
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Cost to sequester each next ton of CO2 increases signifi-
cantly the more tons that are required because we will

have to use more expensive methods—see Chapter 9.23

The more emissions remain in 2050, the more we will have to
rely on higher-cost sequestration methods, such as capturing
CO, directly from the air and pumping it into deep under-

ground caverns. Doing so will require serious technology devel-
opment and improvement to bring down costs to a reasonable
level. Even then, governments will have to pay for this portion
of sequestration outright, with no co-benefits. Hopefully that
will be politically viable by the late 2040s. In the best-case sce-
nario, the total cost worldwide might be in the hundreds of bil-
lions of dollars per year. If sequestration technology isn’t im-
proved—or more significantly, if other emissions aren’t reduced
to near zero—and the cost is in the trillions of dollars per year,
it may not be politically feasible to pay for enough sequestra-
tion. Therefore, the work of not only reducing, but virtually
eliminating, emissions is essential to bring the world to the
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point that negative emissions can ever be achieved. This will de-
pend on innovation to improve the cost of various technologies.

THE FIVE PILLARS

We now have an understanding of the full scope of where emis-
sions come from and the full, global scale of transformations
needed. Efficiency tactics will not get us to negative emissions
by 2050, nor will incrementalist policies that drive small- or
moderate-scale adoption of clean technologies but have to be
enacted one by one in every single country. The viability of a
thirty-year transition to negative emissions depends on dra-
matic amounts of innovation to lower the cost of clean tech-
nologies and practices.

Putting all the pieces together, we can now see exactly what
that innovation has to consist of.

The obvious culprit for climate change in most people’s
minds is electricity generation. This is indeed the area that of-
fers the most immediate opportunities for switching to non-
emitting systems. We'll call decarbonizing electricity generation
Pillar 1, the first area of work that is essential to a 100% solu-
tion.

With lots of clean electricity available, we can then transition
the rest of the energy system to clean options—many processes
can be electrified, as is starting to happen with cars and home
heating. As noted, electric ship engines could be designed and
commercialized. Such efforts are the work of Pillar 2.

However, not everything in the energy system can be electri-
fied—long-distance plane trips, for example, rely on such con-
centrated fuels that it is highly unlikely there will be affordable
electric options by 2050. The same goes for various industrial
processes. Furthermore, not every building will be renovated
between now and 2050 to replace its existing furnace with elec-
tric heating. Therefore, this book’s framework adds a piece
often left out of popular rhetoric: synthesis of carbon-neutral
fuels to substitute for fossil fuels in energy applications that
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can’t be electrified by 2050, or aren’t converted in time. This
may include some amount of biomass-derived fuel, but mostly,
assuming imperfect policy around the world, much of it will
have to be directly synthesized using clean electricity to drive
chemical reactions. This, Pillar 3, accounts for the remaining
gaps of emissions reductions in the energy system that couldn’t
be solved with Pillar 2.

And then there is that third of global emissions which comes
from non-energy processes. Pillar 4 is about shifting industrial
processes and agricultural practices to emit less or not at all.
This pillar encompasses a wide range of steps, from technology
development to policy to outreach on farms around the world.

Finally, by 2050 significant levels of sequestration will be
needed to put the negative-emissions “brakes” on global tem-
perature rise. Whether or not that sequestration is possible—
politically and physically—to pay for depends on technology de-
velopment and scale-up for sequestration methods, and on hav-
ing nearly eliminated global emissions. Sequestration, Pillar 5,
is the bit that makes up for remaining emissions and gets the
world to the goal of negative emissions.

In all, then, there are five pillars to solving climate change
100%:

1. Deploy clean electricity generation.

2. Electrify equipment that can be electrified.

3. Create synthesized fuels for equipment that can’t be elec-
trified or isn’t electrified by 2050.

4. Implement various non-energy shifts.

5. Make up for the remaining emissions and get to negative
emissions using sequestration.

Pillars 1—3 address 100% of energy system emissions, and
Pillars 4—5 address 100% of non-energy emissions plus the
need for negative emissions. Pillars 2 and 3, and much of Pillar
5, rely heavily on cheap, clean electricity being abundantly
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available from Pillar 1 to power all the new end-use, fuel synthe-
sis, and sequestration equipment.

These five pillars are the physical transformations needed—at
a minimum—to solve climate change 100%. No matter what
combination of policies, initiatives, public actions, and private
actions drive the enactment of these pillars, climate change im-
pacts will continue to get exponentially worse until all five are
fully implemented. To avoid the worst effects of climate change,
that implementation must happen by 2050. So a 100% solution
means implementing all five of these pillars in the next thirty
years, which entails a huge transformation in energy, industrial,
and agricultural systems, faster than any in history.

That is the scale of “what needs to be done.” Now we need a
plan that can add up to it. So far, we are wildly off track, still in-
creasing the rate of emissions from year to year as almost all
clean options fail to gain the initial momentum to scale globally.
We don’t have “all the technology we need” affordable enough
even in countries where political will could mandate slight cost
increases. There are large slices of the pie for which full decar-
bonization would currently mean massive increases in costs.
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There are five pillars to solving climate

change 100%:
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1. Deploy clean electricity generation.
2. Electrify equipment that can be electrified.

3. Create synthesized fuels for equipment
that can’t be electrified or isn’t electrified
by 2050.

4. Implement various non-energy shifts.

5. Make up for the remaining emissions and
get to negative emissions using sequestra-
tion.

And then we face the fact that two-thirds of emissions come
from developing regions, where air pollution makes clean op-
tions politically popular but where fossil fuels are still being ex-
panded because they are by far the cheapest energy sources,
pulling huge populations out of poverty.

To put the world on a path that gives us a good chance of
reaching negative emissions by 2050, we need the clean options
that make up the five pillars to be fully adopted to address
100% of the pie. For any given clean option, there are essen-
tially two ways to make it happen:

e Make it affordable enough through some amount of tech-
nology/manufacturing improvement, and then add policy
mandates or incentives in almost every country so it is
adopted at full scale;

e Or, make it definitively cheaper than its emitting alterna-
tives through technology/manufacturing improvement so
that it outcompetes emitting options globally in the mar-
ket economy. Generally, clean equipment comes with
lower operating costs over time, so the challenge is bring-
ing the up-front (“capital”) costs down to levels similar to
those of dirty equipment, which will lead to rapid adop-
tion by companies and consumers.
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The latter approach is generally faster, but where viable the
former can give more certainty. The definitively cheaper ap-
proach requires massive tech improvement efforts in a short
timeframe, while the modest-improvement-and-policy ap-
proach requires significantly more political will and campaigns
across many different countries. Of course, some clean options
will be better suited to one approach than the other. Both ap-
proaches require some level of innovation for most technolo-
gies, and both approaches may require incentive policies to
drive innovation or ensure adoption of new technologies.
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MOONSHOT PROJECTS

POLICY AND INNOVATION COMPLEMENT EACH
OTHER

Many non-emitting options (technologies or new practices)
could decarbonize a given slice of the emissions pie if rolled out
globally. For each to do so, we must either improve the cost
modestly and pass policy mandates or incentives in many coun-
tries, or improve the cost significantly so that the clean option
outcompetes the emitting alternatives in the global economy
without policy incentives.

This book uses “policy” to mean laws and regulations that re-
quire or encourage certain behavior. This includes, for example,
mandates or subsidies. “Policy” here doesn’t include actions
taken by government bodies directly, such as deploying a set of
charging stations or carrying out a project to coordinate fuel
synthesis research. Most direct government “initiatives” that
we’ll discuss fall under the umbrella of work to promote “inno-
vation,” the development and improvement of technologies to
lower their cost and increase their scale of deployment.

Some technologies are already “affordable enough” for policy
to be feasible—for example, electric cars are cheaper to operate
than gas cars but currently more expensive up front to buy.
Subsidies or mandates could probably be made big enough to
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spur a rapid switch to electric cars. Some agricultural practices
that reduce emissions can save money for farmers or improve
yields at the same cost, and so they require only regulation of or
education for farmers.

When we rely on policy to ensure that a given option rolls out
fully by 2050, the relevant mandates or incentives must be
adopted in most countries. If a few countries with insignificant
emissions fail to adopt the policies in time, other countries
would have to pay for sequestration to make up the difference,
or the international community could use tariffs or sanctions to
force cooperation from the remaining emitters.

Even convincing most but not all countries to adopt a given
policy can be a slow and difficult road. International agree-
ments and grassroots movements can shift what is politically vi-
able and speed up the timeframe for adopting the relevant poli-
cies. Technology cost improvement can make mandates or sub-
sidies more politically acceptable. But a 100% strategy that re-
lies on policies still requires many individual political efforts—
and that means lots of proactive decisions, which makes solu-
tions less likely to scale fully in time, as noted in Chapter 1.

Innovation that makes clean options definitively cheaper, on
the other hand, can spread solutions without the need for policy
in each individual country. A small number of entities—as few
as one if that one were the president of the United States or
China—can start the required efforts to improve technology
costs, and then sell those technologies to the rest of the world.
However, there’s no certainty that any given technology will im-
prove in time to be definitively cheaper than its polluting alter-
natives. That’s why policy mandate and incentive efforts should
be pursued wherever they are viable—they may become neces-
sary to close the gap to a 100% solution.

As noted before, “innovation” is used to mean both invention
of new technologies or practices as well as the development of
already-emerging technologies and practices to the point of
having been proven, demonstrated at full scale, financed, and
commercially deployed. Innovation also means improvements
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to existing technologies, including inventions of new compo-
nents, but also advances in business or manufacturing
processes that bring down costs, or public initiatives that bring
technologies to larger-scale manufacturing and deployment to
lower costs through pure economies of scale.

Innovation and policy complement each other. Policy in one
country that ramps up deployment of a given technology will
likely bring down the cost of that technology and thereby make
it easier to deploy elsewhere. Innovation that directly decreases
the costs of technologies or practices makes it more politically
viable to mandate or subsidize those technologies or practices
through policy.

However, there is one key difference between innovation and
policy when it comes to achieving a 100% solution to climate
change: policy can be repealed; innovation cannot. In Australia,
the governing coalition passed a carbon tax in 2011. In short
order, a new coalition won power and repealed it. In the United
States, the Obama administration created regulations to require
more efficient cars and cleaner power plants. Within a few
years, the Trump administration had repealed those mandates.
Yet, over that whole period, coal power plants continued to be
replaced by methane ones because methane had become the de-
finitively cheaper fuel due to innovation on methane drilling
techniques. Innovation-based solutions to climate change will
likewise be more permanent than policy-based measures.

Policy can be repealed; innovation cannot.

And because some technologies are currently too expensive
or undeveloped for policy mandates to force their adoption,
even in industrialized countries, some amount of innovation is
needed by definition. Those of us hoping to see a 100% solution
by 2050 should focus on making sure that innovation happens.
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PRIVATE INNOVATION IS TOO SLOW

Activists and policy leaders in industrialized countries must
focus on ensuring that every piece of necessary technology is
developed and becomes affordable in time. We cannot afford to
be distracted by “doing our part” through incremental reforms.
Technology will take some time to ramp up to full-scale produc-
tion and will take further time to be deployed everywhere, so
the innovations to set each technology on a successful path
must be achieved in the near future.
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The exact timing varies depending on the technology, but
this order of steps takes time and must be completed by
2050.

Private researchers at colleges and companies are constantly
working on cleaner ways of doing all sorts of processes.

For example, a couple of startups recently started trying to
commercialize a kind of seaweed that, when substituted for as
little as 1-2% of cattle feed, virtually eliminates methane
belches from livestock.? Companies such as Tesla and Chevy
are already commercializing electric cars and starting to roll out
electric trucks. Other startups are developing carbon-capture
technology, while others still are devoted to the synthesis of car-
bon-neutral or carbon-free fuels.?>

There’s nothing physically impossible with the idea that this
private innovation could solve the problem fully by 2050. But
given the normal pace of innovation, the chance that re-
searchers would hit upon, and companies would fully deploy,
every single technology we need between now and 2050 is ex-

59



tremely low.

The slow pace of innovation has to do with the fact that inno-
vations benefit society as a whole far more than they benefit
their inventors. Economists call this a “positive externality” (the
opposite of “negative externalities” such as carbon pollution—
which hurts society as a whole much more than it hurts the
companies or individuals that emit a given amount of pollu-
tion). Because of this fact, the economy systematically underin-
vests in innovation. That’s partly why politicians of all stripes
tend to agree that government funding should support innova-
tion efforts: to bring benefits to society that individual people
and companies wouldn’t have enough profit-driven incentive to
pursue.

Innovation funding tends to come from either government
bodies—usually focused toward academic or very early-stage
commercial research—and venture capitalists—usually geared
toward proven, ready-to-scale technologies that need only a
good business plan to take off. In between is a gap that ob-
servers call the “valley of death” for innovation. Many climate
change solutions are currently floundering in this valley.
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To dramatically increase the odds that we will find and fully
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deploy each needed technology, we should have public projects
to spur the necessary innovation. This is essentially a larger-
scale version of the existing consensus that government bodies
should invest to correct the “positive externality” of innovation.
In this case, we need those investments to be massive and fo-
cused on key realms of innovation that will bring the great ben-
efit of solving climate change to society.

A MOONSHOT EFFORT

Let’s focus for a moment on the United States, where this kind
of public innovation has had storied success in the past. Mili-
tary research has led to the commercialization of radar, GPS,
the Internet, and more. Government-coordinated projects have
mapped the human genome to accelerate medicinal inventions,
developed both solar and nuclear power into viable electricity
generation technologies, and put people on the moon.

Some people now call for a New Manhattan Project to drive
innovation for climate change solutions. Others call for an
Apollo Program. When Congress created an entity that oversees
a degree of valley-of-death-stage innovation on clean energy,
they named it ARPA-E after the (Defense) Advanced Research
Projects Agency that helped make GPS and the Internet com-
mercial realities. None of these are perfect comparisons for the
type of government innovation we need today—the Manhattan
Project simply required proving that already-understood sci-
ence would work for a single invention and working out the en-
gineering to build it. The Apollo Program is a better example:
the US federal government funded and coordinated a massive
set of efforts, from basic research to full-scale engineering and
deployment. It partnered with companies in many ways. It cast
a wide net in considering technologies, and focused on those
technologies that turned out to have promise. It had a single
goal, but needed many technologies to achieve it, and no one
knew exactly which would be the successful ones at the begin-
ning. However, the Apollo Program never had to scale technolo-
gies up to the point that they were commercially viable (if that
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were the case, we might have had commercial solar power
decades sooner). And DARPA/ARPA-E are focused on applied
research—more product-oriented than basic research funding,
but still generally limited to lab-scale academic inquiry without
the level of focus and coordination needed for climate change.

The youth-led Sunrise Movement and others call for a “World
War II-scale” mobilization, which is perhaps the most apt com-
parison. During WWII, the US economy was dramatically
transformed to supply the Allies with all the military equipment
they needed. New technology was invented, such as practical
radar. Existing technology—such as airplane manufacturing—
was scaled up massively to bring costs down and provide the
necessary amounts of equipment. Not only did it help win the
war, but the massive industrial mobilization boosted the econ-
omy enormously.

FDR’s leadership led to a dramatic scale-up of airplane
manufacturing. In all, growing out of the Great Depres-
sion, the US economy grew 11-12% per year during
Wwil.2®

It required ambitious goals, though. FDR’s call early in the
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war to quadruple US airplane output to 50,000 per year was
not unlike JFK’s later call to put a man on the moon by the end
of a decade. In both cases, these presidents were met with wild
enthusiasm, but also skepticism about the likelihood of hitting
such ambitious targets. In the end, the United States exceeded
both goals. In 1944, the United States manufactured almost
100,000 airplanes;?’ by the end of 1969, NASA had landed not
one but two Apollo crews on the moon.2®

Similarly, the scale of deployment for climate change—solving
technology will be massive. Many people will be skeptical about
the idea that it could ever be possible to build enough new elec-
tricity generation to not only replace our entire fossil fuel grid
but to power newly electrified processes, synthesize carbon-
neutral fuels, and pull CO, from the air. And people may doubt

that new cement production processes could ever roll out fully
in a thirty-year timeframe, or that we could convince any signif-
icant percentage of farmers to manage their soil more sustain-
ably. But if we could build those hundreds of thousands of air-
planes in five years, and land those spacecraft on the moon in
ten, we can surely transform the world’s energy system in thirty
if we innovate and scale up technology in a massive way.

The top goal of US climate activism and policy leadership
should be to create moonshot-type projects to coordinate and
fund innovation and to support the deployment of new tech-
nologies and new practices worldwide.

Activists and policymakers outside the United States may not
have quite the same large economy and national budget to work
with, but a coalition of smaller countries could carry out the
same sorts of efforts. Individual countries can also tackle spe-
cific pieces with a mind to how they will fit into a 100% solu-
tion. (See Chapter 11 for more ideas on the role of various coun-
tries.)

The top goal of US climate activism and pol-
icy leadership should be to create moon-
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shot-type projects to coordinate and fund in-
novation and to support the deployment of
new technologies and new practices world-
wide.

COORDINATION AND FUNDING

Coordination is needed so that research and development ef-
forts focus on technologies that could actually be a part of a
100% solution. Right now much research is based on what pro-
fessors find academically interesting, what topics are likely to
lead to new scientific knowledge that could be published in a
paper, and what has long-established sources of funding. That
will need to shift toward research focused around products that
can be commercialized (and by 2050) rather than simply pub-
lished in an academic paper. Through public projects, govern-
ment bodies should direct willing partners to conduct research
in areas that seem most promising or impactful and steer ef-
forts away from avenues that have proven themselves to be too
slow, impractical, or insignificant. Governments’ ability to con-
vene researchers and funders to support them can help high-
light which avenues of work are most crucial. Public projects
would also expand the scale of collaboration and knowledge
sharing among innovators, thereby making it more likely the
best minds will hit on the necessary ideas.

The normal pace of innovation might eventually get us to
negative emissions, but not by 2050. As we will see in the com-
ing chapters, the pace of innovation and deployment must ac-
celerate by several orders of magnitude, which will require
major funding increases. Presidential candidates in the United
States have started talking about doubling the current world-
wide level of clean tech innovation funding, but across basic re-
search, testing, and early scale-up, the total will need to be far
higher. For a rough order of magnitude, we should assume that
effective moonshot projects would require a few hundred billion
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dollars per year of direct funding, which would be leveraged to
shift something like 1—-2% of global GDP (a couple trillion dol-
lars per year) toward investments in clean tech deployment.
This is in line with models that have projected global business-
as-usual investments in fossil infrastructure vs investments of
similar magnitude in clean infrastructure instead.?®

Yes, that is a lot of money. But it is simply an up-front invest-
ment over a few decades to significantly decrease the costs the
world would otherwise face, of building and maintaining fossil
infrastructure ($2—3 trillion per year plus costs from climate
change damage), deploying clean technology without having
improved its cost through innovation ($4 trillion per year or
more), or dealing with the impacts of climate change (probably
also in the low trillions of dollars per year in addition to what-
ever infrastructure is paid for).3°

Moreover, hundreds of billions of dollars per year is manage-
able within existing national budgets. The United States alone
could dedicate that level of funding to moonshot-type projects
on climate change, and the benefits of new innovations would
boost the US economy in the end. On average, government-led
innovation brings a 20% to 30% or higher return on investment
to the US economy; some projects have brought much larger
payoffs, such as the Human Genome Project, which is estimated
at a 14,000% return on investment.3!

Tens of those hundreds of billions could come from redirect-
ing funds that are currently subsidizing fossil fuels. Some of the
project’s work could be done through the already-large military
research departments, maintained as part of the $600-billion-
per-year military budget. More could be done in partnership
with private companies and labs, leveraging federal funds to co-
ordinate many times more in total funding. And still more could
be co-funded with other countries that want to share the eco-
nomic benefits of such innovation.

STRUCTURE
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The projects could be carried out by a new agency or agencies
created for this task, or could be a set of initiatives among exist-
ing agencies. Some new entity might be preferable, because it
could be more independent. Currently, Congress funds many
important initiatives, but wastes money by requiring various
projects to happen in certain legislators’ districts. Sometimes
legislators pressure federal agencies to do the same, and some-
times they succeed, but there is good precedent for agency lead-
ers resisting such pressure. (Energy Secretary Steven Chu, for
example, was known among members of Congress for politely
listening to such requests, then reiterating that his agency made
decisions based only on maximizing efficiency and impact.3?)

A new quasi-public, independent agency funded in large
lump sums from Congress (or the president, who could redirect
a substantial amount of money toward such projects even with-
out Congressional approval) would minimize such politics-
based decisions. It could then coordinate with and fund other
agencies and private partners, aided by the White House when
there is a supportive president who can add extra clout to its
work.

This model could also apply to non-US-led projects: a coali-
tion of European and Asian countries, for instance, perhaps
with the partnership of some international companies, could
give an independent NGO or new UN agency a similar level of
funding. Such an organization could then coordinate and fund
various entities and efforts around the world.
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Some technologies will require basic research, which the rele-
vant agency or agencies can fund and coordinate. Some will re-
quire testing and demonstration, which could benefit from cen-
tralized, publicly available labs and test beds built or co-funded
by government investments. Some will require help with initial
scale-up—a tricky phase of commercialization in terms of our
climate change—solving timeframe. Scale-up brings the cost
down from the “first of a kind” unit to the “nth of a kind” unit,
which is usually much cheaper because of having an established
and honed manufacturing process, steady supply chain, exper-
tise learned by workers, and economies of scale.
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Project leaders will have to find ways to coordinate early
adopters of new technologies, including in some cases federal
government agencies, and sometimes help fund the production
of the first batch of units of a new technology to reduce the time
it takes to fully establish a manufacturing process and bring
costs to competitive levels. For non-energy shifts, efforts and
funding support will have to focus on direct initiatives around
the world, for instance to educate farmers about the benefits of
better soil and fertilizer practices.

Much of these projects’ work will be proactive—identifying
specific technologies needed, convening industries and re-
searchers, reaching out to international partners—but much
will also be reactive. Agencies will have to continually assess
progress and prospects for various technologies, note when any
have proven impractical and adjust accordingly, identify new
options worth exploring, and decide in each moment the best
distribution of a limited amount of money. Unlike a policy, for
which language is written ahead of time and implemented once
a bill is passed, the projects will start with only a vision of what
they need to develop and a framework of how they will work.
They will have to implement all these ideas with real people—
farmers, company leaders, agency administrators—as partners,
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and react nimbly to changing technological or economic situa-
tions.

THE CORE OF THE 100% SOLUTION

Such projects will bring us as close as possible to guaranteeing
that the world will achieve negative emissions by 2050. Conve-
niently, innovation is popular and permanent.33 And the scale
of funding required, though large, is not unreasonable for a
small number of countries to cover. Through a focus on innova-
tion, a tiny number of global leaders could successfully set the
world on track toward a 100% solution.

The five pillars form the blueprint for exactly what these co-
ordinated innovation efforts must achieve. The pillars are num-
bered in roughly the chronological order that their emissions
reductions must play out, starting with electricity generation
and ending with sequestration. The following five chapters ex-
plain the specifics of each pillar, the current state of innovation
and relevant policies that could be pursued, and the most cru-
cial steps for public projects to take to ensure that clean options
are developed and adopted in time.
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PART 2

WHAT HAS TO HAPPEN
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PILLAR 1: ELECTRICITY GENERATION

GROWING DEMAND

By 2050, billions of people will have new or increased access to
energy. If clean energy becomes cheaper than expected—as it
must in many cases to spread rapidly enough in developing
countries—even more people will be able to afford larger
amounts of energy. And the amount of sequestration required
by 2050 will demand significant additional energy inputs.

Nearly all of this growing demand for energy services will
have to be met with electricity—either directly, in the case of
equipment that is already or will be electrified; or indirectly,
through synthesized fuels (and some amount of biofuels) that
can substitute for fossil fuels and which require large amounts
of electricity to synthesize. Currently the world generates
slightly under 25 petawatt-hours (PWh) of electricity per year.
Most models show this doubling to around 45-50 PWh per year
by 2050.1

However, if we want to guarantee negative emissions by
2050, we have to aim for a dramatically higher number. Models
that project around 45—-50 PWh of electricity generation per
year either show continued large amounts of emissions, with
only modest increases in electrification, or they rely on the as-
sumption that nearly every country will impose stringent effi-
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ciency policies and that energy demand will decrease dramati-
cally even while economies continue to grow. Models that show
near-zero emissions by 2050 also all rely on significant
amounts of biomass-based fuel substituting for fossil fuels. As
we’ll discuss in Chapters 7 and 9, this can certainly happen to
some degree, but a strategy that relies so heavily on biomass
would require strict regulation in every country (which we’d
have to count on not only being implemented, but not ever
being loosened once the energy system was dependent on so
much biomass), which is highly unlikely in our thirty-year time-
frame.

Under a framework that charts a path to negative emissions
by 2050 without relying on strong regulations in every country,
we must expect that electrified options (direct equipment and
synthesized fuels) will have to be made significantly cheaper,
and possibly subsidized by solution-focused countries, so they
spread rapidly across the world. We must assume that fossil
fuel use with carbon capture and storage (“CCS,” which most
models also rely heavily on) will be limited to countries with
strong mandates or incentives (see later in this chapter). We
must assume that only a modest amount of biomass can con-
tribute to the total energy demand, given the likelihood that
growing biomass for fuel would contribute to deforestation
emissions absent global regulation. We must assume that some
amount of direct sequestration of atmospheric CO, is needed to

close the gap to zero emissions and achieve negative emissions.

And therefore, we must assume that the world will need not
45-50 to fifty PWh of electricity by 2050, but more like 100—
150 PWh. This is about the range we’ll need if 2050 end-use en-
ergy demand meets the current-trajectory projection but we
electrify roughly 60% of energy use (the upper bound of most
electrification models,?) with some portion of the other 40%
served by synthesized fuels (the rest served by fossil fuels with
CCS and biofuels), and with levels of electricity-powered se-
questration in line with those discussed in Chapter 9. If coun-
tries don’t come through with efficiency measures to meet their
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existing energy commitments (e.g., those from the Paris Agree-
ment, which indeed no major country is on track to meet), total
demand and the need for non-regulatory solutions could push
this number even higher, toward two hundred PWh per year of
electricity generation. Thus, depending on how much policy ac-
tually gets implemented, electricity generation might need to
grow to anywhere between two and eight times its current levels
by 2050—most likely about four to six times.

SYNTHESIS
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The energy system in 2050 must be mostly powered by
electricity—either directly through the grid, or indirectly
through the electricity-powered synthesis of clean fuels.
Electricity will also be needed to power some portion of
the required sequestration each year. Biofuels and geot-
hermal, and, in countries with strong policy, also fossil
fuels with CCS, will make up the remainder of total en-
ergy demand.3
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Most activists acknowledge that we are not on track to re-
place the current-size electricity generation system with clean
equipment. Most models project that we will in fact need to
build a clean electricity generation system double the current
system’s size. But in reality, we have to plan for a solution that
doesn’t rely on massive efficiency measures in countries like
India, nor on strictly enforced biomass-growing regulations
worldwide. A 100% solution can still be readily achieved with-
out every country’s long-term cooperation, but only with two to
three times more clean electricity generation than anyone is
talking about.

CLEAN ELECTRICITY GENERATION
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If the goal is certainty under all policy scenarios for a
negative-emissions 2050, we are two to three times more
off track than most people are thinking.*

There’s one more challenge: most solar and wind facilities are
only rated for thirty years or less, and though nuclear facilities
last somewhat longer (forty to sixty years or sometimes more),
most of those currently in use were built quite a while ago.> So,
most of the clean electricity generation capacity currently in-
stalled will be retired by 2050 (some hydro and bits of the oth-
ers will remain). This means that the electricity generation sys-
tem we need—one four to six times larger than what we cur-
rently have—will have to be built in thirty years almost from
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scratch.

A 100% solution can still be readily achieved
without every country’s long-term coopera-
tion, but only with two to three times more
clean electricity generation than anyone is
talking about.

RAPID BUILDOUT

That’s already a difficult undertaking, but the world should aim
for the even higher goal of deploying as much of that new gen-
eration as possible in the near future rather than waiting until
the 2040s for most of the electricity generation transition.
Partly that’s because the sooner any given sources of emissions
are eliminated, the less cumulative CO, will be in the atmos-

phere by 2050 and therefore the less sequestration will be
needed. Because of its centralized nature, fossil fuel-based elec-
tricity generation, especially from coal power plants, holds the
single biggest chunk of emissions that can be eliminated in the
near future.

Furthermore, the sooner clean electricity generation is defini-
tively cheaper than fossil electricity generation, the easier it will
be to deploy, because it can compete with new fossil equipment
that would otherwise be built. Convincing a company or coun-
try to build a solar or nuclear plant instead of a new coal plant
they would otherwise build is fairly easy if the clean option is
cheaper. But convincing them to replace a just-built, operating
coal plant with a clean plant is very hard. The payback would
have to be extremely fast—maybe clean electricity generation
can get there eventually, but to maximize the chance of fully
eliminating fossil fuel electricity generation by 2050 or sooner,
it would be wise to frontload as much of the deployment of
clean generation as possible so that it can mostly compete with

75



potential new fossil plants, not existing ones.

That’s a large obstacle given that a key limitation of all clean
electricity generation sources is how expensive they are up front
despite costing little or nothing to operate (in the case of wind
and solar, most important is the up-front cost of storage and
load-balancing technologies to enable significant use of these
intermittent sources). At least one clean generation option must
come down in capital costs, so that when short-term decisions
are made based on the cheapest way to add an additional bit of
electricity generation output, a clean option is always chosen
over fossil fuels.

SOLAR

If our window for solving climate change were more like a hun-
dred years, solar might be the perfect technology. Millennial au-
thor Varun Sivaram laid out all the potentials and limitations of
solar in his insightful book Taming the Sun.® Solar comes with
great benefits for the long-term: it’s easy to scale from tiny to
huge installations, so you can test out new solar cell technolo-
gies without investing huge amounts of money. Eventual tech-
nologies for organic or “perovskite” solar cells will be printed on
roll-to-roll manufacturing machines, a form of rapid, continu-
ous production that will be much faster and cheaper than cur-
rent batch-based and energy-intensive silicon processing.
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Roll-to-roll printing of solar cells.

While such roll-to-roll solar cells may eventually become ex-
tremely cheap, there are two problems. First, they aren’t there
yet, and we need something ready to scale up for the initial
short-term electricity buildout the world requires (they might
still contribute meaningfully toward the total system by 2050).
Second, to power a high percentage of the electricity generation
system, they’d need batteries (or other forms of storage or grid
flexibility), which are subject to the same development and
manufacturing ramp-up constraints with less certainty for suc-
cess in low cost. That means that although solar might con-
tribute heavily to the 2050 system, it can’t form the majority of
electricity generation by then. Eventually, by the end of the cen-
tury we expect battery technologies will have caught up and
solar will be viable to use for a larger portion of generation.

And so, solar should be expanded massively, but given the
enormous amounts of material and land required for solar
manufacturing and deployment, and the lack of cheap batteries,
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it will probably amount to less than a third of the total 100-150
PWh demand for electricity generation by 2050. Indeed,
Sivaram, who is optimistic about solar’s long-term potential
and who works on commercial-scale solar deployment, puts
meeting one-third of global demand as the upper goal for 2050
under the normal-assumption scenario requiring only 45-50
PWh of total generation.”

To get there, research and testing will have to pursue organic
and perovskite roll-to-roll printed solar cells, so that the cost of
solar keeps declining in the next few decades. The more solar is
deployed on the grid, the more costly it becomes to deploy be-
cause of the need to keep flexible fossil fuel generation, or stor-
age, available to run at a moment’s notice (but not to use most
of the time, which makes that backup uneconomical in itself).
After a point, additional solar will generate electricity almost
entirely during times when excess electricity is already being
generated by existing solar, making the value of new solar drop
as more is deployed. To continue being economical, its costs
will also have to drop, and energy storage innovations, as well
as policy designs to transform grids, will have to be deployed.
These could include adding more long-distance lines to bring
excess solar from midafternoon in Western Europe to serve
evening demand in Eastern Europe, or adding more responsive
end-use equipment (for example, heaters that choose the time
of day to heat based on electricity availability).

In the near term, policy mandates can keep accelerating solar
deployment and can help bring new solar technologies to the
demonstration and early commercialization phases. Policymak-
ing and activist messaging should keep in mind that the physi-
cal realities of engineering a grid with solar are seriously differ-
ent in different parts of the world. In northern regions, solar
produces so little compared to its theoretical peak output that it
can only contribute to a form of “efficiency,” that is, reducing
total demand for other generation but not shifting the source of
that generation away from fossil fuels. In regions with strong
winters, the difference in solar production in summer vs winter
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is enough to require a backup generation system (or months-
long storage system, which currently no technology can come
close to providing at any reasonable cost) to replace most of the
solar generation during the winter. In regions closer to the
equator with more consistent sunshine, solar faces few of those
problems and merely requires hydro or methane backup (or nu-
clear backup, or storage, if either is developed to be affordable
soon) for nighttime.

WIND

Wind provides the cheapest renewable electricity generation in
many regions that don’t have abundant hydropower.® And un-
like hydro, which requires specific conditions that are not abun-
dant worldwide, wind can work in a larger number of places.
The total potential for wind generation is not nearly as much as
the theoretical potential for solar, but it is far more than hydro
and possibly close to the economical potential for solar. Wind
could probably be scaled up to power about a third of total de-
mand by 2050, if it was pushed significantly.®

Unlike solar, though, wind has already been improved tech-
nologically to achieve about the lowest costs we can expect.*®
Offshore wind dramatically expands the areas viable for wind
deployment, but is significantly more expensive than onshore
wind. Like solar, onshore wind can compete on cost with
methane power plants when the wind is blowing, but wind also
suffers from the problem of intermittency, and from the large
amount of land and materials required to harvest a diffuse en-
ergy source. All the same grid and demand policies and storage
technology improvements that must be applied to solar could
also make wind a viable provider of a larger share of global elec-
tricity generation demand.
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In this analysis from energy consultancy NorthBridge,
which modeled a hypothetical 100% wind and solar sys-
tem for New England (with the proportion of wind and
solar that minimized surpluses and deficits), electricity
would have to be stored for many weeks to several
months at a time.""

Together—depending on how dramatically solar and storage
technologies improve in cost, and on the volume of flexible grid
demand that is built—solar and wind might be able to power
one- to two-thirds of the total 2050 electricity generation de-
mand. Much of the buildout, however, will likely happen in the
second half of the transition, partly because it will take time and
innovation effort for solar and storage technologies to drop fur-
ther in cost, and particularly because the flexible demand loads
that will enable much larger percentages of solar and wind to be
economical on the grid will be much more common when fuel
synthesis and sequestration scale up. To the extent that solar
and wind buildout can accelerate, policy incentives and man-
dates will have to drive most of the increased pace for the next
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decade or two.

HYDRO

Hydro is currently the largest clean electricity generation source
in the world, but the limited availability of good sites for hydro-
electric dams restrict where it can be deployed, and most of the
best ones have been taken. As discussed in Chapter 2, hydro is
cheaper than fossil fuels where it is plentiful. Because it is a
fairly centralized and concentrated form of energy, one new
hydro project adds a lot of generation, meaning hydro can grow
quickly as an electricity source. But new sites will encroach on
natural ecosystems and native lands, and will therefore face po-
litical hurdles that limit the pace of buildout. Small-scale hydro
faces fewer hurdles, but also has a much smaller potential for
adding up to large amounts of generation.

In total, hydro may be able to double globally, possibly triple
if we pushed it to the extreme.'? Even a tripling would still cover
only about 10% of the 2050 electricity generation demand.

The advantage of hydro for the larger electricity system is
that it is “dispatchable,” meaning it can generate more or less in
a given instant depending on grid demand. Water gets stored
up behind dams and released at peak demand times. The rate of
water flow can be varied to alter the power moment to moment.
This means hydro can serve as an excellent backup to solar and
wind, filling in for their generation when the sun goes behind a
cloud or sets for the night and when the wind calms. The more
hydro that is added, the more solar and wind will be viable to
add in the same regions.

NUCLEAR

Unlike solar and wind, nuclear deployment is not currently ac-
celerating. In fact, for several decades the nuclear industry has
totally floundered, and in Europe and the United States the
costs for the few new nuclear plants that have been built have
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been extraordinarily high. However, in China and South Korea
nuclear has been built in the past decade for about the same
costs as some fossil fuel plants (in Europe and the United States
in the early days of nuclear plant deployment, it was even
cheaper).'3 There remains some hope that if scaled up with bet-
ter supply chain and manufacturing practices, nuclear costs
could drop below those of the cheapest fossil fuel plants.

If this can happen, the advantages are tremendous. Nuclear is
the most concentrated source of energy we know of for generat-
ing electricity. That means that the amounts of land, raw mate-
rials, manufacturing labor, and waste are all much smaller than
those for solar or wind. It also means nuclear can be built out
faster in terms of generation capacity.' And unlike solar and
wind, nuclear power is not intermittent, and tends to run near
its peak capacity almost all the time. That means that for every
unit of peak capacity added, nuclear is generating far more ac-
tual electricity than solar, wind, or hydro.

So nuclear holds the potential to add clean electricity genera-
tion at the incredibly rapid pace needed. There are two prob-
lems: politics and economics.

The political problem is that people are scared of nuclear
power, especially nuclear waste. This may be starting to change
among the most intensely focused Millennial climate activists—
for example, the Sunrise Movement has usually been careful
with its rhetoric to refer to “clean” rather than “renewable” elec-
tricity so as to leave the door open to nuclear (“renewable”
means that the supply is theoretically inexhaustible as long as
the sun is shining on the earth; as nuclear permanently con-
sumes small amounts of fuel it is not renewable, but is nearly
inexhaustible for practical purposes)—but generally these fears
are still pervasive. The idea of radiation triggers disgust and
taints nuclear power as something “unnatural.” Scientific mea-
surements point in a different direction: even during the fa-
mous Fukushima nuclear incident, radiation exposure outside
the plant never exceeded medically established limits, which are
themselves well below natural levels of background radiation

82



that exist in some locations in the world.’> We're all walking
around in a soup of radiation, but we don’t usually think about
it.

Radiation from nuclear power plants has only ever killed peo-
ple—or even made anyone measurably sick—once, at the Cher-
nobyl power plant. At that plant, which did not have the con-
tainment vessel that all reactors are built with today (and al-
ways have been, outside the Soviet Union), operators decided to
carry out a foolhardy experiment with few safety precautions
and a perfect storm of conflicting personalities. As the experi-
ment started to go wrong, a series of bad decisions led to a set
of explosions and the destruction of the reactor. Two people
were Kkilled by the explosions, and a few dozen more from acute
radiation exposure. From all the radiation released, estimates
put the upper limit of potential deaths over the next few
decades at about four thousand (more recently, even that num-
ber has been called into question and numbers lower than one
hundred have been suggested).'® For perspective, four thousand
is about the number of people killed by coal every couple days—
mostly from respiratory illness caused by the particulate matter
released when coal is burned.'”
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Nuclear is in fact the safest form of energy we have—even
slightly safer than solar (which sometimes kills installers who
fall off roofs) and much safer than hydro (which occasionally
kills whole communities when a large dam breaks and towns
are flooded).'®

The revulsion people have about nuclear waste is similarly
connected to a philosophical uneasiness about radiation. But
this is perhaps the most misplaced concern of all those held
against nuclear: the waste involved is easy to contain, so radia-
tion from nuclear waste has never been a problem. And because
nuclear is such a concentrated form of energy, its waste comes
in far smaller volumes than waste from fossil fuels. In fact, nu-
clear produces even less waste than solar because of the chemi-
cals used in manufacturing solar panels and the shorter lifetime
of solar cells themselves.' All the wastes in question are toxic,
but in this case radiation is actually an advantage: over time, ra-
dioactive waste decomposes and reduces its own volume. The
other wastes stay toxic forever.

For true perspective, we must consider the question of wastes
in the context of climate change: we need massive, immediate
additions of clean electricity generation. We don’t have long-
term sustainable disposal systems for nuclear, solar, or coal
wastes. We're currently generating massive amounts of coal
waste, and to replace it we're going to have to generate more
(but far less massive than coal) solar and nuclear wastes. Those,
especially in the tiny volumes that nuclear waste comes in, can
be safely stored in “intermediate” storage for many decades,
giving us time to focus on the dramatically more urgent prob-
lem of solving climate change. Eventually, we can re-focus on
developing sustainable disposal systems for all of these wastes
—maybe by that time, current proposals for nuclear reactors
that can consume (and therefore dispose of) nuclear wastes as
fuel will have even been developed to commercial viability.
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The immediate economic problem of nuclear power is much
more pressing. Even the cheapest nuclear plants built in the last
decade are too expensive to outcompete fossil fuels globally, let
alone do so in the immediate future. To bring the costs of nu-
clear down enough to rapidly outcompete coal and methane,
the key is standardization. So far, nuclear reactor designs have
changed every few reactors built. Any single design has been ex-
ecuted a couple dozen times at the most. This means the tech-
nology is constantly starting at the beginning of the cost-lower-
ing scale up process that solar and lithium-ion batteries have
undergone dramatically in the past two decades. “First of a
kind” plants are always much more expensive than “nth of a
kind” plants.

Bringing down the cost of nuclear through standardization
and scale-up of manufacturing is also the most likely route to
the short-term addition of clean electricity generation we need.
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Government efforts can be directed to convene industry play-
ers and spur adoption of best practices—for example, construc-
tion planning practices to minimize financing costs (loans taken
out to pay for each new plant). Public funding, through direct
procurement, power purchase agreements, or simply loan guar-
antees, can Kkick-start the construction of the first batch of stan-
dardized plants.

South Korea and China both have existing designs that they
have built several times at reasonable costs.?* International col-
laborations to begin mass-manufacturing those designs could
be the fastest way to add clean electricity generation immedi-
ately. Such collaborations, though, might be hindered by the re-
cent shift in South Korean political inclinations against nuclear,
akin to stigmas in the United States and Europe. And Chinese
politics are always hard to predict because of China’s central-
ized government system. Nonetheless, leaders who could col-
laborate with them should explore a scale-up in exporting one
or both countries’ reactors.

At the same time, there are many designs for advanced,
“fourth generation” nuclear reactors, and a few dozen startups
trying to commercialize their version.>?> None of these are on
track to add large amounts of clean electricity generation as
rapidly as we need, but public convening, funding, and support
(including testing and demonstration facilities, and guaranteed
government purchases if new designs meet certain targets)
could accelerate these fourth-gen reactors to commercialization
in time to contribute to the short-term buildout of clean genera-
tion we need. Many fourth-gen designs have other benefits for
the eventual electricity system, such as flexibility to ramp up
and down at a moment’s notice (a feature known as “dispatch-
able generation”), fewer operators needed, passive safety fea-
tures to ease public concerns and make the politics of deploy-
ment easier, and modular sizes to allow deployment in a wider
range of locations.

Often, proposals for cheaper, standardized nuclear plants re-
volve around mass-manufacturing them in a factory or ship-
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yard. Shipyards are known for on-time and at-cost delivery of
durable large industrial products. There are only a few with
enough size and quality to contribute to a rapid buildout of nu-
clear, so more would have to be built soon, but they could each
process dozens of plants per year. These plants could be floated
to their eventual deployment sites (some proposals even sug-
gest skipping the step of towing them onto land and preparing a
construction site and instead operating the plants in the ocean
or a river right next to shore).

With smart business management, mass-
manufactured nuclear plants could probably
drop below the cost of the cheapest fossil
fuel plants in the near future.

With smart business management, mass-manufactured nu-
clear plants could probably drop below the cost of the cheapest
fossil fuel plants in the near future. Scaling up the supply chain
(uranium mining and enrichment, shipyards and their work-
force, turbine manufacturing, and the manufacturing of the nu-
clear plant) fast enough to transition significantly from fossil
fuels to nuclear in a decade or so is a tall order, but within the
realm of possibility.

FOSSIL FUELS WITH CCS

The final option for decarbonized electricity generation is to
continue using coal and methane, but to filter out the CO,, from
the plant exhaust (some processes actually separate the CO,, be-
fore burning the fossil fuel, leaving pure hydrogen to be burned
and power the turbine), transport it to appropriate geologic
sites, and bury it deep underground where it will not escape for
a long time, if ever.

It might be a stretch to call this carbon capture and storage
(CCS) clean, in that coal causes some degree of pollution, dis-
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ease, and death (especially among coal miners) even before it
gets burned, and methane causes large amounts of greenhouse
gas emissions when it leaks during extraction and distribution
(see Chapter 8). But fossil fuel power plants with CCS are cer-
tainly much cleaner from a climate change perspective. If politi-
cal leaders can accept the continued health damage from coal
(and hey, they’ve accepted it for a century already), then coal
with CCS would be essentially emissions-free. Methane with
CCS could be considered emissions-free if and when methane
drilling and pipeline technologies improve to prevent leaks. Be-
cause of these uncertainties, CCS isn’t explicitly a part of this
five pillar framework—it could of course decarbonize factories
without electrifying them or using synthesized fuels, but we
don’t know at the moment whether the methane ones would be
truly zero emissions, or whether CCS in general has a signifi-
cant chance of scaling.

The latter uncertainty is because of the economics of CCS: by
definition, CCS involves extra equipment and extra steps on top
of any industrial process. It will always be cheaper to run the
exact same process without CCS. Therefore, virtually no com-
pany will ever adopt CCS technology for economic reasons
alone. It will happen only in countries that either mandate it or
put a significant enough price on carbon pollution that it be-
comes cheaper for a factory to use CCS technology than to pay
the carbon price for its emissions. Part of the reason CCS
doesn’t feature in this framework is this fact that policy is ab-
solutely essential for its widespread use, which makes it un-
likely to decarbonize as large a portion of electricity generation
and industrial emissions as technologies that can come down in
cost to the point that they actually save money.?3

However, all that said, CCS has one major advantage in coun-
tries where it is politically viable to mandate its use: CCS equip-
ment could be added to most existing power plants for some
significant but not prohibitive cost, and that would mean an ex-
tremely rapid first step in reducing power plant and factory
emissions. In some countries, CCS might play a significant role
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in the 2050 energy mix, either because of political choices to
allow fossil industries to transition less abruptly and therefore
win support for larger policy proposals, or as a last-mile effort
to eliminate remaining emissions when we approach 2050.

In other countries, CCS might not play a major role by 2050,
but it does present a major opportunity for immediate emis-
sions reductions in countries willing to enact sweeping policy.
Remember that the sooner large sources of emissions are elimi-
nated, the smaller cumulative amount of emissions will need to
be sequestered from the atmosphere in 2050 (and atmospheric
capture and sequestration is much more expensive than factory
or power plant based capture and sequestration). CCS is high-
lighted here as a possible intermediary measure in countries
with the political clout to use it, while we start mass-manufac-
turing standardized nuclear plants, and while solar and storage
research is pushed forward to take a larger role later in the tran-
sition.

CCS equipment could be added to most ex-
isting power plants for some significant but
not prohibitive cost, and that would mean an
extremely rapid first step in reducing power
plant and factory emissions.

OTHER EXISTING TECHNOLOGIES

Aside from solar, wind, hydro, nuclear, and fossil fuels with
CCS, a couple of existing technologies could supply modest por-
tions of the 2050 electricity generation mix. Geothermal heat
can power some industrial processes, heat buildings and water,
and sometimes create steam to generate electricity with.?+ Ex-
isting geothermal technology is limited to locations with the
right geologic features and doesn’t have massive total potential
for the energy that could be harvested globally, so it will likely
play a small role.
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Biofuels can substitute for fossil fuels, though as we will dis-
cuss in Chapters 7 and 9, they can only be scaled up modestly
before they start causing more emissions, through deforesta-
tion, than they save by replacing fossil fuels. There are various
kinds of biofuels, and some (such as from anaerobic digesters
on farms) may be more sustainable than others (such as ethanol
from corn that takes away land from food crops). Some models
of a decarbonized 2050 rely on vast amounts of biomass en-
ergy,>> which could be viable if most national governments im-
pose ambitious regulations. But we cannot count on them to be
carbon neutral in the more likely scenario in which national
governments don’t implement strict enough rules or monitor-
ing programs to guarantee biomass is grown without deforesta-
tion impacts. Therefore, biomass figures minimally in this
framework, which is meant to show the viability of solving cli-
mate change without the ambitious and sustained international
cooperation that currently seems unlikely.

EMERGING TECHNOLOGIES

Moonshot efforts for electricity generation should focus most
immediately on a rapid scale-up of nuclear (or CCS where vi-
able to mandate) to steeply reduce electricity generation emis-
sions. These projects should also aim to bolster the acceleration
of solar and wind deployment, particularly with a mind toward
the extra level of competitiveness solar (and storage) might
reach for the second half of the needed energy transition when
more varied uses for electricity will become prominent.

At the same time, moonshot efforts should immediately start
supporting basic research or “valley of death” phase work on
new electricity generation technologies that may have no cer-
tainty of contributing, but that could turn out to play a major
role if they were developed successfully.

Perhaps the most promising proposal is for deep geothermal
heating and electricity generation, which can be deployed in far
more locations than traditional geothermal, and which could
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supply higher temperatures to run power plants and some fac-
tories with no intermittency.2°

Another idea is for generating thorium-fueled (rather than
uranium-fueled) nuclear power.?” One advantage is that key
large countries, including India, have more abundant domestic
supplies of thorium than uranium.

Other ideas include undersea water current power, which is
akin to offshore wind turbines, but has the turbines spun by
water near the bottom of shallow ocean areas. Related propos-
als include tidal power and wave power systems.?8

What underwater current turbines might look like.

Nuclear fusion (rather than fission, which all current nuclear
power is) has been said to be “thirty years away” for the last
fifty years, but it would indeed be revolutionary if we could
commercialize it successfully.?® It deserves some level of re-
search and testing support.

And then there are more out-there ideas that may be in the
earliest lab stages. Who knows what someone may discover and
whether it could have a chance of scaling to commercial useful-
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ness? A portion of funding should be used to help along these
innovations with low probabilities of success but with serious
game-changing potential if they succeed.

STORAGE TECHNOLOGIES

Finally, solar and wind can only reach a high percentage of elec-
tricity generation if electricity storage technologies become
much cheaper. Nuclear would also benefit significantly from the
deployment of storage: Unlike solar and wind’s uncontrollable
fluctuation with weather, current nuclear plants are hard to
turn on and off, so they run at a steady power almost all the
time, even when grid demand fluctuates. As nuclear becomes a
large share of electricity generation, there may be times when
the total output from nuclear plants is considerably more than
total demand at that moment. Affordable storage technologies
would improve the economics of this grid system tremendously.

The storage in question could be lithium-ion batteries, as
dominate now. They will probably come down somewhat more
in cost. But current projections don’t show them coming down
enough that weeks or months of storage could be viable.3°
Other batteries may be invented or scaled up—already, “liquid
flow” batteries are being demonstrated in early commercial de-
ployment and show promise of eventually beating lithium-ion
costs for grid-scale storage.3!

The cheapest current form of electricity storage is pumped
hydro—the practice of pumping water up a hill when there’s ex-
cess electricity on the grid, and letting it down through a hydro
turbine when electricity is needed. This requires specific sites
(mountains next to rivers or lakes), so its potential is limited,
but it could be scaled up a bit. Similar gravity-based storage
systems have been proposed, such as ones using concrete
blocks and cranes, though none have shown serious commercial
promise.3? In the physical storage category, pressurized air sys-
tems can store electricity, but they require either specific geo-
logical formations to pump air into, or undersea bags of air that
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get inflated.33

A different and more likely category of storage is using excess
electricity to synthesize fuels—some of which can simply be the
synthesized fuels sold to other sectors, and some of which could
power traditional power plants (or fuel cells) and therefore act
like giant batteries.
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Fuel synthesis being used as a form of electricity storage.

Relatedly, any process—such as atmospheric sequestration—
which uses a lot of electricity but can run at any time (or vary its
power demand throughout the day) can balance out the grid de-
mand with the intermittent solar and wind generation and con-
stant nuclear generation.

These “flexible loads” will become more common on the grid
as fuel synthesis and sequestration technologies scale up. Flexi-
ble loads could also include water desalination plants and other
equipment not related to the energy system. The key factor in
how flexibly these loads can operate is how cheap the capital
cost is for the equipment in question. If it costs a lot to build a
fuel synthesis plant, a company may only make its money back
within the lifetime of the plant by operating it close to full time.
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If a plant can be built extremely cheaply, it might be economical
to run it only a fifth of the time when there is a lot of excess
electricity. Therefore, public funding for research and startups
working on low-capital-cost flexible loads should also be a
major part of a strategy to help solar, wind, and nuclear scale
up as much and as fast as possible.

BASIS OF A CLEAN ENERGY TRANSITION

Because three of the other four pillars rely heavily on a plentiful
supply of cheap, clean electricity, Pillar 1 needs to be carried out
most immediately. Doing so will also bring the benefit of early
large-chunk emissions reductions that limit later sequestration
needs.

Government convening could jump start scale-up projects in
nuclear using standardized designs based on roughly current
technology. Policies such as state/provincial or national clean
electricity standards, carbon pricing, subsidies, and simplified
permitting regulations for the siting and construction of solar,
wind, and nuclear plants can speed up the deployment of ready-
to-go technologies.

With mass-manufacturing and policy efforts combined, and
possible mandates for CCS, governments can guarantee the first
wave of additional clean electricity generation is deployed. Ef-
forts should aim to deploy enough clean equipment to at least
replace current electricity generation levels by around 2030, on
the way to generating the 100—150 PWh of electricity per year
needed by 2050. Government-supported research can ensure
that technology for all generation options continues making sig-
nificant strides so that the remaining deployment can happen
cheaply in the following twenty years.
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PILLAR 2: ELECTRIFICATION

Most of the energy system could theoretically be decarbonized
through electrification: converting equipment that currently
runs on fossil fuels to equipment powered by electricity. We see
this starting in our everyday lives with electric cars and electric
home heating. The conversion will take place on a broader
scale, too, in areas such as freight transportation and industrial
processes.

VARIED EQUIPMENT

The technology required for electrification is different for every
individual end use. To electrify personal transportation, an
electric car motor and battery are both needed at capital costs
that are lower than fossil fuel engines. An electric ship motor
will call for a different design, and might run off the same or
similar batteries, or off of a hydrogen or ammonia fuel cell (es-
pecially for longer-distance shipping). Electrification of trains
requires building overhead power lines, a totally different chal-
lenge (those lines could also be used to extend and interconnect
the grid). And heating for buildings requires improvement in
the cost and cold-weather performance of heat pumps, which
are like reverse refrigerators and bear no resemblance to en-
gines or motors.
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Government bodies should identify all the specific electric
equipment that is either essential or would be highly useful, and
convene researchers or industry players (depending how far
along the given tech is) to ensure that at least one cost-competi-
tive electrified option is available for each.

The good news here in Pillar 2 is that several electrified op-
tions are already close to becoming cheaper than their fossil
competitors. Electric heat pumps are generally cheaper than oil
heating and often competitive with other options depending on
the climate, building’s insulation, and other factors.34

Electric heat pumps don’t work in extremely cold climates
yet, but have improved to the point that they function in regions
accounting for the vast majority of human population, and they
can always be backed up by less efficient but equally non-pol-
luting electric resistance heating (running electricity through
lots of wire to heat up the wire and therefore the air around it).
If clean electricity generation options outcompete fossil fuel
electricity generation, the cost of electricity will by definition
drop at least slightly, making heat pumps and other electrified
equipment more competitive.
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outside air
heats cool coil

An air-source heat pump, with the compressor in the out-
side unit with the cold coil.

Electric cars have started to compete commercially, but their
capital costs are still double those of equivalent gasoline cars,
owing to the cost of the batteries.?> If lithium-ion batteries
came down further in cost, or if new, cheaper batteries were de-
veloped to replace them, electric car manufacturing could be
scaled up to the point that electric cars quickly outcompete
gasoline cars.

Trends toward self-driving cars and fleet ownership of cars (a
Lyft/Uber-type company of the near future might own thou-
sands of cars and bring you where you need to go on demand,
reducing the number of personally owned cars) may also help
promote the adoption of electric cars, which have far lower
maintenance costs compared to gas cars (this is key when cars
are operating like taxis, driving a much higher percent of the
time, rather than sitting in individual people’s driveways most
of the time, as cars do now).3°
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The efforts required in this pillar span from basic engineering
to mass-manufacturing scale-up. Government projects need to
convene industry players to get certain key electric options de-
signed. Policies and initiatives to scale up electrified equipment
will help bring capital costs down to below or around those of
fossil options. And improvement in technologies themselves,
such as battery or heat pump chemistry, could help make elec-
trified options definitively cheaper. Support for startups and ex-
isting companies that are conducting demonstration projects
and bringing new designs to commercialization is key.

TIMELINE FACTORS

This pillar needs to be carried out relatively quickly. Electrified
options may (easily, in some cases) become cheaper to install
than installing a new fossil option for the same process. But it is
much harder for these options to become so cheap that it makes
economic sense to retire a still-functional piece of fossil equip-
ment early and replace it with a new piece of electric equip-
ment. Some options may get there, but for most, the deploy-
ment opportunity will be when each equivalent piece of fossil
equipment is naturally retired. That turnover happens about
every fifteen years for cars, but fifteen to twenty-five years (or
longer) for home furnaces, and longer still for much industrial
equipment. Therefore, electric options have to become defini-
tively cheaper in the next ten years or so in order to be ready at
the moments when most relevant fossil equipment is being re-
tired. Even then, there will be some portion of fossil equipment
that doesn’t get replaced naturally by 2050—so drop-in fuels
(see Chapter 7), policy mandates or subsidies, or sequestration
will be needed to fill in those gaps. Several recent reports esti-
mated that 10-30% of equipment that could be electrified won’t
happen to get converted by 2050.37

Electrified options may (easily, in some
cases) become cheaper to install than in-
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stalling a new fossil option for the same
process. But it is much harder for these op-
tions to become so cheap that it makes eco-
nomic sense to retire a still-functional piece
of fossil equipment early and replace it with
a hew piece of electric equipment.

EQUIPMENT REPLACEMENT OPPORTUNITIES
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Most relevant equipment will only be naturally retired
once or twice in the timeframe we have to achieve nega-

tive emissions.38

SCALING UP ELECTRIFICATION

This pillar is also one of the easiest to support with policy man-
dates or incentives. With several major electrified options
nearly cost competitive, regions—even states and provinces in
countries that aren’t yet ready to act nationally—can subsidize
the adoption of electric cars or air-source heat pumps through
tax credits or rebates. Government programs can educate indi-
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viduals and convene companies to encourage adoption of these
technologies. Policies can also incentivize large companies to
spur deployment of electrified options. For example, states can
enact performance-based regulation of electric utilities in which
utility companies make more money if a target number of
charging stations, or electric cars, or heat pumps, are deployed
in their service area within a given timeframe. Under such a
system, utilities might choose to build charging stations them-
selves, or they might engage in more widespread education and
encourage companies and families to adopt electric heating or
other clean technologies.

Government purchasing power can also be used to directly
scale up emerging electrified equipment by providing the first
guaranteed market for various technologies. Most public build-
ing projects or public purchases of vehicle fleets are put out for
contractors or suppliers to bid on. The bidder with the cheapest
option that meets quality criteria gets hired—and criteria could
include that the product has to be carbon neutral. Government
purchasing departments, for example, could consider bids to
construct new government buildings only if the design included
air-source heat pumps and advanced insulation. Or states could
put out a request for bids to supply electric vehicles for the en-
tire state fleet as it gets replaced over the following years. The
US federal government recently helped a new industry get off
the ground in this way, by purchasing satellite launches from
SpaceX and thus creating the first market for private space
equipment.39
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PILLAR 3: SYNTHESIZED FUELS

NEED FOR FUELS

So much discourse focuses on the mantra of “electrify every-
thing,” but in fact, some equipment will still rely on liquid or
gas fuels in 2050. For example, we are unlikely to see an afford-
able long-distance electric airplane by that time due to the need
for high-density energy carried on board.+° And as noted at the
end of Chapter 6, some fraction of fossil fuel equipment that
could be electrified won’t be replaced by 2050. Models tend to
put maximum electrification potential at 40—-60% of total end-
use energy demand by 2050.

To fill the remaining need for fuels, fossil fuels can be used
with CCS—but only on stationary equipment, not airplanes or
other vehicles. And CCS will happen only where policy man-
dates it, as it is always an added cost. Perhaps every country will
end up finding political will to mandate CCS, but for the sake of
a 100% solution framework that can succeed without every sin-
gle country taking dramatic action, we must assume CCS plays
a limited role.

The second option is biomass—wood burned directly, crop
waste (e.g., corn stalks), or dedicated crops (mostly people talk
about perennial grasses)—the latter two probably converted
into biofuels. As noted before, biomass plays a minor role in
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this framework because biomass-derived fuel can only be con-
sidered carbon neutral if the growing of the biomass itself
doesn’t produce more emissions than the biofuels save by dis-
placing fossil fuels.

In theory, plants capture atmospheric CO, when they grow,
and the same amount of CO, is released when they are burned

(provided their production is powered by clean electricity or
carbon-neutral fuels). However, growing such “energy crops”
will require extra land and increase pressure toward deforesta-
tion (one of the largest sources of emissions, see Chapter 8).
Even with strong anti-deforestation and reforestation policy,
strategic use of dense energy crops might only be able to serve
something like twenty-five PWh of end-use demand per year, or
less than half of the baseline projection of fuel required in
2050.4

Right now, even Europe—which generally has extensive regu-
lation—counts much deforestation-causing wood biomass as
“carbon-neutral.” If even a few major countries don’t adopt
stringent regulations about sustainable sourcing of biomass
ahead of 2050, other countries would have to try using tariffs or
other policies to minimize the global market for unsustainable
biofuels. If faced with that choice, which is fairly likely given the
political difficulties of controlling biomass production, proac-
tive countries might instead favor the approach of subsidizing
carbon-neutral fuels that are synthesized from scratch to dis-
place the market for both biofuels and fossil fuels. Activists
worried about a scenario in which the world becomes reliant on
biomass-derived fuels, and then sustainable growing standards
become loosened and the whole system becomes carbon-inten-
sive again, should also take a keen interest in synthesized fuels
as a better guarantee of carbon neutrality. Directly synthesized
fuels are guaranteed to be carbon neutral so long as we success-
fully decarbonize our electricity generation system.

CLEAN FUEL SYNTHESIS
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Such synthesized fuels would be made by using clean electricity
(or occasionally direct sunlight) to drive chemical processes.
Most would start by splitting water into hydrogen and oxygen.
The hydrogen could be used as a fuel, or could be combined
with carbon split from captured atmospheric CO, or with nitro-

gen filtered from the air to form different fuels. The basic chem-
ical reactions involved are the exact opposite of the ones that
happen when a fuel is burned.

Burning Je+ foel:

CxHy + O —> CO, + H, O+ energy
Sjn+hesizin3 \jelL fuel:
COZ + H20+€|€C+Fid'{3 —> CXH3+OZ

CARBON FUELS

There are essentially two categories of synthesized fuels: carbon
fuels and non-carbon fuels. Carbon fuels include gasoline,
diesel, jet fuel, methane, perhaps methanol, and
kerosene/propane and other minor fuels. Synthesized versions
of these could consist of the exact same chemical(s) or some
equivalent chemical that is easier to synthesize but functions
the same way in the relevant equipment (e.g., a truck engine).
Synthesized carbon fuels do emit CO, when burned, but it is the
same amount of CO, that was captured from the air to synthe-
size the fuel in the first place. As long as the process is powered
by clean electricity (or by other cleanly synthesized carbon or
non-carbon fuels that were produced with clean electricity else-
where in the world), the fuels are carbon neutral.

Generally, carbon fuels will be made either chemically identi-
cal to current fuels or similar enough that no new equipment is
needed to run off them. They are called “drop-in” fuels because
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they can drop into existing infrastructure. This gives them a
huge advantage in terms of rollout rate: once they can be manu-
factured more cheaply than whatever fossil fuels are still in use
at that moment (perhaps with the aid of a manufacturing sub-
sidy from one or more forward-looking countries), they could
replace 100% of their fossil competitors nearly overnight—or as
fast as the fuel synthesis equipment could be manufactured and
connected to electricity sources. Carbon fuels are more “energy-
dense” than non-carbon fuels or batteries, meaning a given vol-
ume of fuel can power a process for longer, so they are ideal for
airplanes and freight transportation.4* The fact that these fuels
can be “dropped in” will allow them to eliminate emissions
from the portion of individually owned furnaces and such that
don’t get converted by 2050 but are too numerous and small to
make CCS a viable option.

The same type of chemical reaction design that is needed to
develop affordable drop-in fuels could also be used to synthe-
size a variety of chemical feedstocks and other commodities
(such as plastics or formic acid) that are currently derived from
crude oil. This would help chip away at the market for oil
drilling.

NON-CARBON FUELS

Non-carbon fuels include hydrogen and ammonia. Non-carbon
fuels usually require conversion of end-use equipment in a sim-
ilar way to electrification, and therefore also require that new
end-use equipment be brought down in capital cost. In some
cases, hydrogen or ammonia can be dropped into existing infra-
structure. They can definitely be mixed in with fossil fuels up to
a certain percentage in existing infrastructure, which doesn’t
get to 100% elimination of fossil fuels but could provide an
early market while ammonia- and hydrogen-fueled equipment
comes down in cost.*3

The advantage non-carbon fuels have is that they are cheaper
to synthesize than carbon fuels. Synthesis of non-carbon fuels
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skips the step of capturing atmospheric CO, and using electric-

ity to split the carbon from the oxygen and reattach the carbon
to hydrogen that has been synthesized from water. The hydro-
gen itself can be the fuel, or it can be bound to nitrogen (ammo-
nia is NH,), which is much easier to filter from air than CO, (ni-
trogen is 80% of the air while CO, is 0.04%). In either case, the

energy requirement to synthesize the fuel is less than for carbon
fuels, and therefore non-carbon fuels are likely to be cheaper
per unit of energy output when they are burned. If the equip-
ment to use them can be made low enough in capital costs, non-
carbon fuels could be the cheapest option for many processes.

Non-carbon fuels will be most useful for applications that
could be electrified but that would benefit from more energy-
dense fuel—for example, freight trucks. Electric freight trucks
might become competitive, but carrying ammonia or hydrogen
in a tank and turning it into electricity in an on-board fuel cell
to power the motor would allow trucks to go much farther be-
tween refueling (and to refuel much faster) than they could if
the “fuel” were a battery and they had to stop for hours and
charge the battery every couple hundred miles. Similar logic ap-
plies to ships—batteries might be fine for short-range ships, hy-
drogen might be used for medium-range ships because of its
greater energy density than batteries, and ammonia might be
used for long-range ships because of its greater energy density
than hydrogen.+

Even electric cars could be powered with hydrogen tanks and
fuel cells instead of batteries. The rest of the drive train would
be the same, but if hydrogen fuel cell equipment could come
down below the capital cost of batteries (and if hydrogen distri-
bution and fueling station infrastructure were built out), the
shorter fueling vs recharging time, and the considerably longer
range, would give hydrogen cars a serious advantage.
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HYDROGEN IS TOP PRIORITY

Because all synthesized fuels include hydrogen (or are pure hy-
drogen), a top priority for innovation efforts should be to lower
the cost of clean hydrogen below that of methane-derived hy-
drogen. Right now, nearly all hydrogen used in industry is made
by using steam to split methane into hydrogen and CO, and re-
leasing the CO, into the air (methane also leaks into the atmos-
phere during extraction and distribution of the methane feed-
stock, see Chapter 8). Hydrogen can also be made through elec-
trolysis, which uses clean electricity to split water into hydrogen
and oxygen, and emits no greenhouse gases.

Making electrolysis-based hydrogen cheaper than methane-
derived hydrogen requires lowering the capital costs of elec-
trolyzers and the cost of input electricity.#> New equipment,
plant designs, or manufacturing practices could lower the cost
of electrolysis equipment. Scale-up of clean electricity genera-
tion could provide cheaper clean electricity, especially during
times of low grid demand.

Other proposals for clean hydrogen production include “gasi-
fying” biomass into hydrogen.#® Like all biomass efforts, cau-
tion to prevent additional deforestation is key (see above and
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Chapter 9), but biomass-derived hydrogen is less researched
and optimized already compared to electrolysis and so might
have more opportunities for cost reduction.

Producers could also split hydrogen from methane and use
CCS to store the CO, rather than releasing it into the atmos-

phere. Like all CCS, this is an extra cost compared to the same
process without CCS, so it will only happen where policy man-
dates it, making it a strategy that can’t be counted on globally.

Getting the capital cost of electrolyzers down is therefore the
top priority for the synthesized fuels pillar. Cost-competitive
clean hydrogen is a precursor to any other synthesized fuel
being competitive. Once clean hydrogen can be produced more
cheaply than fossil-derived hydrogen, various existing
processes can convert it relatively cheaply into any number of
fuels, carbon or non-carbon. The hydrogen itself tends to be the
largest cost in any of these clean fuels.”

ROLE OF CARBON FUELS

There are a range of perspectives on the utility of synthesized
carbon fuels. Some startups and academic labs see them in the
context of incrementalist policy—a business or research oppor-
tunity to serve markets where a state or federal government has
mandated lower-emission vehicle fuels. These niche-market ap-
proaches might provide the first steps to building out synthe-
sized fuels toward cost-competitive manufacturing scale, but
won’t necessarily lead to much of a solution.

A couple of advocacy organizations with high hopes for nu-
clear power’s cost reduction through iteration suggest that car-
bon drop-in fuels should be thought of as the entire solution for
energy use emissions.4*® They promote the idea of building out
nuclear electricity generation for almost the sole reason of pow-
ering fuel synthesis processes, with the hope of achieving such
low costs of drop-in fuels that they outcompete fossil fuels
everywhere. The target cost would have to be something like
$1.00-1.50/gallon for gasoline and diesel, because oil compa-
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nies can reduce prices significantly while still making profits.4°
Those targets for synthesized drop-in fuels are probably not
achievable within thirty years, but if electricity could truly be-
come far cheaper and electrolysis capital costs could come
down dramatically, this approach would be possible. The ad-
vantage would be a much faster transition—dropping in clean
fuels to all existing fuel-consuming equipment—than electrifi-
cation-heavy, mandate-focused, or non-carbon fuel routes.

That small possibility alone makes it worth pursuing and
funding vigorous research and engineering efforts for drop-in
fuels. We will still benefit from more modest cost improve-
ments even if we don’t bring drop-in fuels to the point that they
outcompete fossil fuels overnight.

Most likely, with serious innovation carbon drop-in fuels can
come down in cost to a point slightly more expensive than their
fossil equivalents. Then, governments will have to subsidize
their use (or price fossil fuels appropriately) to fill in the gaps
that electrification can’t cover. Synthesized fuels—and, to some
degree, sustainable energy-crop biofuels—have the advantage
that they could be subsidized on the production side and sold
into the global fuel market at costs cheaper than fossil fuels.
This means one country could influence every country to use
the cheaper carbon-neutral fuels—a key difference from CCS
(and from broader biomass use) where every country must
adopt individual regulation.

ROLE OF NON-CARBON FUELS

As noted, non-carbon fuels should be able to achieve lower
costs per unit of energy than carbon fuels, so once clean hydro-
gen can be produced more cheaply than methane-derived hy-
drogen, non-carbon fuels could play a larger role than carbon
drop-in fuels or fossil fuels even without policy intervention.
They face a challenge akin to electrification, which is lowering
the capital cost of equipment to run on them.

Ammonia is synthesized from hydrogen—currently fossil-de-
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rived hydrogen with an energy-intensive synthesis method, but
both the hydrogen source and the synthesis method can be
changed. Technologies exist to split ammonia back into hydro-
gen and nitrogen so that the pure hydrogen can be used. The
advantage of ammonia is that it becomes a liquid much more
readily than pure hydrogen, so it is easier to transport from the
point of synthesis to the point of use (or to carry as a fuel on a
long-distance ship or truck).5° The advantage of hydrogen is
that we already have equipment that can power various
processes using it—hydrogen fuel cells are relatively estab-
lished, though expensive. Ammonia fuel cells (or combustion
engines for either ammonia or hydrogen) need more develop-
ment to be ready to roll out globally.>® Ammonia, like fossil
fuels, is toxic, and happens to smell particularly bad, so it
makes sense to use it directly in industrial processes and freight
transportation but to turn it back into pure hydrogen for use in
personal equipment such as cars and home heating systems.
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Note that once consumed in a fuel cell, both hydrogen and
ammonia (or various carbon fuels which can also be used with
fuel cells—methanol is a prime prospect) are converted to elec-
tricity. The end-use equipment therefore consists of the fuel cell
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itself and then the same or similar electric equipment as would
otherwise be powered by the grid (if stationary) or by a battery
(if in a vehicle). Ammonia and hydrogen can also be burned in
engines or turbines to drive equipment without electricity as an
intermediary, and those pieces of equipment require designing,
testing, and demonstrating to become viable.

FLEXIBLE LOADS

Synthesized fuels offer an additional benefit beyond the fact
that they can fill in gaps left by electrification and could drive a
very quick decarbonization of energy systems if they become
cheaper than expected. As discussed in Chapter 5, one problem
with clean electricity costs is that the output of solar and wind
fluctuates uncontrollably. At the same time, nuclear plants al-
most always run near peak output and are currently hard to
ramp up and down. Neither option exactly matches grid de-
mand, which fluctuates over the course of a day and over the
course of a year semi-predictably. Fuel synthesis plants could
provide a “flexible load” on the grid—they could ramp their
electricity consumption (and therefore fuel output) up and
down, or turn on and off entirely, to balance the difference be-
tween clean electricity generation and the instantaneous de-
mand of the grid. Equipment with high capital costs can’t serve
this role, because it is only economical to run such equipment
most of the time to produce a product to sell and make back the
capital investment. For that reason, it is especially worthwhile
to invest research and development money and effort into po-
tential synthesis technologies that could be super-low capital
cost, making them affordable to operate only a small percent of
the time.

By turning excess electricity into fuel for transportation and
industry, the synthesis of fuels can also help integrate currently
distinct sectors. Fuels can become a sort of translator between
the needs and demands of different sectors. They could do the
same between different regions, as liquid and gas fuels are
among the easiest forms of energy to transport across large dis-
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tances, or between times of year, as such fuels are easy to store
for months.

This “fungibility” across sectors, regions, and times can lower
overall costs by limiting the need for overbuilding generation or
capacity in any one sector or location. Policies and technologi-
cal systems to better enable coordination across sectors (for ex-
ample, timing car charging based on intermittent electricity
generation) can also help lower costs in this manner.

SCALING UP SYNTHESIZED FUELS

Overall, synthesized fuels could end up being responsible for
anywhere from 5% to 40% of global emissions reductions, de-
pending on how cheap they become at what times.5* Although
left out of much political discourse, synthesized fuels will be re-
quired for some part of a 100% solution. And they are a prime
target for concerted, coordinated research funded and con-
vened by government bodies. This pillar requires the most basic
research funding and coordination, because chemical processes
need to be developed and tested. Commercializing synthesized
fuels will also require support for demonstration, startup ef-
forts, and initial scale-up in order to improve manufacturing
techniques, business practices, and capital costs of end-use
equipment.

Policies that use government purchasing power to guarantee
a market for the first batch of synthesized fuels, subsidize or
mandate their use more broadly, or incentivize corporate play-
ers to spur their adoption—for example, providing a tax credit
for companies that switch fully to carbon-neutral fuels (or elec-
trified options) for their heating and transportation—could all
speed the scale-up of synthesized fuel technology.

Synthesized fuels also rely on cheap, clean electricity—Pillar 1
—to be viable. The success of synthesized fuels will depend on
the combination of how cheap various components, especially
electricity and hydrogen electrolyzer capital costs, become.
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PILLAR 4: NON-ENERGY SHIFTS

Over a third of emissions come from processes other than burn-
ing fossil fuels, and yet they don’t get nearly as much attention
as fossil fuel emissions. Non-energy emissions come from three
sectors: agriculture, industry, and wastes.

AGRICULTURE

About 20% of the world’s emissions are related to growing
crops or raising livestock to feed everyone in the world. Some of
these emissions come directly from the soil and livestock, and a
large portion come from the conversion of land to make space
for them.

DEFORESTATION

The biggest slice of agricultural emissions, making it the source
of around 10% of total global emissions, is deforestation. To
make more land area available to graze livestock or grow crops,
farmers regularly cut down tropical forests which have been
storing CO, in their plant matter and soil for a very long time.

The one-time emissions from cutting forests (which are either
released right then if the forests are burned, or over a short
amount of time if the materials are left to decompose) are large.
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Then, without those trees to sequester more CO, from the at-
mosphere, a less immediate form of emissions occurs by reduc-
ing the annual amount of carbon sequestered by forests. This
reduction is significant, but hard to quantify among annual
emissions as it continues indefinitely without an objective
“starting point” to compare any given year’s total amount of
global tropical forest to.53

Over a third of emissions come from
processes other than burning fossil fuels.
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Tropical deforestation contributes the bulk of this slice of
emissions. Tropical forests store much more CO, in their dense
growth and are often much older than temperate or boreal
forests. However, forests are not the only relevant ecosystem—
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when this book refers to “deforestation” it also includes what
the Intergovernmental Panel on Climate Change calls “other
land use change,” encompassing the draining of peat bogs and
loss of certain coastal ecosystems such as mangrove swamps.
These other carbon-rich ecosystems can also fall prey to the
need for more agricultural land and cause a portion of what
we're calling “deforestation” emissions.>* They are also just as
good targets for “reforestation” (or “ecosystem restoration,” to
be more accurate) as a sequestration method—in fact, recent re-
ports have suggested that they have a stronger short-term po-
tential for sequestering carbon than forests, and should be the
prime initial target for ecosystem restoration.>>

Not all ecosystem loss is caused by agriculture, but the bulk
of climate change—-relevant land change is. The culprits are a
mix of small-scale subsistence farmers and large-scale commer-
cial farmers, in roughly similar proportions depending what re-
gion of the world one looks at.5° There is virtually never a mali-
cious intention: people simply need money to survive, and
growing food is one of the only ways they can make money, so
they make the space to do so. Clearing ecosystems is cheap, and
even if the soil becomes unhealthy and crop yields decline in a
few years, growing a cash crop for that time can be well worth it
to many farmers around the world. The greatest drivers of trop-
ical deforestation are raising cattle, growing soy (some of which
becomes feed for the cattle), and growing palms for palm o0il.5”

Government regulations are particularly effective in limiting
deforestation. Brazil did this successfully for about a decade
until deforestation rates started increasing again around 2014
(and have since spiked significantly after anti-environmentalist
president Jair Bolsonaro took office in 2019).58 Other solutions
involve practices that reduce demand for land and therefore re-
duce pressure toward deforestation. These could include better
crop rotation, cover crops and interspersing of crops and live-
stock, denser livestock grazing practices, use of greenhouses
(which extend the growing season and improve crop resistance
to heat waves or pests), “vertical farming” (indoor growing in
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tall columns with plants densely packed, artificially lit using
clean electricity, and maintained by automated machines in the
building), and other techniques that achieve the goal of growing
more from a given amount of land.>°

Vertical farming might look something like this, with
columns of growing greens packed close together.

Government intervention to shift economies toward denser
farming or non-agricultural sectors and enforcement of policies
against deforestation can play a significant role in reducing this
slice of emissions. Leadership from key tropical countries, and
from other national leaders who can form partnerships with
them, may be key to seeing progress in reducing deforestation.
A relatively small number of countries contribute most of the
deforestation emissions in the world, with a hugely dispropor-
tionate 45% of the total coming from Brazil. Indonesia is next at
about 9% and about twenty more countries contribute around
1-3% each.®°

Shifting diets away from meat, especially meat from live-
stock, could also reduce deforestation. Grazing cattle takes up
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far more land area per unit of nutrition that someone will even-
tually eat compared to growing food crops. On top of that, cattle
are usually fed with crops (corn and soy) that could have fed
humans directly. The growth of those feed crops requires yet
more land area.®
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Policies that discourage the consumption of livestock—for ex-
ample, carbon prices that incorporated surcharges on emis-
sions-intensive goods, including beef—might slightly reduce
global demand for livestock and thereby reduce the market for
converting forests to grazing land.

CATTLE METHANE EMISSIONS
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Livestock farming’s role in driving deforestation represents its
largest contribution to emissions, but it creates emissions in an-
other way as well. Cows, goats, and sheep belch methane as
they digest food, and methane is a greenhouse gas eighty times
stronger than CO, as measured over the ten- to thirty- year

timeframe we have to keep temperatures from increasing more
than 1.5 degrees Celsius (it’s actually closer to a hundred times
stronger, but only stays in the atmosphere for about ten years,
whereas CO, stays for thousands of years, so methane is often

measured as thirty times more powerful over one hundred
years, or eighty-four times more powerful over twenty years).%2
Enteric fermentation (the process of methane being created as
these ruminants digest food) is the second-largest source of
agricultural emissions behind deforestation, equal to about 5%
of the global greenhouse gas total.®3

Reducing the demand for livestock meat (and milk, which is
much more carbon intensive than plants but much less than
beef) could reduce these methane emissions. But in this case, a
technological solution also exists. Several studies in recent
years have shown that a certain species of seaweed, when mixed
into cattle feed, dramatically reduces the cows’ methane output
—some studies show reductions of 99%. There are several star-
tups working to scale up production of this seaweed and com-
mercialize its use in the near future.®4 Investment in such ef-
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forts and in projects to educate farmers about using these prod-
ucts in their cattle feed could virtually eliminate the livestock
methane slice of greenhouse gas emissions.

FERTILIZER EMISSIONS

That leaves us with crops. To grow plants, farmers have to add
some kind of fertilizer to the soil. Fertilizer, whether organic
(compost or manure or similar) or synthetic (urea or other am-
monia-based compounds) supplies nitrogen to the growing
plants. The addition of nitrogen-dense fertilizer has enabled the
vast growth in agricultural production over the past hundred
years, and is one of the greatest forces countering pressure to-
ward deforestation. Applying fertilizer means more can be
grown per hectare of land, meaning less land area is needed.
However, all fertilizers also cause emissions, because some of
the nitrogen spread on the soil becomes nitrous oxide, another
greenhouse gas that is hundreds of times stronger than CO,,

which spreads into the atmosphere.%5
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Global emissions by type of greenhouse gas (based on
the standard comparison over one hundred years—
methane would look more important if compared over

ten or thirty years).%°

Some farmers wrongly assume that more fertilizer means
more yields. This is only true up to a point, after which extra
fertilizer may actually decrease yields, while increasing nitrous
oxide emissions.®” So government or nonprofit programs could
educate farmers about how to use fertilizer more efficiently to
decrease, but not eliminate, these emissions. This is one slice
that will need sequestration to make up for it by 2050, as these
emissions cannot practically be eliminated while still growing
enough food for the world.

SOIL EMISSIONS

Farmland

Other crop-related emissions include those from the soil itself.
Various chemical processes, largely inside bacteria that live in
soils, both produce and consume greenhouse gases. For in-
stance, in wet soils (such as rice paddies), anaerobic bacteria
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tend to produce methane. Dry soils may be a sink (sequestra-
tion site) for methane. CO,, methane, and nitrous oxide are all

produced and stored in soil, with the balance depending on how
wet the soil is, its temperature, what kinds of crops (or grasses,
or forests) are being grown on it, and more.®® Some of these
emissions can be mitigated by managing soils differently, which
may also contribute the first few gigatons of sequestration
needed (see Chapter 9).

There has been long-developing research into whether tilling
soil is good or bad for climate change. For decades it was
thought that tilling stirred up and released CO, stored in the

soil, and that no-till agriculture practices would sequester more
CO,. More recently, researchers have noted that most studies

examined only the top layer of soil (about a foot deep), and
while the results are true for that layer, tilling actually mixes
CO, into the slightly deeper soil, thereby sequestering about as

much as it loses from the top layer.®?

OTHER AGRICULTURE EMISSIONS

Finally, small amounts of agricultural emissions come from the
decomposition of crop residues and manure, as well as from en-
ergy use in agricultural processes.”® The latter emissions will be
eliminated through either electrification or synthesized fuels
(see Chapters 6 and 7). The former may be reduced through in-
creased use of composting or anaerobic digesters, which at least
provide productive use of such crop or animal wastes, but some
of these emissions will also likely remain.

In all, we can expect about half of agricultural emissions to be
eliminated by 2050. Those from fertilizer, which are mostly un-
avoidable (and which prevent larger deforestation emissions if
food were grown less densely without fertilizer), some portion
of deforestation emissions (which would require strict regula-
tion and enforcement in every country to eliminate), and small
portions of soil and other emissions, perhaps as much as 10% of
global total emissions, are likely to remain in 2050. Agriculture
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emissions are the hardest to totally eliminate, but they are also
the easiest to balance with farm-based and forest-based seques-
tration of greenhouse gases, as we will see in Chapter 9.
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GLOBAL OUTREACH INITIATIVE

All agriculture emissions can be reduced through changes in
agricultural practice—for example, growing more food per
hectare of land to reduce pressure toward deforestation, or
managing crop rotation, cover crops, and sharing of land be-
tween crops and livestock to build soil carbon and reduce fertil-
izer use. A global outreach initiative should be created to get as
many farmers as possible to adopt these practices. Such an ini-
tiative—working on the ground with every farmer in the world—
could be carried out by a private nonprofit organization, per-
haps with public funding support. Or it could be run as a public
program akin to the Peace Corps, with one or more countries
funding, training, and sending volunteers around the world to
work with farmers.

The most important and viable practices to adopt will vary
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from location to location, but in general crop rotation (growing
two or more different kinds of plants in succession in the same
plot of land to balance the nutrients taken from and added to
that soil) is known to improve yields and decrease demand for
fertilizer.”* Grazing livestock in more efficient ways, such as in-
terspersed with certain crops, could reduce pressures for defor-
estation.”? Public funding and direction should support not only
the outreach project to get practices adopted, but also research
efforts to quantify which practices will have the most impact in
which locations.

A global outreach initiative should be cre-
ated to get as many farmers as possible to
adopt these practices.

The outreach initiative will not only reduce emissions, but
contribute the first few gigatons of carbon sequestration by pro-
moting ecosystem restoration and soil carbon sequestration
(see Chapter 9). In connection to the initiative, national and
local governments in key countries (especially those with tropi-
cal forests) should enact policy favoring forest growing or accel-
erating the adoption of new agricultural practices, and should
implement stricter and more consistent enforcement of anti-de-
forestation laws. Where viable, partner government bodies
could also create policies that reduce food waste, which con-
tributes both to unnecessary agriculture emissions and to direct
landfill methane emissions (see “Waste” section later in this
chapter).

INDUSTRY

Industrial processes use a lot of fossil fuels for energy (mostly to
heat raw materials in manufacturing), but some also involve
chemical reactions that release greenhouse gases unrelated to
energy inputs. These appear in the pie chart as non-energy “in-
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dustrial process emissions.”

CEMENT

In the course of producing cement, limestone is heated in a kiln
to turn it into lime, off-gassing CO, in the process. Lime, a
chemical subset of limestone, makes up over half the material
in the final cement. Most of the emissions from cement produc-
tion don’t come from the fossil fuels burned to power the
process: half to two-thirds are given off during this step of con-
verting limestone to lime.”3
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Over the years, various academic researchers have developed
alternative cement production processes, which either off-gas
less CO,, or lock the CO, into the cement material itself during
the process, thereby preventing most or all emissions into the
atmosphere. A couple such processes are now being demon-
strated commercially, such as one that reduces the proportion
of lime in the final product, thereby reducing the direct emis-
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sions from turning limestone into lime, and which also requires
lower temperatures in the cement kiln, thereby reducing the
amount of coal used to heat the kiln. At least one company is
commercializing cement that is hardened into concrete by ab-
sorbing CO, (rather than being hardened with steam as most

cement is today), which further reduces the total emissions.
That startup claims processes for hardening concrete could
eventually lock up more CO, than is released in the cement pro-

duction. While all concrete exposed to air absorbs small
amounts of CO over decades, concentrated streams of CO,

(from factories with CCS or filtered from the atmosphere) could
be injected into and sequestered by this kind of concrete in
larger amounts.”*

Other new processes can be designed to reduce the amount of
fuel needed to create cement, or to reconfigure cement kilns to
run on hydrogen for their heat input. Government efforts to
convene academic researchers and bring more minds to the
problem, to support startups, and especially to test out the most
promising ideas at scale (proving new processes’ reliability is
key to convincing companies to switch over to them) will be
crucial to ensuring that most cement production is decar-
bonized by 2050. Some of the near-term reductions in cement
emissions may also need to come from mandated or incen-
tivized use of CCS.

STEEL
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Like cement, direct emissions come from the process of steel
production, where coking coal is added to raw iron ore to “re-
duce” it to pure iron. The carbon from the coal combines with
the oxygen from the iron ore and becomes CO,, about two tons

of the greenhouse gas being generated for every one ton of steel
produced. This “reduction” process can be accomplished with
hydrogen instead of coal (as can the heating of the steel fur-
nace), and the necessary input of carbon to turn the iron into
steel could come from charcoal (which would have to be
sourced from sustainably harvested wood) instead of coal. One
Swedish company is working to commercialize hydrogen-reduc-
tion iron. One Massachusetts company is working to commer-
cialize a different process which uses electricity and catalysts at
high temperatures, rather than hydrogen, to reduce iron ore
into iron.”>

About a third of the world’s steel furnaces already run on
electricity (“electric arc furnaces”) but those are generally only
used to process scrap steel rather than raw ore, and may not
have large potential to replace traditional blast furnaces in the
next thirty years.”® Policies to encourage greater use of scrap
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steel could help drive the electrification of more steel furnaces.

Large-scale demonstration of alternate processes or pieces of
equipment for both cement and steel production will be essen-
tial. Because these industries are massive, longstanding, and
deal in structural building materials, they have little tolerance
for risk in their processes. New processes must be proven thor-
oughly so companies know their material quality won’t be com-
promised if they switch over. Wherever policy mandates or in-
centives can push it, CCS on both steel and cement plants can
also eliminate the process and heating emissions, though some

technology development might be necessary to make it afford-
able.

Scaling up the use of other building materials can displace
some demand for cement and steel and reduce—but not elimi-
nate—these emissions. Wood, for example, sequesters carbon in
a building itself when it is sustainably grown and harvested. Re-
cent developments in cross-laminated timber make it possible
to build even skyscrapers out of wood, often with equal or bet-
ter strength characteristics compared to steel.”” Growing a mar-
ket for construction wood could help incentivize keeping forests
as forests and managing them sustainably rather than clear-cut-
ting them to grow soybeans for a few years until the soil is de-
pleted.

AMMONIA/HYDROGEN

Beyond cement and steel, a couple smaller sources of industrial
non-energy emissions stand out, including ammonia.
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The synthesis of fertilizer (mostly ammonia) itself is energy
intensive, but the direct emissions come when methane is split
to get hydrogen as a feedstock for the process. Ammonia pro-
duction happens to be the largest industrial use of hydrogen,
but as noted in Chapter 7, almost all hydrogen currently used in
industry has the same problem: methane (CH,) is split using

steam into hydrogen (H,) and CO,, and the CO, is released into

the air. Hydrogen can also be produced by using electricity to
split water, which does not release CO,, but which is currently

more expensive than “steam reforming” methane.

As discussed in Chapter 7, innovations to reduce the capital
cost of electrolysis equipment may be the most significant im-
provement needed, as the up-front cost for electrolyzers can be
larger than the total cost of methane-derived hydrogen for sev-
eral decades. Other clean hydrogen produced from sustainable
biomass or from methane with CCS could also decarbonize the
ammonia synthesis process.

Some new ammonia production technologies show promise
for replacing the entire current pathway and in some cases syn-
thesizing ammonia directly from water and air without sepa-
rately creating pure hydrogen.”® However, clean hydrogen will
still need to be produced not only for ammonia production and
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other industrial uses of hydrogen as a feedstock, but also for use
as a carbon-free fuel itself and as a feedstock for the synthesis of
carbon-neutral drop-in fuels (see Chapter 7). This should be a
key priority for enabling synthesized fuels, and could benefit
from government convening and coordination, extra research
and scale-up funding, information sharing, and testing and
demonstration initiatives.

ALUMINUM AND OTHER SOURCES

Finally, aluminum production, which is one of the few major
chemical manufacturing processes currently powered by elec-
tricity, has some direct emissions from CO, being off-gassed by

the electrodes as they operate.”” New electrodes could be in-
vented that use different materials and don’t have the same side
reaction that currently creates CO,. Basic research funding and
then prototyping and testing-phase support are the key efforts
needed for aluminum.
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sources, but those explored here are the most important and
readily fixable ones. The others, too, will need similar new
processes developed, or in some cases may be small enough
that we can rely on sequestration to make up for them.

WASTES

Agriculture accounts for almost 20% of total emissions, and in-
dustry direct emissions amount to another 7% or so. The final
non-energy category includes material waste systems (con-
tributing about 3% of emissions) and wasted “fugitive” methane
(contributing about 5%).

BIOMASS AND WASTEWATER

Some emissions are released by wastewater treatment, and
some from landfills. In particular, organic matter (food or farm
waste) that gets thrown out into landfills decomposes into
methane, some of which leaks into the atmosphere.
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Policy to reduce food waste could cut down this slice of emis-
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sions, and increased use of composting, anaerobic digesters,
and other non-landfill methods for processing organic waste
could reduce those methane emissions. Methane can also be
captured from landfills and burned, which at least converts it
into CO,, a weaker greenhouse gas than methane itself.

Through policy, the plants that burn this waste methane could
be required to use CCS and make that process truly carbon neu-
tral.8°

FUGITIVE METHANE

A different category of waste emissions is “fugitive” methane
that escapes from the energy system. When methane is ex-
tracted from the ground (and sometimes when coal and oil are
extracted, even if methane is not also being intentionally ex-
tracted) some bit of it leaks into the air. When it is transported
to end-use equipment through networks of pipelines, a little
more leaks out. And in various bits of equipment along the way,
methane is used for mechanical processes or partially burned in
compressors to maintain pressurized pipelines, and the un-
burned methane is released into the air. Sometimes methane
pipeline leaks cause explosions or fires in cities, but usually the
methane simply floats into the atmosphere.
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Methane being such a stronger greenhouse gas than CO.,,

these fugitive emissions account for a full 5% of the global total
of emissions.®' They come from the energy industry, but the
leaks are a total mistake, not a result of burning fossil fuels for
energy, and the equipment-based emissions are basically ac-
cepted but not intended. They are one category of emissions
that comes with absolutely no benefits to anyone (in fact, they
mean economic losses for the methane extraction and distribu-
tion companies, meaning slightly higher costs for consumers).
Tightening pipelines and other methane infrastructure, switch-
ing to electric compressor pumps, and adopting new equipment
at wellheads could reduce these emissions. Switching to synthe-
sized methane (see Chapter 7) could eliminate the half of fugi-
tive emissions that come from extraction. And eliminating
methane use altogether through electrification and conversion
to other synthesized fuels would of course eliminate these emis-
sions, though it’s well worth pursuing policy mandates or busi-
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ness campaigns to reduce fugitive emissions in the meantime,
because that can cut out a slice of emissions much sooner than
we can expect all methane use to disappear.

REMAINING EMISSIONS

Including wastes, industry direct emissions, and agriculture,
there are portions of emissions slices that probably won’t be
eliminated by 2050. Sequestration will have to make up for this
remainder, which will probably be something around 15% of
our current emissions (maybe 2% from material waste, 1% from
pipeline methane leaks, 2% from industry, and about 10% from
agriculture, with possibly tiny bits of energy-sector emissions
also remaining).82

In order to keep eventual sequestration costs reasonable, this
means that it is all the more important for energy system emis-
sions to be virtually eliminated.
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The dark shaded section contains most likely emissions
to remain in 2050. The light shaded section contains pos-
sible additional remaining emissions, including extra
amounts from many of the same processes. We can ex-
pect somewhere between 7 and 13 gigatons per year of
remaining emissions around 2050. The full circle in this
graph is 20 gigatons per year—the upper goal for seques-
tration as we will see in graphs throughout Chapter 9.83
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PILLAR 5: SEQUESTRATION

To achieve negative emissions and stop the increase in global
temperatures, the world will have to employ various carbon re-
moval (or “carbon sequestration,” or in this book simply “se-
questration”) methods to remove CO, from the atmosphere and

make sure it doesn’t get back there for a long time. There are six
main proposed methods. Some are entirely nature-based, some
entirely engineering-based, and some a blend of both.

The main proposals, detailed below, are growing forests, soil
management, bioenergy with carbon capture and storage, direct
air capture, enhanced weathering or ocean alkalinity enhance-
ment, and ocean fertilization or ocean afforestation.

As we know from the earlier pillars, some sequestration will
be needed to make up for remaining emissions in 2050. Likely
about ten gigatons (Gt) per year of CO,—equivalent emissions

will remain even if we reach the goals of Pillars 1—4. And so ten
gigatons of atmospheric CO, will have to be sequestered each

year to make up the difference to net-zero emissions. Additional
sequestration on top of that will take us into negative emis-
sions. How fast negative emissions go will depend on how much
countries are willing to pay each year to carry them out. The
cost of sequestration is expected to range from nearly free for
certain farm-based methods to around $100 per ton or slightly
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more for the purely technological methods, once implemented
at scale.®4 The sequestration potential of nature-based meth-
ods, as we’ll see below, will probably be nearly or entirely ex-
hausted in making up for remaining emissions. So the negative
emissions portion of sequestration will probably cost nearly or
about $100/ton, at least for the next few decades. Assuming,
based on the size of the global economy ($90 trillion/year, of
which probably under 1% is politically viable for sequestration
costs), that countries may in aggregate find the political will to
pay hundreds of billions, but not trillions, of dollars, each year
for total sequestration (both making up for emissions and
achieving negative emissions), the negative emissions we can
expect starting around 2050 might be 5—10 additional gigatons
per year.%5 Depending on how cheap technologies get and how
many tons of remaining emissions actually need to be made up
for, the cost could be lower or the number of politically viable
gigatons per year of sequestration could be higher.

As we’ll return to briefly in Chapter 10, to bring temperatures
back to historic averages sooner than the end of this century,
eventually 20-50 Gt per year of total sequestration might be
necessary, which speaks to the importance of understanding
and developing all the possible sequestration methods as soon
as possible. For now, we’ll compare sequestration methods
based on how many gigatons they might be able to sequester
per year in the near future, with the nearer-term 10-20 giga-
tons per year total goal. Estimates of “viable” annual sequestra-
tion amounts vary considerably. Presented here are the best es-
timates available for how much could be sequestered each year
without unreasonable policy expectations and for less than or
about $100 per ton of CO.,,.

How fast negative emissions go will depend
on how much countries are willing to pay
each year to carry them out.
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GROWING FORESTS

/

Forests—and, as discussed in Chapter 8, wetlands and other
ecosystems—lock up large amounts of CO, both in the trees and

other plants above ground and in the soil itself. Just as defor-
estation is one of the major causes of CO, emissions, reforesta-

tion or ecosystem restoration (growing forests where deforesta-
tion has occurred, or restoring other carbon-rich ecosystems)
and afforestation (growing forests where there weren’t any re-
cently but could be) can drive significant amounts of carbon
capture by plants, and therefore contribute significant negative
emissions. Restoring ecosystems is cheap, especially compared
to other sequestration methods, and comes with co-benefits—
availability of some amount of lumber that can be sustainably
harvested, habitats for species that we either rely on or want to
protect for their own sake, beauty to enjoy from a distance or on
hikes, and improved air quality in regions near forests.
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One of the main limitations of this sequestration method
is that only so much land area can be turned into forest
each year—particularly with continued pressures to cut
down forest and use the land for crops or livestock. Esti-
mates put the upper bound of affordable and politically
viable sequestration potential around 5 gt per year for
growing forests (some of which is making up for remain-
ing deforestation emissions).8®

Of course, the same pressures on land availability that cause
deforestation also make growing forests hard in some regions.
Efforts to grow new forests and to prevent current forests from
being cut down will probably go hand-in-hand, as part of a sin-
gle initiative in each country, with nonprofits partnering with
government bodies to regulate large swaths of land. Coastal
wetlands and peatlands might hold the most easily tapped po-
tential for sequestration from ecosystem restoration in the near
future.8”
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SOIL MANAGEMENT
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Similarly to forest soils, agricultural soils store large amounts of
CO.,. These soils, too, are often disturbed, which releases CO.,.

Better management can not only stop those emissions, but also
sequester more CO, from the atmosphere in the soils. Various

agricultural practices, such as using cover crops and rotating
crops and livestock, can build up more carbon content in soils
long-term. Spreading biochar, a concentrated form of carbon
made by heating food or farm waste, on soils can store some of
that carbon in the ground while making soil nutrients more ac-
cessible for plants as organic matter coats the porous surface of
biochar.88

These cheap forms of sequestration have even more direct co-
benefits than those associated with growing forests. Better soil
management can reduce farmers’ costs and improve their yields
and therefore profits. This is one category of “clean technology
options” that is, in fact, already cheaper. The problem is that
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most farmers are used to different practices and skeptical about
changing their business models, especially for small or uncer-
tain benefits. So, massive education and partnerships with
farmers around the world are needed to get these practices
adopted. Policies in relevant countries could incentivize adop-
tion of more sustainable soil management practices, and could
support the efforts of organizations conducting outreach to
farmers to explain the practices and their benefits.

More research is also needed on soil management techniques
—in Chapter 8 we noted the conflicting studies about whether
tilling soils is good or bad in terms of emissions. Rotating crops
is generally seen as good, and cover crops (which are then tilled
into the soil) can certainly add carbon to the ground, but exactly
how much potential soil sequestration holds and what practices
are best pursued in what locations is relatively uncertain.®9
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The upper limit of sequestration per year from soil man-
agement is determined by the amount of agricultural land
in the world, and an estimate of what percent of farmers
might be convinced to switch their practices within our
thirty-year timeframe. Estimates put the feasible and af-

fordable limit at around 2 gt per year.”°

BIOENERGY WITH CARBON CAPTURE AND
STORAGE (BECCS)

One proposed method of carbon sequestration is growing
plants—trees, grasses, anything—to burn in power plants for
electricity or in industrial plants for heat (or gasify to turn into
other products), and to use normal CCS (carbon capture and se-
questration from power plant or factory exhaust) technology to
permanently store the resulting CO, emissions. The idea is that

the whole process is carbon negative: plants capture CO, from

the air as they grow, and then when we burn them we store the
CO, underground. CO, makes up a much higher percent of

power plant or factory exhausts than it does the atmosphere, so
capturing it at the factory is generally much cheaper than cap-
turing it from the atmosphere. With BECCS, companies don’t
have to go through the currently expensive step of filtering CO,

directly out of the air—the plants do that for them—and they get
the co-benefit of a potentially cheap form of energy for power
plants and industrial sites. As noted in previous chapters, one
major drawback with any plan that relies on biomass is that
when companies grow the plants to begin with, they're likely
taking away land area that otherwise could have grown food
crops (or if the plants in question are trees, they could be sus-
tainably harvesting them and constructing buildings with them,
which sequesters the carbon in them and displaces steel and
concrete). Anything that contributes to continued pressures to-
ward deforestation is causing emissions, so depending on how
BECCS plants are harvested, they could be causing more emis-
sions than they subtract. If agricultural land is converted to
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grow biomass for BECCS, the total need for food crops remains
the same and the agriculture industry will have to convert land
somewhere else in the world to make up the difference. If de-
mand for plants—especially trees—to burn grows too large, this
may directly become a form of deforestation.®*
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BECCS needs to be approached with caution, but it may have
a role to play. Any biomass that can be sustainably harvested
from forests (therefore giving an economic reason to keep
forests as forests rather than to clear-cut them for pastureland

147



or such) and burned with CCS would presumably be carbon
negative (assuming only clean energy is used in its transporta-
tion and processing). We will have to create a strong monitor-
ing and certification system to make sure that when someone
buys “sustainably harvested” wood to burn, it really is sustain-
ably harvested. Also, waste biomass—corn stalks, for instance—
that is generated as part of growing food could be excellent
feedstocks to create biofuels that are then burned with CCS and
have genuinely negative emissions. Some of these wastes al-
ready contribute a couple percent of global emissions as they
decompose or are otherwise processed (the amount of CO, they

release is the same as what they captured when growing, but
depending on how they decompose or are burned, they often re-
lease methane or nitrous oxide as well),%? so using CCS would at
least sequester those emissions while displacing some other
fuel. However, a serious concern with BECCS is that—like any
solution that relies on CCS equipment—it will only happen in
areas where policy to mandate it is politically viable. Using CCS
is always more expensive than running the same process with-
out the extra CCS equipment, and while sustainable biofuels are
lower carbon than fossil fuels—some might even be considered
carbon neutral—theyre not a form of sequestration in them-
selves. They require the CCS component to make the process
carbon negative.
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Estimates of sequestration potential are highly uncertain
for BECCS because they depend on assumptions about in-
direct impacts on deforestation and other emissions.
Some estimates say 0.5-5 gigatons per year, some closer
to ten; two is a good estimate for what we can be reason-
ably confident won’t increase deforestation emissions,

and will be affordable.®3

DIRECT AIR CAPTURE (DAC)

The most obvious and direct form of sequestration, direct air
capture (DAC), generally involves large arrays of fans that blow
air past catalysts that bind to CO,, which is then separated in
concentrated form by either heating and/or wetting the mater-
ial.94

Some proposals involve a variant of this process called direct
ocean capture (DOC). Because CO, is 140 times more concen-

trated in the ocean than in the atmosphere, it should require
less effort to filter it out of seawater than air—if equipment can
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be designed to handle the salt and other materials dissolved in
seawater that would flow through it. Because CO, mixes be-

tween the atmosphere and ocean to balance the concentration
of CO, in each (currently with a net flow from atmosphere to

ocean), climate scientists hypothesize that if we removed CO,
from seawater, more CO, would dissolve into the ocean from

the air to re-establish that equilibrium. This would remove a
certain amount of CO,, from the atmosphere.%>

Once CO, is filtered from the air or ocean, something has to

be done with it. The simplest option is to pump it deep under-
ground where it is sealed in geologic formations from which it is
unlikely to escape, at least for a much longer time than the rele-
vant timeframe for solving climate change. This is called geo-
logic storage. Other options exist, though, which may have
more economic benefits: for instance, captured CO, can be

turned into ethylene, the feedstock chemical for most plastics.
Turning CO, into solid commodities can lock the carbon up for

many decades or centuries.
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Both DAC and DOC are currently expensive. One company
has successfully demonstrated multiple DAC plants at a cost
around $500-600 per metric ton of CO, captured. Costs for

forest and soil sequestration range from slightly negative (soil
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sequestration saves farmers money or makes them more money
than it costs) to perhaps a bit under $100 per ton. DAC (or
DOC) must come down in cost to something around or below
$100 per ton in order to be an economically “reasonable”
means of sequestration—a target that companies are optimistic
about hitting. Currently three companies are working on DAC
technology, and various academic or military labs are working
on both DAC and DOC.%° Direct capture plants could also serve
a role as a flexible load to balance clean electricity generation,
similar to low-capital-cost fuel synthesis plants.

Geologic storage is only starting to be demonstrated, but the
science behind it is fairly well understood. CO,, will eventually

be pumped into saline formations under several layers of im-
permeable rock. Right now, we can start to sequester some CO,

by pumping it into mostly depleted oil fields, which is already
done with CO, from elsewhere underground to increase the un-

derground gas pressure and push out the last dregs of oil. It
sounds counterintuitive, but if done with atmospheric CO, it

can sequester more CO, than the amount released when the re-

covered oil is burned (sometimes that will happen because of
the amount of CO, required to achieve the desired pressure, but

even if not, extra CO, could be added beyond what is necessary
to push out the oil, in response to policy incentives to do s0).9”
This “Enhanced Oil Recovery” is obviously a niche market and a

poor long-term option, but can provide an immediate way to
start capturing and sequestering CO,, to prove various pieces of

the technology.

Some labs are also developing processes to synthesize perma-
nent materials based on captured CO,. By making plastics with

captured CO, instead of oil, the world would further reduce the
market for oil, and sequester CO, in the plastic materials we use

all around us. If all the ethylene currently used in the world
were made from captured CO,, it would only sequester the

equivalent of 1% of current emissions, but that’s a large enough
sliver to be worth pursuing.®® Other materials, such as carbon
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fiber for building with, could potentially also be synthesized
from captured CO,. And of course, the same air or ocean cap-

ture technology is a precursor to creating synthetic carbon-neu-
tral (but not carbon-negative) drop-in fuels.

SEQUESTRATION POTENTIAL OF
DIRECT AIR CAPTURE

5 G+/3r

10-20 G+/yr
needed ‘i’o“'a?
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Theoretically, DAC/DOC sequestration has limits far
higher than the amount of CO, we expect will ever need

to be sequestered. The question is how fast costs can
come down and how much governments will be willing to
pay. Five gigatons per year is based on projections of
likely cost improvements.??

ENHANCED WEATHERING/OCEAN ALKALINITY
ENHANCEMENT

Naturally, over time CO, binds with certain silicate rocks and
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turns into minerals, which eventually end up in water systems
and the ocean as calcium carbonate. Speeding up this process
by crushing these rocks and spreading them out (to increase the
surface area available for atmospheric CO, to bind to) could se-

quester a portion of the CO, needed. The crushed rocks could

be spread on farmland, where they would bring added benefits
to soil pH and perhaps reduce the need for fertilizer. They could
also be spread anywhere else appropriate on land, or on the
ocean itself. The minerals that make their way into the ocean
will slightly balance the effects of ocean acidification (which
harms fishing and coral reefs). Enhanced weathering has yet to
be researched at large scale, but it is expected to be fairly cheap,
though not nearly as cheap as forest and soil sequestration
methods. The main problem enhanced weathering may face is
that mining and processing rock at the scale needed to achieve a
significant amount of sequestration could be more energy in-
tensive than it is worth (compared, for instance, to DAC if DAC
becomes much cheaper) or simply impractical in terms of the
amount of infrastructure needed to gather, grind, and distribute
the crushed rock. Farmland, where extensive infrastructure al-
ready exists to process large amounts of fertilizer, lime, and
other commodities, might be the best site to spread the crushed
rock if enough can be created.'°°
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We need more research to determine if there are potential
negative side effects, as well as benefits, to ecosystems. Other
research must explore the impacts that such a massive scale of
mining might have on humans, determining if any people
would be harmed by particulate matter drifting from where
crushed rock is processed or spread. But enhanced weathering
is currently expected to be fairly benign.

One benefit of enhanced weathering is that it would add alka-
line (basic) materials to the ocean and adjust its pH. This is es-
sentially an antidote to ocean acidification: as CO,, has been re-

leased into the atmosphere, more than half of it has mixed into
the ocean, making the ocean more acidic (lower pH). This dam-
ages all sorts of marine ecosystems, such as coral reefs, quite
apart from the impacts of climate change. Adding alkaline ma-
terials to the ocean would increase its pH and make up for some
of the acidification.

Therefore, a related proposal is ocean alkalinity enhance-
ment, which would consist of dumping other materials such as
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calcium oxide (lime) that aren’t themselves binding with car-
bon, but will do so over time in the ocean. This increases the
amount of CO, that the ocean will pull from the atmosphere

each year, while still shifting the overall pH balance slightly
away from the dangerous levels of acidity that have come from
CO,, emissions.'°!

Similarly to direct ocean capture proposals, more research
may be needed to understand how the mixing of CO, changes

when CO, is removed from, or alkaline materials are added to,

the ocean. The results may also depend on how fast the world
continues to add CO, emissions to the atmosphere.

Lime-based alkalinity enhancement runs into the same po-
tential issues as enhanced weathering: depending on how many
gigatons of sequestration we have to rely on it for, it may not be
logistically or economically practical to process that volume of
minerals. Lime, as we noted in the context of cement produc-
tion, currently causes significant CO, emissions when it is re-

fined from limestone, so lime used for ocean alkalinity enhance-
ment would have to be produced with CCS. As is the case with
other kinds of enhanced weathering, research should be done to
discover any negative side effects that alkalinity enhancement
might cause, though it is expected to be generally beneficial as it
makes up for the acidification that is currently damaging ocean
ecosystems.'°?
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SEQUESTRATION POTENTIAL OF
ENHANCED WEATHERING & OCEAN ALKALINITY
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Given the constraints of scale and land, estimates put the
upper limit of enhanced weathering and ocean alkalinity

enhancement sequestration at around 4 gt per year.'93

OCEAN FERTILIZATION/OCEAN AFFORESTA-
TION

One sequestration method that could be cheap but needs more
research is dumping iron into sections of the ocean to create
bursts of growth in algae, which capture CO, as they grow and
then sequester it as they die and sink to the ocean floor. In
areas of the ocean with little or no existing ecosystem, this
could be a good idea. Research needs to be done to test con-
cerns that sudden growths and deaths of algae could create
harmful side effects.*4
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If research supports its use, ocean fertilization could be a
cheap and simple method to implement, but one with no co-
benefits. A variant could be to start scaling up ocean-based agri-
culture, combining seaweed growing and harvesting with fish-
ing, perhaps algae growth, and maybe other crops as well.
There are certainly large swaths of ocean with virtually no
ecosystems present, and to the extent that food crops could be
harvested at sea, this could reduce pressures toward deforesta-
tion on land.

One proposal lays out a vision for ocean afforestation, mean-
ing growing forests of seaweed in the ocean just as we would
grow forests of trees on land. The ocean has dramatically more
area in which to do so, though the logistics of planting and har-
vesting are more complex. This particular proposal includes let-
ting some of the seaweed decompose and sequester its carbon
as it falls to the ocean floor, but mostly it calls for harvesting the
seaweed and using anaerobic digesters to turn it into methane
and CO,. The methane would be a presumably carbon-neutral

biomass fuel, and could displace fossil methane (though in dis-
tributing it, there might still be some methane leak emissions).
The CO, would be sequestered either underground or in pipes
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or similar at the bottom of the ocean.°5

SEQUESTRATION POTENTIAL OF
OCEAN FERTILIZATION /AFFORESTATION

10-20 GH/yr
needed +o+o‘l\1
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Sequestration potential for ocean fertilization/afforesta-
tion is a rough estimate, because not much research has
been done on this method’s effectiveness or acceptable-
ness. Some researchers, based on possible negative side
effects and the massive scale needed to add up to signifi-
cant amounts of sequestration, suggest fertilization is
not worth pursuing at all. On the other hand, if ocean af-
forestation ended up being viable at massive scale, its po-
tential sequestration could reach over fifteen gigatons
per year. However, it has only been prominently studied
by one research team. Three to ten gigatons per year is a
good range assuming that ocean afforestation won’t

reach gigantic scale by 2050.'96

PROSPECTS FOR SEQUESTRATION

Growing forests and managing soils to store carbon stand out as
the cheapest methods of sequestration. But they can only se-
quester perhaps a total of 5—-10 gigatons of CO, per year. We

will likely need significantly more sequestration, which is where
the more expensive but less limited options come in.

Enhanced weathering, ocean fertilization/afforestation, and
bioenergy with CCS could contribute an additional few giga-
tons, depending on what research into their potential scale-up
and side effects reveals. Beyond that, direct capture and geo-
logic storage (or use in permanent goods such as plastic or
building materials) will be needed. This “technological” realm
of direct air or ocean capture and conversion to products or ge-
ologic storage is in the early stages of active development.

Three companies and a few more academic labs currently
claim to be able to capture CO, from the air, but none are cur-
rently near the “reasonable” cost of $100 per ton of CO,.*%”
Government-led coordination to convene and share ideas
among labs working to improve this technology would acceler-
ate the cost reduction. Funding for such labs and startups, and
perhaps a centralized facility available for companies to bring
their equipment to test for free and get an objective rating of its
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merits, would also be helpful. Policy incentives to subsidize cap-
ture and sequestration, or to penalize industrial carbon emis-
sions and thereby give companies an incentive to capture and
sequester emissions from their plants or from the atmosphere,
could speed along the scale-up of these technologies as well.

A 2019 report from the energy analysis firm Rhodium Group
suggested that government purchasing power could also drive
the buildout of DAC equipment, by procuring carbon-neutral
fuels made with DAC CO,, thereby guaranteeing a market for

the capture equipment.'®® A mandate, as part of a clean fuels
standard or broader clean energy standard, could also do the
same. The report also suggested creating a national carbon cap-
ture agency to fund, oversee, and carry out capture and seques-
tration projects.

By 2050, government bodies will have to foot the bill for each
year’s direct sequestration (except the bits that go into plastics
and other valuable products) enough to make up for any re-
maining emissions and get into negative emissions. If that price
tag is a couple hundred billion dollars per year worldwide (the
lowest that can reasonably be expected by 2050), it might hap-
pen. If it is a couple trillion, probably not.

EFFORTS FOR SEQUESTRATION

The sequestration pillar demands government funding to sup-
port academic and nonprofit research into nature-based se-
questration methods, and to drive technological improvements
to lower direct air capture costs. It also relies on the global out-
reach initiative discussed in Chapter 8 for implementation of
soil and forest management practices with farmers, nonprofits,
and governments around the world to accelerate the use of na-
ture-based sequestration methods. The technological sequestra-
tion methods will be energy intensive, so cheap, clean, readily
available electricity is also a prerequisite.

By 2050, total costs for sequestration need to be low enough
that government bodies are willing to pay for those with out-
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right costs. However, perhaps more significant than the cost per
ton of sequestration will be how many tons need to be se-
questered every year.

cost of cos+  number of ]
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That number will depend largely on how many tons of re-
maining emissions need to be made up for each year. Reducing
emissions is almost always cheaper than sequestering the
equivalent amount of CO, from the atmosphere, so getting

emissions as close to zero as possible—carrying out Pillars 1—4
—is another prerequisite for the success of the 5th and final pil-
lar of sequestration.
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PART 3

HOW TO GET TO WORK
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10

BEYOND THE FIVE PILLARS

NON-INNOVATION POLICIES

The five pillars constitute the minimum of what is “enough” to
add up to a 100% solution. Without all five being implemented
fully in some way, we will not reach negative emissions by
2050. However, there are many other steps that fall outside the
bounds of the minimum work required to implement the pil-
lars, but might either support their implementation or supple-
ment that work with other benefits.

In political work, advocacy asks must usually be focused and
simple to have the best chance of success. Often like-minded-
organizations have to agree on a unified set of asks to get them
enacted. Any efforts that pretend to be moving toward full solu-
tions but in fact cannot add up will actively inhibit climate
change work. However, any efforts that acknowledge the role of
their ask(s) in the context of a 100% solution and strategically
choose asks and advocacy tactics to align with other efforts can
be extremely beneficial in advancing climate change work as a
whole.

For instance, efficiency mandates, as discussed in Chapter 3,
can never add up to zero emissions, but they can make the total
size or cost of the energy system smaller, thereby easing the
transition. Mandates for efficient truck engines and heating sys-
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tems, or incentives to better insulate buildings or use public
transit (or walk or bike) instead of driving can all reduce the
total demand for electricity, synthesized fuels, and even new
equipment itself. This could end up playing a significant role in
making the required scale-up of manufacturing of new equip-
ment, forms of fuel, or electricity generation achievable. If the
world has to build 100 PWh of new electricity generation by
2050 instead of 150, it doesn’t change the viability of the overall
work needed to get there, but it may well make the difference
between getting there in 2048 or in 2055.

A possible government initiative related to efficiency policies
is deployment of public infrastructure.! Building better train
systems, mass transit in cities, or public charging stations for
electric cars can all reduce total transportation emissions by
making it easier for people to choose non-emitting options. The
main consideration when comparing these initiatives to direct
innovation or tech scale-up funding is whether the cost of the
public infrastructure in question is reasonable enough and the
expected emissions reductions or system cost reductions are
significant enough to be worth it. If deploying new train sys-
tems that few people are going to ride takes away money from
innovation efforts on organic solar cells or scale-up support for
electric cars, then it will be doing more harm than good. If a
new train system can be designed and built for a reasonable
cost in a way that dramatically reduces the need to develop syn-
thesized diesel for trains or trucks, or if the money is “extra” be-
yond what would otherwise be spent on innovation work, then
it may bring significant net benefits to society.

Policies can also steer the economy to one clean technology
over another, either to make regulation more politically viable,
or to bring other long-term benefits. Perhaps one electricity
generation option would be in itself the fastest way to decar-
bonize an area, but another would give better reliability or re-
silience against storms. A technology-specific subsidy or man-
date could ensure the adoption of the desired technology. That
doesn’t make the 100% solution more or less likely, but it
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changes what that area looks like once the solution is achieved.
The key with these sorts of measures is to only preference tech-
nologies that can actually serve whatever portion of energy de-
mand a region is relying on them for.

Some policies can also ensure a more equitable transition,
bringing serious benefits to people, even if they aren’t strictly
necessary to achieving a 100% solution.

Such equality-driven policies include investments in develop-
ing countries by industrialized countries, siting regulations to
ensure new heavy infrastructure isn’t concentrated in low-in-
come communities, job training programs to make sure every-
one can participate in the new industries that are going to be
created, and early retirement payments for fossil fuel workers.>
In addition to furthering worthy causes beyond strictly solving
climate change, these policies might turn out to be essential po-
litical measures: by including them as part of a comprehensive
proposal, political leaders may find more support for carrying
out their plans as a whole. Justice-oriented policies may be es-
sential to the politics and implementation, if not the physical
engineering, of any number of solutions in various countries.

Justice-oriented policies may be essential to
the politics and implementation, if not the
physical engineering, of any number of solu-
tions in various countries.

ADAPTATION

There is a category of work almost entirely distinct from imple-
menting the five pillars, but important as well: adapting to cli-
mate change impacts. Even if the world successfully reaches
negative emissions by 2050, we will still see significant changes
in weather patterns and sea levels by that point, and beyond.3
Even as atmospheric CO, levels come down and temperatures
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slowly drop to historic averages, we can expect the middle and
late part of this century to be marked by significant, if not mas-
sive, climate change impacts.

Policies to incentivize construction away from the coast can
reduce flood and storm risk and associated damage costs. Pub-
lic infrastructure deployment in the form of seawalls and other
safeguards can protect communities from the increased threats.
Plans to manage wildfires effectively when they are more com-
mon and more intense will be necessary. And political efforts to
ensure that people displaced by climate change impacts will be
welcomed in other parts of their home country or in other coun-
tries around the world will be one of the defining challenges of
21st-century international relations and domestic policy.

Adaptation measures can save and improve lives, so long as
they come alongside a full implementation of the five pillars so
that climate change impacts eventually lessen. If greenhouse
gas emissions are not brought to zero, in a matter of decades
the impacts will become too immense to adapt to.

GEOENGINEERING

One realm of adaptation worth exploration is geoengineering—
blocking a small fraction of incoming sunlight with reflective
particles dispersed in the high atmosphere by planes, thereby
slightly slowing warming. Current technology could be assem-
bled together into a workable system for dispersing sulfur parti-
cles in the stratosphere in a matter of months.*
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Because these particles drift toward the Earth’s poles and in
about two years return to the ground, they need to be con-
stantly replenished. But the amount of sulfur needed to slightly
slow warming, and the associated costs, are very small com-
pared with other climate change solution and adaptation mea-
sures.

If geoengineering were relied on as a major part of preventing
impacts, without a 100% solution achieving negative emissions,
the amounts and costs would eventually become unmanage-
able. But if a 100% solution is implemented and the world has
certainty that temperature averages will slowly come back down
to historic levels, geoengineering can shave off the peak of the
temperature increases we would otherwise see.>
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Essentially, geoengineering can improve the stability of soci-
ety during this century, while negative emissions ensure stabil-
ity for future centuries.

Partly because people misunderstand geoengineering’s po-
tential and think it could be relied on as part of a solution (as
opposed to merely a temporary adaptation measure), the idea
has gotten a lot of flack from advocates and politicians. Cer-
tainly no conversation about geoengineering should imply that
it can substitute for eliminating emissions. But when consid-
ered as part of adaptation to the immediate impacts of climate
change, geoengineering is probably one of the cheapest and
widest-reaching measures to take.

Geoengineering with reflective particles does have side ef-
fects, such as acid rain from the sulfur particles, and the possi-
bility of uneven impacts on temperature across the globe. This
makes the international politics extremely hard: If Russia is
slightly harmed but all of Africa and the Middle East benefit
significantly, how can countries negotiate to try it in the first
place? This is especially complicated given the relatively low
costs of geoengineering, which mean virtually any large country
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or coalition of small countries could implement it without need-
ing the support of the full global community.

Generally, the few scientists actively studying geoengineering
favor an even dispersal of particles over the whole globe, which
they expect will produce the most uniform cooling effects.® It is
possible to disperse particles only over a certain area. The parti-
cles would eventually spread, but effects could remain concen-
trated in one region. This, scientists worry, could lead to unin-
tended side effects impacting other regions by shifting the com-
parative temperatures and weather patterns. More research and
modeling should be done to determine whether the full-globe
approach is indeed the only sensible path.

There are other suggested approaches for bouncing away a
portion of incoming light, including developing new particles
that could replace sulfur to avoid the acid rain side effects and
possibly also reduce cost.” Researchers have also suggested
spraying salty seawater from boats on the ocean into clouds,
which brightens the clouds and makes them more reflective.
This is a purely local form of geoengineering and only works
where you can navigate boats to execute it. Some scientists
worry that this option is either technically impractical or too ex-
pensive, or that it would run into the same hypothesized prob-
lems of skewing weather patterns and causing side effects as
would the uneven dispersal of particles in the stratosphere.
Others see it as a much more manageable option than the high-
atmosphere sulfur particles. Cloud brightening could be em-
ployed in certain crucial areas (along with studies to prevent
throwing off weather patterns in other regions). For example,
one proposal suggested using cloud brightening only for the
hottest weeks of the year to protect the Australian coral reefs
from further bleaching.®
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Another idea could be to slow warming locally over the Arc-
tic. Because the North Pole is currently warming at a faster rate
than the rest of the globe, the unevenness of slowing warming
there without slowing warming across the rest of the earth
might actually be a benefit rather than a further disruptor. This
local geoengineering could be achieved with either cloud bright-
ening (at least for Arctic areas near enough to the ocean) or sul-
fur particles (which drift toward the poles, so if spread around
the Arctic Circle should stay over the pole before falling to earth
again). The main benefit might be slowing the release of
methane from Arctic permafrost as it melts, which would slow
the total accumulation of greenhouse gases in the atmosphere
and thereby slow overall warming.

All experts agree that geoengineering should be slowly
phased in and out to avoid drastic impacts associated with the

171



rate (rather than the amount) of temperature change. This will
require careful control and international agreement, alongside
continuous research, modeling, testing, and monitoring. Politi-
cal struggles complicate geoengineering, but it holds the poten-
tial to improve lives this century as we take on the work of the
five pillars.

Another approach to geoengineering focuses on glaciers: specif-
ically, engineering them so they don’t slide into the ocean and
raise sea levels. A crucial site for this technology would be the
West Antarctic Ice Sheet, parts of which some scientists think
are already on an irreversible track to slide into the ocean and
raise sea levels by as much as several meters.*°

The ice shelf slides when its bottom layer melts, creating a
slick surface that allows the ice shelf to slip off the solid land of
Antarctica and into the ocean. The process will happen over
hundreds of years, but the eventual magnitude of sea-level rise
from this and a couple other melting glaciers makes it perhaps
the most significant climate impact in terms of harm to hu-
mans. One proposal suggests removing the liquid water from
under the ice shelf, so as to slow this slippage. Another pro-
poses building artificial islands along the coast to simply block
the path of the ice shelf so it can’t move further into the ocean.*
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Artificial islands could possibly prevent ice shelves from
sliding into the ocean.

These are longer-term measures, to prevent the most cata-
strophic impacts of climate change, which should begin being
pursued now but which are much less urgent than implement-
ing all five pillars to achieve a 100% solution of negative emis-
sions by 2050.

REVOLUTIONARY SEQUESTRATION

In addition to adapting to the impacts that are unavoidable
even as temperatures slowly return to historic average levels,
the rate of negative emissions each year will determine how
quickly temperatures return to those levels. The more emis-
sions are eliminated and the more research and innovation are
done to make the six sequestration methods discussed viable to
push to their full potential, the faster temperatures will reach
historic averages.

But if we want to see that “return to normal” during the later
part of this century—which would be the best way to minimize
human suffering and loss of other species and ecosystems—we
will need more than twenty gigatons of CO, sequestered every

year. By a decade or so beyond 2050, we would need to be se-
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questering closer to fifty gigatons every year, about the amount
of total greenhouse gases we’re currently emitting each year.'?

To make this larger amount of sequestration viable, more
revolutionary technologies might need to be invented. Ideas
have been floated for various methods, such as genetically engi-
neering redwood trees to grow much faster, or using genetically
engineered bacteria to turn CO, into other chemicals that could

be easily stored underground or at the bottom of the ocean.'3
And perhaps with more research, some of the near-future meth-
ods discussed in Chapter 9 (especially the ocean-based meth-
ods, which have the advantage of cheap natural processes and a
gigantic area in which to work) would turn out to have greater
potential than expected.
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POLITICAL LEADERSHIP

For many years, climate change sat on the political back burner.
Certain politicians in various countries tried to take significant
steps, and in a few rare instances succeeded, but polls showed
consistently low interest in the issue among voters.'4 Between
partisan polarization, efforts misspent on convincing denialists
that climate change is real, and a lack of strength among the
small activist movements that existed, nothing major has been
accomplished up to this point. The world is still emitting green-
house gases—faster than ever.

However, this apathy is on its way out. As climate change im-
pacts have begun to present themselves in everyday life—even if
they are only a hint of what’s to come—and as United Nations
and other scientific reports have issued more dire warnings and
urgent calls for action, climate change has risen suddenly to be
a top-tier issue in many countries.'>

In both the United States and Europe, youth movements have
brought new levels of attention to the issue and the need for ac-
tion. High schooler Greta Thunberg, who started a “school
strike” outside the Swedish parliament, galvanized students
around the world to protest and draw political leaders’ atten-
tion. The Sunrise Movement put the phrase “Green New Deal”
on the map and forced a bolder level of policy proposals from
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US Congress members and presidential candidates.

As an example of this paradigm shift, in the 2016 US presi-
dential election, almost no debate questions were asked about
climate change. In the 2020 election, most candidates put for-
ward reasonably ambitious climate change plans early in the
primary. Also, China and India have started taking more signifi-
cant action on clean energy in order to reduce extreme levels of
air pollution in major cities.

All of this has created a moment in which the required scale
of political action, which even three years ago might have been
next to impossible, now seems within reach. A 100% solution
will depend on whether political leaders in the next couple
years harness this enthusiasm and make this moment the turn-
ing point.

To have any chance of a 100% solution
adding up by 2050, the world needs serious,
bold leadership.

As we’ve seen, a 100% solution cannot be achieved by adding
up incremental efficiency tactics, or by waiting for widespread
behavior changes or for the natural pace of technology innova-
tion to catch up. Carrying out all five pillars fully in thirty years
requires a scale and pace of action that has only ever been seen
during the World Wars.

For this reason, it is not enough for countries to elect politi-
cians who are on the “right side” of the issue. It is not enough
for legislators to simply vote the right way or for presidents and
prime ministers to simply nudge along the incremental
progress that has started. To have any chance of a 100% solu-
tion adding up by 2050, the world needs serious, bold leader-
ship.

THE UNITED STATES
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The United States is the wealthiest large country and has a
strong track record of driving innovation. If it can muster the
level of bold leadership needed, it has the most power to create
and carry out the moonshot-type efforts we need. In the United
States, most of the relevant leadership needs to come from the
next president. The president sets the tone for national policy
action, has far more convening power than any other individual
politician, and is responsible for international partnerships and
negotiation. As referenced in Chapter 4, the manufacturing
boom leading into World War II and the Apollo Program were
both possible only because of ambitious visions of bold presi-
dents.

The next US president is the best-positioned person in the
entire world to start the moonshot initiatives we need. The
president can create new teams, coordinate the work of various
federal agencies, shift massive amounts of money to where
funding is most needed, and empower all kinds of staff and
partners to carry out each required piece of the effort. The pres-
ident can ask Congress for the necessary level of funding, and
JFK proved that it’s possible to get it. In the last couple decades,
Congress and the president have often been at odds, but vision-
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ary projects catering to national strengths such as American in-
novation and industry can create a common goal for Congress
and the president.

The president also has to sell the idea to the public. One seri-
ous obstacle that prevented President Obama from accomplish-
ing as much as he wanted on climate change regulations was
that it was hard, especially given the rise of the Tea Party
(which blasted any idea Obama proposed, even conservative
ones), to message on climate change action in a way that got the
public on board. If an initiative—even one that the president
has complete theoretical power to launch—is perceived to be
controversial, or wasteful, or partisan, it can be impossible to
carry out for fear of the lost political capital that would damage
future effectiveness of that president’s administration. Luckily,
innovation-focused solutions are already popular, so the public
only needs to be sold on the scale, not the concept. The presi-
dent’s efforts will mostly need to be focused on explaining the
full scope of actions needed so people understand why hun-
dreds of billions of dollars have to be invested and what benefits
they can expect in return.

The president is also responsible for international negotia-
tion, which could be key to securing the level of funding needed
for moonshot initiatives. International coordination is also cru-
cial for preventing deforestation—especially in rainforest coun-
tries—and promoting policies that encourage sustainable farm-
ing practices. Various international agreements, trade deals, aid
packages, and other initiatives could enable or speed the adop-
tion of certain or all clean technologies in various countries.
Such efforts could also ensure a more just transition to negative
emissions by supporting communities that are hardest hit by
early climate change impacts and communities that are least
able to afford changes in infrastructure or lifestyle.

Finally, the president has a vast amount of convening power
beyond work with Congress and foreign governments. The US
president can convene corporate leaders and nonprofits. White
House initiatives can bring together industries to establish best
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practices and push companies toward meaningful commit-
ments related to their energy use, supply chain, or messaging.
Some companies and individual investors might prove useful
partners in funding pieces of the moonshot initiatives. Others
might be able to scale up technologies quickly into the market-
place. Others might have inroads in certain countries, with for-
eign companies, customers, or governments, to supplement the
diplomatic clout the president holds. Ultimately, it falls to com-
panies to sell everyone the clean equipment that gets developed,
so the more they can be involved and inspired toward bold ac-
tions, the faster the transition will happen.

CHINA

Because of the country’s large economy, technological innova-
tion, and centralized government, the president of China holds
the power to single-handedly initiate most of the required work.
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The Chinese president is not nearly as limited by fear of politi-
cal messaging failures or loss of power as the US president.
China has high-tech research institutions that could carry out a
lot of the needed basic engineering. China is of course known
for its massive scale industry and people power, which could
rapidly scale up standardized designs of new equipment. And
China’s economy as a whole is large enough that it could fund
moonshot-type efforts on the required scale. China is probably
the only country that could carry out the necessary projects sin-
gle-handedly if the United States fails to lead.

One main difference between China and the United States is
that US activism more directly affects the agenda of the presi-
dent and what kind of proposals thought leaders put forward.
In China, there’s less room for activism to influence national
policy initiatives.

Luckily, the goals of the Chinese government’s worldwide de-
velopment projects could align with climate change—solving
projects. For example, outreach to farmers, prevention of defor-
estation, and deployment of new grids, power plants, industrial
facilities, and transportation infrastructure could all be part of
the vision of China’s Belt and Road Initiative.'®

EUROPE, AUSTRALIA, AND OTHER INDUSTRIAL-
|IZED COUNTRIES

)

No country beyond the United States and China has a large
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enough economy to carry out all five pillars fully and single-
handedly, but in partnership with other countries, or by pres-
suring larger countries or international companies, any number
of industrialized countries might be able to ensure that all the
needed work gets done to add up to a 100% solution.

In most industrialized countries besides the United States,
national governance happens in a parliamentary system. This
can have significant advantages over the US system for imple-
menting bold and rapid energy, industry, or agriculture shifts.
Of course, parliamentary leaders are limited by all the same po-
litical communications challenges as the US president—with
even more consequence, because a significant failure in messag-
ing could not only limit their political clout during the rest of
their term, but end their term far earlier than expected through
a vote of no confidence or new national elections.

On the flip side, as long as it can successfully sell the idea, the
party in power can sometimes unilaterally institute a program it
sees as most urgent. For example, in British Columbia in 2008,
the conservative party decided to implement a carbon tax. It
was fiercely criticized, but the party played the messaging game
well, won all the subsequent elections, and lost only a decade
later to a coalition that wanted to increase that carbon tax even
further.”” That kind of initiative can work very quickly when it
requires only the leadership of one party. In systems where a
president or prime minister guides the policy of the coalition in
power, they can be the bold leaders that make such action hap-
pen.

Many-party systems can create more room for ideas to be
embraced across party lines than in the US two-party system,
which promotes an assumption that whatever one party pro-
poses the other will be against. Coalition governments mean
that a leader must sell an idea not only to their own party, but
to other parties in the coalition. This can slow down initiatives,
but it can also make parties more open to one another’s ideas,
which is crucial to transcending the polarization that has halted
US progress.

181



The problem with most industrialized parliamentary coun-
tries is that they have far smaller populations, economies, and
national budgets than the United States or China. A moonshot
effort that the US president could fund with no one else’s ap-
proval might require ten or twenty European countries pooling
their money to achieve.

It would take a coalition of these countries to fund all the nec-
essary work in each of the five pillars. This would require signif-
icant international cooperation and trust in whatever central
entity is being funded from many countries’ budgets. Smaller
groups of countries or individual countries can of course push
forward certain components on their own that we know will be
necessary in a 100% solution, but they should also remain fo-
cused on ways they can draw in more partners or pressure
larger players to take the necessary action. Smaller steps can
make it more likely that the larger steps become politically or
economically viable, but the largest steps will still only happen
if someone is thinking comprehensively.

Such smaller initial steps could be pursued by various indus-
trialized countries alongside efforts to move larger countries or
industries to the full-scale solutions needed. For example, a
parliamentary leader could sell the idea to their party and the
public that they’re going to convert the country entirely to elec-
tric cars—quieter roads, cheaper maintenance, healthier air,
and helping to scale up a needed climate change—solving tech-
nology all in one. The same could be done with air-source heat
pumps, industrial processes such as new cement production
processes, or farming rules.

Basic research can also play a role. Australia, for example,
has conducted some of the most promising research related to
hydrogen and ammonia synthesis and conversion.'® Govern-
ment investments in such efforts, and partnerships with public
and private institutions to scale up technologies that emerge,
could make new options available for the rest of the world.

Any industrialized country can also exercise international
leadership in the same way the US president can, working with

182



developing countries to prevent deforestation, promote sustain-
able farm and forest practices, and protect communities who
might get left behind amid either the impacts of or solutions to
climate change. European countries in particular could also use
their international clout to pressure the United States to take
bolder action if US leaders don’t step up. Various midsize coun-
tries could do the same with China through trade agreements,
mutual commitments, and corporate or nonprofit partnerships.

Any number of countries could also convene companies and
create initiatives to shift industries toward sustainable practices
and adoption of clean equipment. In fact, some of the most sig-
nificant global brands—including fossil fuel companies—are
owned by or closely tied to individual governments in Europe
and Asia, and their wealth and global reach could be deployed
as a tool in shifting energy systems worldwide.

OTHER DEVELOPING COUNTRIES

Much of the work of a 100% solution has to be done by industri-
alized countries, which have the money to fund innovation pro-
jects, scale up new technologies, and pay for the adoption of
clean options that are still slightly more expensive than fossil
fuels. Among developing countries, only China, which is ahead
of most in terms of economic growth, has enough money to
guarantee on its own that all five pillars are carried out. Other
developing countries can still partner with each other or with
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certain industrialized countries or companies to scale up spe-
cific pieces of technology. Again, that won’t lead directly to a
100% solution, but it can make it more likely that larger
economies will take the needed actions to add up to 100%.
Many developing countries can also take leadership roles on
agriculture practices, which are generally cheap (often even sav-
ing money or increasing farmers’ total profits) and simply re-
quire convening, outreach, education, and commitment to
adopt.

Finally, depending on how cheap various technologies get,
some developing countries may simply not be able to eliminate
as large a portion of their emissions as industrialized countries
can. Industrialized countries, including the United States and
smaller ones, could give funding to enable deployment of mar-
ginally more expensive technologies in developing countries. Or
industrialized countries could subsidize the manufacturing of
such technologies, as China has done for years with solar pan-
els.

ACTIVISTS

For those of us not in the top positions of leadership in our
countries, our goal is to influence those leaders to take the nec-
essary actions across the full scope of solutions needed.
Whether we are think-tank analysts in Brazil, grassroots ac-
tivists in the United States, or staff of a membership nonprofit
that focuses on climate change worldwide, we must keep a com-
prehensive mindset and marshal our efforts with coordination
and communication.

For activists in the United States, the 2020 election presents
a huge opportunity to affect national priorities and the scale
and tone of climate change discourse. Already, the work of ac-
tivist movements, especially the Sunrise Movement, in the last
two years has heightened the attention given to climate change
and the scale of solutions being proposed.’® Most candidates’
specific proposals still aren’t quite at the level of achieving a
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100% solution, though—or at least, they don’t specifically lay
out enough of what they intend to do for us to know whether
they would really meet all the criteria of this framework.

Whether in the US 2020 elections or in upcoming elections
for Congress, or parliament or presidency in any country, cam-
paigns are a time when politicians are out talking to and listen-
ing to voters, and forming their agenda for the coming term. By
showing up at campaign events and asking public or private
questions, by writing e-mails and letters about policy, by getting
press attention that forces candidates to respond to certain pol-
icy proposals, and by working to elect the candidates that seem
most committed, we can shape the climate change agenda for
the coming years.

In any political effort, communication is key. Activists’ asks
must be unified, simple, and focused. Too many conflicting,
confusing, or extraneous demands by various organizations can
muddle the discourse, distract policymakers from the most cru-
cial proposals, or make activist movements seem less powerful
than they could be. Partly, this is what this book is meant to
help with: providing a set of criteria for what is the minimum of
“enough” on climate change action. That can form the frame of
reference for our asks and guide our critiques of proposals that
politicians put forward.

Recent climate change movements have learned from what
worked and didn’t in previous efforts. For example, up until this
decade, climate change was usually discussed as an “environ-
mental” issue, conjuring ideas about saving distant species,
highlighting the intangible nature of the problem, and making
the issue more polarizing (at least in US politics). Now, more
and more people are talking about climate change as a human
issue, one that could dramatically disrupt our economy, safety,
and public health, not to mention destabilize global politics
with shifts in migration patterns and resource availability.
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Some people have even moved on to a frame of communica-
tions that’s often best: not talking about climate change at all.
The phrase “climate change” is still controversial to some peo-
ple. But the solutions to climate change are generally not.
Everyone supports cleaner energy, healthier air, more local
choice and control, vibrant natural spaces, and less disease.
Everyone wants cheaper energy and agrees that more people in
the world deserve access to modern energy infrastructure. Peo-
ple love the idea of innovation, and of new, better technologies
creating new jobs across our countries in labs, factories, and
construction sites.

Many of us who started our climate change advocacy in the
realm of carbon pricing learned this quickly: carbon pricing
would never pass as a “solution to climate change.” That sounds
like we’'re making some kind of collective sacrifice to save the
polar bears and perhaps the abstract future generations of hu-
mans. But carbon pricing brings significant benefits to the
economy—making business more efficient, increasing overall
incomes, and reducing pollution. Many carbon pricing advo-
cacy groups, most notably Citizens’ Climate Lobby in the United
States, have formed successful bipartisan and nonpartisan
coalitions because one doesn’t even have to believe in climate
change science to support carbon pricing: it’s good for the econ-
omy and public health, and so are all the other components of a
100% solution to climate change.>

Innovation is popular, and often focusing on the innovation
aspects of a solution can garner interest and support from folks
beyond the usual supporters. Relatedly, presenting solutions
with a comprehensive framing can earn more credibility, gener-
ate more excitement around the strong vision, and reduce con-
troversy by breaking people out of their default modes of think-
ing with the creativity of the proposal. Tying various pieces to-
gether into a comprehensive proposal can get more support for
individual pieces that might on their own be controversial, but
which make logical sense in the context of the larger vision that
people can buy into. And of course, comprehensive messages
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and demands make it more likely that comprehensive action
will be taken, which is the only way we can expect a 100% solu-
tion by 2050.

Solutions-oriented rhetoric is more unifying,
exciting, forward-looking, and practical.

It’s important that we talk about solutions rather than prob-
lems. Sometimes a reminder of the dire impacts climate change
will bring can move already converted activists to new levels of
commitment. But often it contributes more to defeatism or de-
nialism. Most of the time, solutions-oriented rhetoric is more
unifying, exciting, forward-looking, and practical. That means
it’s more focused, and more likely to spur policy action.

COMPANIES

A final set of actors in the leadership picture are companies,
which are often either not considered or demonized when it
comes to political involvement on climate change. The fact re-
mains, though, that most people interact far more regularly
with the corporate sector than with government institutions.
People’s views of the world and ideas about many issues, politi-
cal or personal, can be shaped by advertisements, company
brand messaging, announcements of new initiatives businesses
are taking, and news about corporate happenings.

Companies, then, have a significant amount of messaging
power. They often use this reactively—for example, making a
new commitment on an issue they think people care about in
the hope that it will draw more customer loyalty to their brand.
But those messages also flow in the other direction, affecting
people’s perception of not only the company but the issue in
question.

Companies that want to make a meaningful difference on cli-
mate change can start by not “greenwashing.” This practice of
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emphasizing how “environmentally friendly” a company is be-
cause of some measure that saves a bit of water—or how their
bottles use a little less plastic, or how their materials are recy-
clable, or more and more often how they are moving toward
“100% renewable electricity” (without mentioning the “net,” be-
cause of course they still buy fossil fuel electricity at night)—re-
inforces the dangerous idea that efficiency tactics could add up
to a full solution to climate change.

Companies that are serious about climate change solutions
should instead shift their messaging to reflect the comprehen-
sive picture of action needed. A good example is how Google
has bought enough renewable electricity to equal the total
amount of power its data centers use, but has also talked openly
about its “net” 100% renewable power and discussed how hard
it is to get the timing of renewable generation and data center
electricity demand to match.**

Companies can also start making some of the specific pieces
happen. It’s possible that a broad coalition of companies work-
ing on the various pieces and donating to nonprofits that carry
out the farm and forest work could in fact add up to a 100% so-
lution. More likely, companies can enable key pieces of the so-
lution to move forward and by setting such an example, and
using messaging to make it clear they understand the larger pic-
ture as well, make it more likely that national governments will
follow.

Some pieces of the solution that companies are well equipped
to push forward are emerging technologies that have not yet
been scaled up. Companies can use their purchasing—and mes-
saging—power to speed their scale-up. For example, companies
that distribute products around a country or the world could pi-
oneer electric (or hydrogen/ammonia) truck technology and
build out the charging (or refueling) infrastructure necessary.
Not only would they likely save money on transport costs over
ten or twenty years, but they would create the first round of in-
frastructure that would allow smaller companies and the trans-
portation industry as a whole to shift to carbon-free options.
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Similarly, many large companies have extensive supply
chains. This puts them in a position to monitor and influence
practices among the producers or wholesalers they purchase
from. Fair trade and organic certifications are the most promi-
nent examples of this, but there are plenty of other labels and
criteria that companies can insist their suppliers meet.

Especially for companies that deal in either wood or agricul-
tural products, requiring certain standards from their suppliers
can have a serious impact on global sustainability. For example,
in 2006 several major food companies jointly created a “soy-
bean moratorium” to protect the Amazon Rainforest in Brazil.
These companies agreed not to purchase soybeans grown on
land that was deforested after the moratorium began, and
alongside other efforts, this led to significant decreases in de-
forestation in Brazil.>?> Such voluntary business commitments
can be spurred by grassroots activism—consumer pressure on
companies is often as effective as voter pressure on political
candidates. We underuse the activist tactic of pressuring busi-
nesses, but it should feel natural because businesses are the en-
tities that have to physically implement most of the energy and
agriculture shifts needed in the five pillars.

New business coalitions could be created to label and require
“deforestation-free” products, which could go a long way to
helping developing countries keep in check both legal and ille-
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gal clear-cutting, as the market dries up for products produced
in that way. At the same time, this could help support farmers
across the world who are using sustainable practices.

Many other supply chain issues could be tackled by the
world’s larger companies. Electric cars, emissions-free building
heating, even ships and airplanes, could be scaled up through
the purchasing power of major international corporations. A
company could require that all of its office buildings convert to
be net-zero energy. A company could ensure that all fuels it
uses are synthesized carbon-neutral ones. Consumer move-
ments could pressure and encourage whole industries to make
these shifts with more and more ease as innovation lowers the
cost of various clean technology options.

It is unlikely that company efforts alone will add up to any-
where close to a 100% solution. But they are useful tools along-
side other activism to achieve 100%.

PURSUING ALL OPTIONS

When considering what companies and what small- or
medium-sized countries can do, we must remember that the
best hope of achieving a 100% solution to climate change by
2050 is for the United States (or maybe China) to take a bold
leadership role and devote hundreds of billions of dollars per
year to funding moonshot projects and related efforts.

As activists and thought leaders, we have to stay focused on
that goal. To prevent the most disastrous effects of climate
change, we should aim to set all the needed work in motion in
the next couple years. However, we shouldn’t adopt an “all at
once or bust” approach. Hopefully we will make the full-scale
projects happen, but if we don’t immediately, the smaller efforts
we can simultaneously pursue—for example, to directly start
scaling up some of the most crucial pieces of technology—can
be a way of “hedging our bets.” On the chance that US or Chi-
nese leadership totally fails to materialize in the next couple
years, the leadership of other countries and companies, spurred
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by activists, can still achieve some chunks of emissions reduc-
tions that buy us slight bits of time for other solutions to roll
out, or that directly pressure US or Chinese leaders to step up
soon after.

The transition time is thirty years, and the sooner we take
every step the easier, cheaper, and more popular the total tran-
sition will be. But as long as we ensure that steps add up to neg-
ative emissions by 2050, we will still achieve the minimum
100% solution to climate change.
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KEY PRESCRIPTIONS

Building on the previous chapter’s general advice for various
sorts of countries, activists, and companies, in this chapter we’ll
lay out more specific and short-term prescriptions. Generally,
this book has aimed to present a logically tight framework
which acknowledges various possible options and the nuances
of each. At the same time, some readers are probably looking
for a prescriptive list of things we should work on. Below is such
a list—a starting point consisting of the most immediate indi-
vidual projects to be pursued.

These initiatives and policies would not alone add up to a
100% solution, but most of them are essential components of
one. Many of them represent the largest chunks of emissions
reductions we could achieve in the short term, thus buying time
for other technologies to be readied and deployed, and decreas-
ing the eventual need for sequestration.

NUCLEAR SCALE-UP
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As discussed in Chapter 5, the most concentrated form of clean
energy, and therefore the one that can scale up fastest, is nu-
clear. The main prospect for getting nuclear plants to the point
that their capital costs are lower than coal or methane plants is
to mass-manufacture them in shipyards with one (or a few)
standardized design(s). The best shipyards for this purpose are
currently in South Korea, though there are likely candidates in
Japan as well. To add a large amount of electricity generation
by 2030, many more shipyards will have to be built quickly.
That’s a task any industrialized country could undertake.

Similarly, the supply chain of steel, low-enriched uranium,
turbines, and workers will have to be scaled up rapidly. Again,
any country (or individual state or province in some cases) can
bite off a chunk of the supply chain and start scaling up enrich-
ment facilities or open a new institution to start training the
bigger workforce we will need.

However, perhaps most important is getting the first batch of
these standardized plants built. Unlike smaller pieces of tech-
nology, there’s a lot of financial risk in building a multi-billion-
dollar power plant.

Even if the whole project might make a lot of money, tradi-
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tional investment isn’t geared toward accelerating the demon-
stration phase and moving to the first commercial plant. Coun-
tries that are too small to finance the entire scale-up project
may still be able to propel the project by becoming the first cus-
tomers of these standardized plants. If the United Kingdom, for
example, ordered ten standardized plants, and signed a power
purchase agreement to buy the electricity at a rate equivalent to
its current fossil fuel electricity costs, it could guarantee that
there is a market for these products and thus spur investors to
fund the manufacturing of the first batch of plants.

~$200,000 Hundreds of millions of $

The physical success of a new battery or solar cell chem-
istry could be proven by hiring a roll-to-roll processing
facility to make one from materials a research lab pro-
vides. Proving the physical success of a new nuclear de-
sign requires building one full plant, even if it’s a small
one.?3

The standardized design in question could be a simplification
of an existing design, such as the South Korean reactor that has
already been exported successfully. Or it could be a new design
that is quickly brought through the demonstration phase, as
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various startups are working on. The plants could be deployed
on floating platforms, or barged to their end locations and in-
stalled on land as normal or on the seabed just next to shore.

This is a project that individual companies, or even certain
individual people, could fund and carry out. Demonstrating a
new design would cost about $1 billion and take perhaps five
years if it were pursued vigorously. Adopting an existing design
would cost very little. And each power plant would cost a couple
billion dollars in the beginning, dropping as manufacturing is
scaled up to about one billion dollars per one gigawatt plant—
the mark at which they will be cost-competitive with coal and
methane worldwide.?*

HYDROGEN ELECTROLYSIS EQUIPMENT
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Another key technology that has to be developed is hydrogen
electrolysis equipment with significantly lower capital costs. As
discussed in Chapter 7, current electrolyzers cost so much up
front that even with a couple decades of methane feedstock
costs, methane-derived hydrogen is still cheaper than clean
electrolysis-derived hydrogen. Yet hydrogen is an essential in-
gredient in ammonia production (for fertilizer or fuel) and for
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any drop-in fuel. As also noted, equipment with extremely low
capital costs that could economically be run intermittently to
balance renewables or nuclear on the grid would enable a faster
and cheaper scale-up to 100% clean electricity generation.

For both those reasons, a top priority for lab and startup re-
search funding should be revolutionary hydrogen electrolysis
equipment. New catalysts, new membranes, new electrode ma-
terials, different designs of the systems, and cheaper manufac-
turing processes could all help achieve this goal. Various acade-
mic researchers are working on materials to serve in these
roles, or on chemical pathways that could make hydrogen syn-
thesis cheaper. Certain proposed but not commercialized hy-
drogen electrolysis methods, such as several that use high tem-
peratures, could turn out to have lower capital costs as well.?>

Large companies already build hydrogen electrolyzers at
scale, but most are currently optimized for efficiency given the
input cost of electricity. If electricity becomes much cheaper
through the nuclear scale-up, or in certain locations with abun-
dant solar or wind sites, hydrogen electrolysis plants might be
able to be designed that are optimized for lowest possible capi-
tal cost rather than efficiency. Design and commercialization
projects as part of moonshot efforts should focus on electrolysis
plants that can achieve the lowest possible capital costs even at
the expense of efficiency, because the up-front cost is usually
the main factor in decisions about whether to build new infra-
structure (whether or not it would save money over thirty or
more years), and because clean electricity costs are likely to
continue decreasing over the coming decades. This is the oppo-
site of the mentality of academic research, which rewards effi-
ciency improvements (the inventions that add to scientific
knowledge) rather than capital cost improvements (the inven-
tions that make for short-term commercial viability). Academic
labs usually don’t have many barriers to buying or creating high
capital cost devices, either. This is another example of the need
for coordination and focus driven by moonshot leaders to con-
vene engineers who might not otherwise have incentives to
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work on commercial-focused rather than science-focused de-
signs.

And as noted in Chapter 7, some proposals for clean hydro-
gen don’t rely on electrolysis at all, but on converting biomass
wastes or dedicated biomass crops into hydrogen fuel. The
wastes in question are dispersed in small amounts across many
farms, so aggregating them takes a significant amount of energy
in itself—in some cases, more energy than one would get by
turning that amount of waste into fuel. Making space for dedi-
cated crops threatens to create more deforestation, but if pur-
sued alongside serious reforestation and afforestation efforts
and with the most high-yield crops available, the net impact
could be quite positive. CCS with methane-derived hydrogen
can also be used, but like all CCS will only happen where policy
mandates it. That could be an easy intermediate, short-term
policy step certain countries can take.

Hydrogen itself can be used as a fuel, but many researchers
and startups are developing processes to turn it into carbon
fuels or other products. These conversions can happen rela-
tively affordably already—not cheaply enough to compete with
fossil fuels, but enough to make mandates or subsidies viable
and to possibly outcompete remaining fossil fuels after electrifi-
cation. Hydrogen, ammonia, and carbon fuels can all be inter-
converted relatively easily. The missing piece is an initial way to
generate any one of them, and hydrogen is the most likely to be-
come that first step (and most versatile to then be turned into
the other products). If clean hydrogen can become cheaper than
fossil-derived hydrogen, this will take care of a significant por-
tion of the work needed in Pillar 3.

ELECTRIC CARS AND BATTERIES
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This is a simple one. Electric cars are already cheaper to operate
than gas cars over either’s lifetime.2° All electric cars need is to
be scaled up in manufacturing so their capital costs come down
to the same level as those of gas cars. A lot of the difference in
cost is from the batteries in electric cars, so entities with re-
search and testing capital should fund improvements in
lithium-ion batteries, or inventions for post-lithium-ion batter-
ies. Batteries are a good case for testing a wide range of possible
materials to eventually find one or more that work well, even if
that means many disappointments along the way. The basic sci-
ence that drives battery degradation, charging effectiveness,
and such isn’t totally understood. But the outcomes that we
care about are easy to measure. Rather than trying to figure out
exactly what chemical side reactions are messing up the in-
tended working of a given battery cell (the academic focus that
develops new scientific knowledge), this is a case for large-num-
ber trial and error (the commercial focus that gets a product de-
ployed sooner). Unlike nuclear, battery cells can be tested at
small size to determine which exact configuration of materials
might work. Then, once a design is proven, they can be scaled
up with little risk.?”

Aside from batteries, electric cars simply haven’t been manu-
factured at anywhere near the scale of gas cars, so a simple in-
crease in the order of magnitude of manufacturing, with im-
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provements to efficiency in business practices and so forth,
could bring the cost of electric cars down to reasonable levels.
States and countries can either subsidize or mandate the adop-
tion of electric cars, and they can also purchase them in bulk for
public car fleets.

The same goes for trucks. Although there are fewer govern-
ment-owned big trucks, Amazon, UPS, and FedEx could take
serious initiative and build the network of charging stations and
procure the first batches of electric trucks necessary to electrify
that industry.

Hydrogen tanks and fuel cells can substitute for batteries in
cars and trucks, and offer much longer ranges (per weight and
per volume taken up by the “battery”) and shorter refueling
times. The rest of the car remains the same, running on electric-
ity produced in the fuel cell. Hydrogen fuel cells are even more
expensive than lithium-ion batteries right now, so similar mate-
rials and manufacturing innovations would be needed to bring
down the capital costs of these cars.?® And as battery-based
electric cars need charging stations to be deployed in larger
numbers, hydrogen tank and fuel cell-based electric cars would
require hydrogen fueling stations. Japan and a few other coun-
tries are putting government and corporate efforts into this ap-
proach and their model could be applicable across the world.

AIR-SOURCE HEAT PUMPS
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For most buildings, the best way to eliminate heating emissions
will be to install air-source heat pumps, sometimes known as
mini-splits, which run on electricity. They can also cool build-
ings, so their use makes particular sense for the swaths of India,
China, and other warm regions of developing countries where
demand for air conditioning is projected to skyrocket in the
coming decades.?®

Heat pumps are also in the category of technologies that can
currently compete with fossil options, but aren’t yet definitively
cheaper. Research and testing funding can help. Scale-up can
help, and this one is even easier than electric cars for govern-
ments to promote and support. Public initiatives could create
programs to weatherize (retrofit for improved insulation and
other efficiency) homes and commercial buildings, including in-
stalling heat pumps. Governments could bulk-purchase heat
pumps to convert their own buildings. Policies could encourage
or subsidize individual families or businesses to make the
switch.

CEMENT AND STEEL

The largest industrial sources of CO, emissions are cement and

steel production. As noted in Chapter 8, research and demon-
stration can be supported in order to develop new processes
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that reduce or eliminate emissions from these factories, and hy-
drogen can be used as a replacement fuel with some level of re-
configuration of the factory equipment. Getting these high-iner-
tia industries to adopt these new practices and pieces of equip-
ment might take several decades, though.

In the meantime, any country that can muster the political
clout to do so should impose mandates or create incentives to
get all steel and cement factories to use CCS equipment and se-
quester their emissions. This equipment will initially be expen-
sive, but as it gets deployed at scale and industries learn best
practices for its manufacture and use, it will drop slightly in
cost so that at least the additional cost won’t be wild. Between
their fuel use and their process emissions, cement and steel
combined contribute about 10% of total global greenhouse gas
emissions, so mandating CCS for these factories would accom-
plish tremendous early reductions in emissions. A large number
of these plants are in China, so this is a case where either Chi-
nese presidential leadership or trade pressure from other coun-
tries—for example, policies prohibiting or taxing imports of
steel or cement that don’t have an objective certification of CCS
use—will make a major difference.3°
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More generally, in any region where it is politically possible to
impose modest to significant extra costs for emissions reduc-
tions, one of the easiest ways to guarantee immediate emissions
reductions would be to mandate (or subsidize) CCS for all fac-
tories and fossil fuel power plants. At a glance, this seems polit-
ically unlikely in most countries. But considering how fast polit-
ical discourse has changed in the last two years, perhaps such
significant mandates could be within reach. The cost for seques-
tering CO, from power plants is a little less than $100 per ton,
which is not far from the eventual cost we will need govern-
ments to pay for atmospheric sequestration.3! In fact, the more
that is spent on CCS (less than $100 per ton) now, the less that
will need to be spent on atmospheric sequestration (around or
sometimes more than $100 per ton) later.

AGRICULTURE AND REFORESTATION

Another realm for immediate policy action on the non-energy
side is growing or regrowing forests. National governments
generally have significant power to designate large swaths of
land as protected for certain uses. Simply leaving land alone for
a few decades usually is enough for it to become a forest, espe-
cially if it had previously been a forest. With scientific manage-
ment, new forests can be grown to be even healthier than they
would be if left alone. Forests could also be optimized to cap-
ture CO, as fast as possible based on what species are growing
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in them. Sustainably managed forests can also be a source of
wood for construction, which sequesters CO, into buildings

themselves and also displaces cement and steel, which are far
more emissions-intensive building materials.3>

National leadership can force massive-scale reforestation and
afforestation, but absent national leadership, communities in
forest areas can also work to protect their lands, local govern-
ments can enforce laws against deforestation, and nonprofits
can work to designate more and more sections of forest for pro-
tected management. As noted in Chapter 11, companies—mostly
food companies—can also exert leadership by requiring their
supply chains to be deforestation-free.

On farms, nonprofits have even more room to work. Organi-
zations that train volunteers or staff to conduct outreach to
farmers around the world can accelerate the adoption of sus-
tainable farming practices. Such organizations can also partner
with academic institutions to conduct continuous research and
monitoring on various farms so that we understand better what
practices to push for. And again, national and local govern-
ments could incentivize or in some cases require various crop
rotation, soil management, cover crop, and fertilizer use prac-
tices. This work comes with the benefit of immediate cost-sav-
ing (or extra profit—making) opportunity.

CARBON PRICING
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The most significant policy incentive to support the work of the
five pillars is probably carbon pricing. The idea is simple: Fossil
fuels and other sources of greenhouse gas emissions are bad
and we want people and companies to use them less, so we’ll
make them more expensive. Usually, proposals charge the price
at the first possible point (entry into the state for state-level
policies, extraction from a well or mine or importation into the
country for national-level policies) for efficiency. Most propos-
als include a specific use of the revenue generated from the
price—often reinvesting it into the economy through either
spending on clean energy, dividend checks (or tax rebates) to
every resident of the state/country, or both. Perhaps most im-
portantly, every proposal includes some sort of increase in the
price over time, to give both individuals and businesses long-
term certainty that clean options will be a good investment. The
most prominent national US proposal, put forward by the sin-
gle-issue carbon pricing advocacy group Citizens’ Climate
Lobby, is to start at $10 per metric ton of CO, that would be re-
leased from a given amount of fossil fuel, and to increase the
price $10 every year, indefinitely.33 The indefinite increase is
the best way to guarantee that certainty—companies then know
that paying up front for clean options will be a good investment
over time.

Carbon pricing, as the vast majority of economists agree, is
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the most economically efficient way to reduce greenhouse gas
emissions. The limitation of carbon pricing is that it takes a
long time to ramp up to a price high enough to make every
clean option cheaper than every fossil option. At the $10-per-
year increase rate, it would take twenty years or more before
virtually every clean option was definitively the cheapest. That
doesn’t leave enough time to then transition to electrified
equipment and such before 2050. Still, along the way, the fact
that everyone knows the price will eventually get there can cre-
ate an incentive to transition—through early investments that
companies know will pay off. The revenue raised can also be
used to speed along various aspects of implementing the five
pillars—for instance, supporting clean energy technology re-
search or helping low-income families switch to electric home
heating. And because it is the most economically efficient
method of reducing emissions, carbon pricing can reduce the
need for mandate-based policies to speed the implementation
of the pillars.

Anywhere carbon pricing is politically viable, it should be im-
plemented immediately, with the fastest possible ramp-up in
price, and with that ramp-up continuing indefinitely to give
economic certainty that the society will be transitioning entirely
away from fossil fuels.

Carbon pricing can also be used to address some portion of
non-energy emissions, if the price is applied to emissions-inten-
sive goods such as cement and steel. When such products are
produced at a factory or imported into a country, a price could
be charged based on the non-energy emissions involved in mak-
ing them. A well-designed pricing system might add a price to
methane based on its fugitive emissions, and might also charge
a price on livestock or other foods (at the point of production or
importation) based on their average methane and deforestation
impacts. Similarly, point-of-importation prices can account for
the fossil fuel emissions embodied in goods manufactured over-
seas, and would be charged on imported goods coming from a
country that does not have its own equivalent pricing system.
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Carbon prices on imports, accounting for both energy and
non-energy emissions, would incentivize other countries to im-
pose their own pricing systems or to convert their industries to
clean processes so their products don’t face an added cost when
imported into countries with robust carbon prices. This is espe-
cially important because while industrialized countries’
economies have become lower in emissions intensity, much of
their emissions have simply shifted to China and elsewhere—
the places where most manufacturing now takes place. Indus-
trialized countries can’t claim to be carbon neutral if they rely
on imports from places with carbon-intensive industry.
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CONCLUSION

For those immersed in climate change research, energy systems
engineering, and clean energy policy, most if not all the content
of these five pillars may seem obvious. However, even if experts
understand each of these pieces individually, it is rare for policy
proposals or advocacy initiatives to tie more than a few of them
together into a unified vision. It hasn’t happened yet that a seri-
ous national political proposal in any country has laid out spe-
cific steps that add up to addressing 100% of the global problem
of climate change by 2050.

Current youth movements, from high schoolers in Europe in-
spired by Greta Thunberg to Millennials in the United States
participating in the grassroots Sunrise Movement, are putting
climate change higher on the political agenda. This trend is
likely to increase in the next few years as today’s young genera-
tions become an increasing portion of voters, policy thinkers,
and organization leaders.

But to achieve the goal laid out for us by climate scientists—
negative emissions by 2050—government leaders will have to
take steps at massive scale over the next thirty years. Given the
timeframe for both developing and scaling up or rolling out
technologies and practices, a lot of the relevant work has to
happen in the next ten years.

With the urgency and the required scale in mind, activist
movements must use these five pillars as a common frame of
reference to judge proposals, make asks of political leaders, and
ensure that steps eventually enacted add up to 100%. The time-
frame is shorter than many people are considering. The scale of
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action needed is larger than most political leaders and organiza-
tions have acknowledged. And yet the solutions themselves—in-
novation, job creation through manufacturing scale-up and re-
search, partnerships with companies, farmers, and govern-
ments around the world—are both politically popular in general
and possible to carry out incredibly quickly under the right
leadership.

As bolder climate change policy proposals develop, and (in the
United States especially) as potential presidential initiatives
take shape, it is crucial that activists and thought leaders con-
sider proposals in the context of a 100% solution.

Two-thirds of emissions come from developing countries that
don’t have the economic ability to adopt more expensive clean
options like their industrialized counterparts can. So a solution
that adds up fully by 2050 must make virtually every clean op-
tion cheaper than current systems. Industrialized countries
must lead this effort—which will also benefit their own
economies—by creating moonshot-style innovation projects in
partnership with research labs, companies, and other countries.
These projects can coordinate and fund research, development,
testing, demonstration, and scale-up to ensure that each needed
technology is cheap enough in time. The projects should include
a global outreach initiative to shift farming practices, prevent
deforestation, and start sequestering CO, in soils and forests.

Policies including carbon pricing, mandates or subsidies for
clean technologies that are still slightly more expensive than
fossil options, and international pressure to speed each country
in reducing emissions will play a role in guaranteeing negative
emissions by 2050.

Through this work, a relatively small number of political
leaders—the president of the United States or China, or a collec-
tion of European prime ministers, and the activists and thinkers
who will influence them—can drive a thirty-year transition in
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the global energy and agriculture systems that achieves net-
negative greenhouse gas emissions by 2050.

In the process, not only will leading countries boost their own
economies, but they will guarantee greater energy access in de-
veloping regions through lower costs. The health benefits from
reduced pollution will be immense. Improved technologies,
available to more people with fewer negative side effects, will
rapidly improve quality of life and speed up economic develop-
ment around the world. Solving climate change, by definition,
will be one of the fastest improvements in economic well-being
in human history.
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That transformation is worth achieving, but it will not hap-
pen without intense levels of focused activism and leadership. It
will not happen without people breaking away from the incre-
mental mindsets that have defined climate change policy for
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decades. We must all keep in mind the comprehensive picture
of what must happen to add up to a 100% solution. We must set
aside cynicism and 10% thinking and acknowledge the need for
global transformations. We must elect and support and pres-
sure officials who will take the truly bold steps that can set the
world on a path to negative emissions. The scale is enormous—
new industries, massive public projects, trillions of dollars
shifting toward cleaner investment—but the world we build will
be more prosperous, just, and safe.

Now is the time to heed the call of our youngest leaders and
act—and to do so with the comprehensive strategies that will
make a 100% solution not only possible, but likely. Let’s get to
work.
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