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To Mira and Jacob,
For the climate you will inherit



. . . And if not now, when?
—Hillel
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For more than a century, energy has enabled globalization. Modern 
forms of energy such as coal, diesel, or jet fuel have been responsible 
for moving most of the world’s goods around by railways, shipping 
lanes, and flight paths. This globalization means we can have modern 
luxuries such as fresh fruits that are always in season no matter the 
time of year. We also have access to inexpensive manufactured goods 
from halfway around the planet that make our lives comfortable and 
enjoyable.

Energy is itself one of those goods that is moved around. The 
world’s demand for coal, oil, wood pellets, natural gas, and refined 
fuels spans oceans and continents. The disparate locations of energy 
exporters and importers connect us all in ways that bridge culture, 
language, religion, and geography.

What we have come to realize very sharply in the last few decades is 
that it’s not just energy itself as a commodity of and fuel for trans-
oceanic supply chains that define its global nature: the waste products 
likewise do so. Unlike environmental concerns from prior eras that 
were local in nature, greenhouse gas emissions have a global effect. In 
the past, environmental impact was limited in geographic scope.  
Water contamination would happen from a nearby mine. Air pollution 
would cause asthma in the factory town or acid rain in a neighboring 
state. But because greenhouse gases like carbon dioxide are long-lived 
and stable and mix rather uniformly in the atmosphere, climate change 
happens on a worldwide basis.

This phenomenon that emissions from discrete smokestacks or tail-
pipes inflict global impact brings with it an inequitable situation in 
which the benefits of energy use are highly concentrated to the pro-
ducers and consumers, but the downsides of its pollution are now 
shared by all. Even worse, the downsides are not shared equally. The 
people who will suffer the most from climate change have not been 
born yet, and when they are, they likely will be in countries with much 
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lower energy use, emissions, and economic activity per capita than the 
Americans, Europeans, Japanese, and Australians, who are all at the 
high end of the spectrum.

How do we increase access to energy for those 1 billion people who 
will suffer from climate change but do not have modern lifelines such 
as electricity, piped water, or sanitation? Can we increase their access 
while decreasing the global climate effect of the other 7+ billion  
who already have access? How do we change an industry active in  
every country and whose impacts, no longer isolated, are endured 
worldwide?

The answers will not be easy and, more important, will not be just 
technical in nature. They will include human dimensions such as pol-
icy, international relationships, markets, culture, and behaviors. It is 
in that multidimensional vein that Professor Daniel Cohan’s book ar-
gues inaction on climate can be overcome.

With all roads leading to or from Paris on international climate 
agreements and various pathways available to zero (or negative!) emis-
sions, we need to see through the fog and tune out the noise. Cohan 
helps us do so. There are many important factors to consider for a 
problem this nuanced that has been in the making since the second 
half of the nineteenth century. But among them a few key lessons 
stand out. Policy matters. Zero isn’t enough. The grid will become 
more important than ever. The word “gridlock” even has part of the 
answer—grid—embedded inside. Sometimes the hardest solutions to 
see are the ones right in front of us.

It is important that climate change is no longer some abstract  
future bogeyman we might need to think about someday. It is here, 
and its effects already reveal themselves in haunting ways. In Texas, 
where Cohan and I both live, we endure wildfires, droughts, floods, 
hurricanes, tornados, heat waves, and arctic freezes. The growing  
frequency and intensity of these episodes are a stark reminder of the 
risks we face.

Though climate change is global in nature, Cohan shows us that 
the United States has a special role to play. As the largest cumulative 
emitter of greenhouse gases since the Industrial Revolution, the 
United States, with its economic might and unique geopolitical  
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position, has a special opportunity and responsibility to take action. 
The United States isn’t the only actor that matters, but forward prog-
ress is more likely with American participation. And if the United 
States can successfully wrestle with its own climate legacy, it will help 
reveal a pathway forward that can gain traction elsewhere.

Cohan maps out a way forward with an eye toward problem-solving 
rather than finger-pointing, blaming, or shaming. The inspiration 
and skills that gave us the benefits of modern energy—necessity as the 
mother of invention combined with innovation, geology, chemistry, 
physics, engineering, enabling policies, and modern market designs—
might also be what is needed to get us out of this mess.

In the end, if the United States steps up, we can solve this global 
challenge. But it’s going to take a while, so we better get started.

Michael E. Webber



This page intentionally left blank 



xiii

This book was born in the eye of a hurricane—several, in fact.  
Hurricane Ike knocked out my power as a birthday greeting in 2008. 
Then, in 2015, Hurricane Patricia set records with its 345 kilometer 
per hour (215 mile per hour) winds over the eastern Pacific before its 
remnants drenched Houston. Two devastating storms flooded Hous-
ton the following two years before Hurricane Harvey shattered conti-
nental U.S. rain records in 2018, leaving me mucking out friends’ 
homes while mine was fortunately spared.

I had returned to my home state of Texas in 2006 to study air pollu-
tion, not hurricanes. Houston’s air pollution had drawn attention dur-
ing Governor George W. Bush’s presidential race, when he was 
derided for letting Houston dethrone Los Angeles as the smog capital 
of the country. By the time I arrived, Houston had returned that un-
welcome title, and our air has been getting cleaner ever since. Most 
people scarcely notice the scrubbers, catalytic converters, and other 
technologies that protect our air quality.

The global warming that is fueling record hurricanes here and 
other disasters around the world defies straightforward solutions. 
Carbon dioxide accumulates in the atmosphere globally and lingers 
for centuries, even as other air pollution rains out regionally within 
days. Air pollution is the bigger killer today, responsible for several 
million deaths per year globally. But it is climate change that poses an 
existential threat to life as we know it in the decades ahead. Efforts to 
control it have for too long been gridlocked.

As an atmospheric scientist, I could lecture for hours about the 
chemistry and physics of air pollution and climate change, until my 
students slump in their seats or nod off on Zoom. But what excites me 
most as a professor of environmental engineering is the quest for solu-
tions. No environmental challenge needs solutions more than global 
warming. Such solutions must inherently transcend the realms of  
diplomacy, technology, and policy that are the focus of this book.
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Confronting climate gridlock will require tackling emissions 
around the world. Emissions anywhere warm the planet everywhere. 
But emissions mitigation is less a global challenge than an amalgam of 
national ones. The power systems, vehicles, buildings, industries, and 
agriculture that are the dominant sources of emissions are all regu-
lated mostly on national or smaller scales. Thus, climate gridlock 
must ultimately be confronted on national scales. Diplomacy and 
technology transcend and transform those national challenges world-
wide, but politics and policies are particular to each nation. This book 
explores diplomacy and technologies that can be applied worldwide, 
but it gives particular attention to the politics and policies of the 
United States.

The United States is by no means representative of nations con-
fronting climate gridlock. America is exceptional, for better and 
worse. Our combination of diplomatic clout, technological prowess, 
natural resource abundance, and political dysfunction is uniquely our 
own. But the actions of the United States are distinctly pivotal to the 
progress that can be achieved in other nations. The United States 
ranks second only to China in emissions today and tops the world in 
emissions historically. With the world’s largest economy, our markets 
influence manufacturing worldwide. No other country is better posi-
tioned to develop technologies crucial to making clean energy attrac-
tive and affordable, even if they are ultimately manufactured elsewhere 
and deployed around the world. And no other country has wavered so 
prominently in its support for climate treaties or seen the solutions 
and even the science of climate change become so politicized. Our 
ability to lead or obstruct progress by others will depend on whether 
we commit more fully to action in the decade ahead.

This is a book about solutions. I touch only briefly on the causes 
and impacts of climate change, taking as a given the scientific consen-
sus that emissions of greenhouse gases are warming our planet at great 
detriment to society and nature. Instead, I focus on the three keys—
diplomacy, technology, and policy—that will be needed to unlock  
climate gridlock in the United States and catalyze progress abroad.

After introducing the challenge of climate gridlock (Chapter 1),  
I discuss the history and future directions for climate diplomacy 
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(Chapters 2 and 3). Chapters 4–7 explore technological pursuits of 
clean energy, beginning with an overall framing and then focusing 
particularly on efficiency (Chapter 4), electricity (Chapter 5), electri-
fication and clean fuels (Chapter 6), and negative emissions technolo-
gies and geoengineering (Chapter 7). Discussion of associated policies 
is interwoven into the technology chapters and then expanded in the 
context of history, political science, and emerging trends to explore 
potential pathways forward in Chapter 8. What will emerge is an in-
tricate portrayal of daunting challenges and hopeful opportunities for 
confronting climate gridlock and unlocking a clean energy future for 
the United States and beyond.
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The quest to slow global warming is for now gridlocked. After unit-
ing under the Paris Agreement of 2015 to set global targets for tem-
perature and net-zero emissions of climate-warming gases, countries 
have failed to pursue the national actions and international collabora-
tions needed to achieve them. Technologies for clean energy continue 
to improve but have barely dented the dominance of fossil fuels. 
American policies have failed to adequately mitigate emissions here or 
demonstrate leadership abroad. All of this has left emissions near re-
cord highs globally and declining only slowly domestically, even as 
drastic cuts are needed to stabilize the climate. 1

Climate change is an inherently global problem. Carbon dioxide 
emitted anywhere warms the climate everywhere, wafting through the 
air for centuries alongside shorter-lived greenhouse gases. Warming 
is already leading to rising seas, stronger hurricanes and floods, more 
intense droughts and wildfires, proliferating pests, and unpredictable 
shifts in winds and ocean currents. No community or ecosystem on 
Earth is immune from these hazards, with the greatest risks falling on 
those least able to confront them.

The climate problem may be global, but solutions must arise mostly 
at the national level and be woven together with international coop-
eration. Despite the ubiquity of fossil fuels as globally traded com-
modities, their use isn’t truly global. Instead, fossil fuel use is rooted in 
energy systems that are more or less national in scale. Power plants 
operate in regionally managed grids. Vehicles and industries are regu-
lated mostly by national emission standards. Building codes are set by 
state and local governments and influenced by federal policy. Thus, 
actions at national or smaller scales matter most.

Some nations’ actions matter more than others. Of the nearly  
two hundred parties to the Paris Agreement, just seven of them—
China, the United States, the European Union, India, the Russian 
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Federation, Japan, and Brazil, plus international transport that is 
largely between them—emit two-thirds of all greenhouse gases (Fig-
ure 1). Thus, confronting climate gridlock globally depends mostly on 
a handful of parties unlocking the barriers to their own progress on 
clean energy and establishing an international playing field that fos-
ters decarbonization worldwide.2

The relative importance of the United States among these heavy-
weights is in some ways waning. As emissions from China and devel-
oping countries soared, the U.S. share of global emissions declined 
from 20 percent in 2005 to 13 percent in 2018. American clout in cli-
mate diplomacy has dwindled too, as other nations remained commit-
ted to the Paris Agreement even as the United States bobbed in and 

Figure 1. Greenhouse gas emissions by country in 2018 (Plotted by the author 
with data from Table B.1 of J.G.J. Olivier and J.A.H.W. Peters, “Trends  
in Global CO2 and Total Greenhouse Gas Emissions: 2019 Report” [PBL 
Netherlands Environmental Assessment Agency, May 2020])
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out. Other nations have faster-growing populations and economies, 
more ambitious policies, or leadership in certain key technologies.3

Nevertheless, the United States retains a uniquely pivotal role in 
the climate problem and its solutions. The country is the largest con-
tributor to cumulative emissions historically, and its emissions remain 
nearly twice as large as any other country besides China. Its fickleness 
politically has made the United States the leading wild card in inter-
national diplomacy. Europe has set a better example with steadier and 
stronger policies but has often soldiered ahead without persuading 
others to follow. Once the United States does act, it usually insists on 
others acting too, making it more likely to draw followers.

U.S. universities, corporations, and national laboratories lead the 
world in developing the technologies needed for a clean energy tran-
sition. No other country has a broader array of corporations, banks, 
venture capital firms, foundations, and government agencies to fund 
the deployment of those technologies. Enhancing the performance 
and shrinking the costs of clean energy technologies here can make 
them more attractive and affordable abroad. “If we can develop tech-
nologies that can be used around the world . . . then American innova-
tion can help decarbonize other economies,” said Varun Sivaram, an 
expert on clean energy.4

I therefore argue in this book that breaking through climate grid-
lock in the United States is pivotal to confronting climate gridlock 
globally. That U.S. breakthrough will require grasping and aligning 
three keys—diplomacy that creates an international playing field that 
motivates U.S. action and leverages it to accelerate action abroad; 
technologies that make emission reductions achievable and affordable 
across all sectors of the energy economy; and policies that accelerate 
the development and adoption of those technologies domestically and 
abroad. Each of the keys remains ungrasped, but underappreciated 
trends are bringing them closer within reach than ever before.

None of the three keys can be fully grasped without the others. 
Domestic policy needs diplomacy to tilt the international playing field 
to favor decarbonization and technologies to make decarbonization 
practical and affordable. Diplomacy needs domestic policies for cred-
ibility and technologies to make clean energy desirable worldwide. 



W H Y  C L I M A T E  G R I D L O C K ?

4

Technologies need funding for research and development and policies 
to promote their deployment. Only by grasping and aligning the three 
keys of diplomacy, technology, and policy together can we unlock a 
path to a clean energy future domestically and abroad.

A Measure of Degrees

Success or failure in confronting climate gridlock will ultimately be 
gauged by how high temperatures rise. The Paris Agreement com-
mitted the world to hold the increase in the global average tempera-
ture “well below 2°C” above “pre-industrial levels,” and to “pursu[e] 
efforts” for 1.5°C. Thus, it is worth taking a moment to understand 
the implications of these and other temperature thresholds and the 
importance of staying within them.

The “pre-industrial” baseline against which warming is measured 
was left undefined by the Paris Agreement. Ice cores, corals, and tree 
rings all help scientists approximate temperatures deep into the pre-
industrial past. However, high-quality thermometer measurements 
were not available over enough of the globe until the 1880s to reliably 
estimate a global average temperature. Setting a pre-industrial base-
line around that time captures nearly all of the warming from fossil 
fuels, since emissions across the entire previous century were less than 
half what the world emits in a single year today.5

Temperatures have now soared 1.2°C (2.2°F) above their 1880–1900 
levels, with most of that rise coming since the 1950s (Figure 2). The 
pace of warming is accelerating, reaching 0.3°C per decade in the 
2010s. At that pace, we would enter the 1.5 to 2°C Paris target range 
during the 2030s and break through it by midcentury.6

Each degree of warming may not seem like much, even if we multi-
ply it by 1.8 for those of us who think in Fahrenheit. (I’ll use Celsius 
for the remainder of this book, for consistency with the language of 
treaties and science.) After all, temperatures swing by tens of degrees 
each time a cold front or a heat wave rolls through. But weather isn’t 
climate. Seemingly small shifts in climate have profound conse-
quences. Also, global averages understate the warming that most peo-
ple will experience. Land warms faster than oceans, which can 
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dissipate heat to greater depths. Nights warm faster than days, since 
greenhouse gases absorb Earth’s radiation around the clock but par-
ticle pollution reflects sunlight only during daytime. Thus, over land, 
the hottest days are expected to warm twice as fast and the coldest 
nights three times as fast as the global averages.7

Most warming since the Industrial Revolution has been initiated  
by carbon dioxide, with smaller contributions from less abundant  
but more potent greenhouse gases such as methane, nitrous oxide, 
chlorofluorocarbons (CFCs), and hydrofluorocarbons (HFCs). 
Greenhouse gases allow visible sunlight to pass through but absorb 
some of the infrared heat radiated by the Earth’s surface. The gases 
release some of that heat back toward the surface, warming the planet. 

Figure 2. Global average temperature relative to 1880–1900 (Plotted by  
the author with data for annual global land and ocean temperatures from 
NOAA National Centers for Environmental Information, Climate at a 
Glance: Global Time Series, retrieved on March 16, 2021, from www.ncdc.
noaa.gov/cag)

http://www.ncdc.noaa.gov/cag
http://www.ncdc.noaa.gov/cag
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Human activities, especially the burning of fossil fuels, emit enormous 
amounts of these gases. The resulting warming is amplified by natural 
“positive feedback cycles” that cascade across the climate. For exam-
ple, warmer air holds more water vapor, which is itself a greenhouse 
gas. Melting glaciers and sea ice expose darker land and sea surfaces 
that absorb more sunlight, further amplifying warming.

The amplifying effects of positive feedback cycles have swung 
Earth’s climate between ice ages and warm periods for eons. Previous 
swings were kicked off mainly by wobbles in Earth’s orbit, amplified 
by positive feedbacks and modulated by oscillations in solar output 
and volcanic activity. This time around, no natural kick can explain 
warming that is happening with unprecedented speed. In fact, the 
current position of Earth’s orbit, passing closest to the Sun in January, 
should be holding us in a cool phase, since it minimizes the sunlight 
available to melt ice during Northern Hemisphere summers. Only 
human-emitted greenhouse gases, amplified by natural feedbacks, can 
explain the warming that is underway.

Warming is for now partially offset by a haze of particle pollution 
that reflects sunlight away and brightens clouds. Despite its cooling 
effect, particle pollution causes millions of deaths per year. Its cooling 
influence will fade as emissions are controlled, since particles rain out 
within weeks but long-lived greenhouse gases accumulate for decades.

In sum, the warming we have experienced so far is due almost en-
tirely to manmade greenhouse gases, amplified by natural feedbacks 
and dampened temporarily by cooling from particles. Though the 
sensitivity of temperatures to emissions remains uncertain, as a rough 
approximation it takes around 200 billion metric tons (gigatons) of 
carbon dioxide, or nearly 500 billion barrels of oil, to warm the planet 
by one-tenth of a degree Celsius. As the world emits more than 40 
gigatons of carbon dioxide per year and other greenhouse gases con-
tinue to rise, temperatures are rising accordingly.8

Each degree of warming yields countless impacts across the planet. 
Here in my hometown of Houston, the first 1°C of warming more 
than tripled our likelihood of experiencing deluges on the scale of 
Hurricane Harvey, which smashed rainfall records while inundating 
thousands of homes. Research has shown that the majority of the eco-
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nomic damage from that storm can be attributed to human-induced 
climate change. The rainiest days in New England and the Midwest 
are now about 40 percent rainier than they were a century ago. 
Droughts are becoming more severe, as manifest in the epic wildfires 
that have ravaged western states. Coral reefs are beginning to suc-
cumb to warmer and more acidic oceans, as those of us who scuba dive 
can already see. Arctic sea ice has shrunk to just over half of its former 
extent, while Greenland is losing 270 gigatons of ice per year, enough 
to cover the entire island in a 13-centimeter puddle of water.9

Even halting warming at 1.5°C would leave substantial impacts. Hur-
ricanes, floods, and heat waves would all continue to intensify. Agricul-
ture would be threatened by droughts in some regions and extreme 
storms in others. Sea ice and coral reefs would dwindle but not disappear. 
Sea levels would rise at least another 30 centimeters (1 foot) by 2100.10

Risks worsen between 1.5°C and 2°C of warming. That extra half-
degree would exacerbate droughts and expose an additional 420 mil-
lion people globally to extreme heat waves. It would also add an extra 
10 centimeters of sea level rise by 2100, and an extra 30 centimeters of 
rise by 2300. Sea ice would disappear from the Arctic Ocean during 
some summers, and virtually all of the world’s tropical coral reefs 
would be destroyed.11

Although human responses to climate change are difficult to pre-
dict, social scientists warn of risks ahead. A meta-analysis found that 
warming and extreme rainfall significantly increase rates of interper-
sonal violence and intergroup conflict. High temperatures tend to un-
dermine economic productivity and worsen inequality. Economists 
estimate that an extra 1°C of warming would cost more than 1 percent 
of gross domestic product (GDP) in the United States, with Texas and 
southern states hit the hardest.12

Warming beyond 2°C heightens the risks of surpassing “tipping 
point” thresholds that could trigger irreversible changes in Earth sys-
tems. Those changes include a slowdown in ocean circulation, die off of 
forests, thawing of permafrost, and destabilization of ice sheets that 
could set off a cascade of follow-on impacts and instability. Scientists 
initially assumed that tipping points would not be reached until warming 
of 5°C or so, but more recent research has identified risks closer to 2°C. 
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“Once we stray into the 2 degrees or more warming, we get into the tens 
of percent probability for hitting some of these tipping points,” said Tim 
Lenton, a climate scientist from the University of Exeter who studies 
tipping points. “Then, if we carry on business as usual, it’s going to be 
more likely than not that we’ll hit at least one tipping point.” That could 
trigger what climate scientist Will Steffen calls a “hothouse Earth,” fea-
turing a “domino-like cascade” of further warming and disruptions. 
Such scenarios pose an uncertain risk and would take centuries to un-
fold, but they give added reason to hold warming well below 2°C.13

Three degrees of warming would push us beyond conditions that 
the Earth has experienced in millions of years, so the hazards are even 
more unpredictable. “The greater the change, the greater the risk,” 
climate scientist Katharine Hayhoe of Texas Tech University told me. 
“We are truly conducting an unprecedented experiment with our 
planet.” Agriculture would be devastated, ecosystems transformed, 
and some already hot regions would become virtually uninhabitable. 
Over vast regions including southern Europe and the southern and 
central United States, what are now considered 1-in-100-year 
droughts would begin occurring every two to five years. Hurricanes 
and typhoons would more often reach catastrophic intensity, with 
storm surges compounded by rising seas.14

Actions already being taken under the Paris Agreement and beyond 
make it unlikely that temperatures will climb much beyond 3°C this 
century. But these steps are not enough to prevent temperatures from 
continuing to rise in the following century. Warming of 4°C and be-
yond would yield almost unimaginable consequences for our descen-
dants to bear.

Warming will cease only after emissions fall into a net-zero balance 
with the sinks that remove them. As in a bathtub with a tiny drain and 
a gushing faucet, slowing the flow of greenhouse gases into the atmo-
sphere is not enough to stop their level from rising. It would merely 
slow the rise and the warming that comes with it. Since carbon diox-
ide remains in the atmosphere for centuries, the emissions we release 
today lock in warming for generations to come.

Exactly when we must reach a net-zero balance between sources 
and sinks is open to debate. Policy analysts and economists have de-
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veloped a wide array of scenarios for emissions and sinks. Running 
those scenarios through different climate models yields different esti-
mates of warming. Despite the uncertainties, most scenarios modeled 
to hold warming to 1.5°C would require cutting emissions in half by 
2030 and bringing carbon dioxide into a net-zero balance between 
sources and sinks globally between 2045 and 2055, with net-negative 
emissions thereafter. For 2°C, scenarios vary more broadly, with most 
requiring roughly 25 percent reductions by 2030 and net-zero carbon 
dioxide globally sometime between 2060 and 2080. Unfortunately, 
projections from the United Nations Environment Programme sug-
gest that even if countries uphold their Paris commitments, emissions 
will stay flat through 2030. That leaves an “emissions gap” of roughly 
15 billion tons per year from a 2°C pace, and twice as much from a 
1.5°C pace, that must be closed by 2030.15

A strong case can be made that the United States should cut emis-
sions faster than other countries to help the world achieve these global 
targets. The United States has emitted far more carbon dioxide cumu-
latively than any other nation in history, giving it an outsized responsi-
bility for warming to date. Our relative wealth enhances our capacity 
to invest in clean energy and negative emissions technologies. Abun-
dant land and natural resources offer exceptional opportunities to har-
ness renewable energy, harvest biomass, plant trees, and store carbon 
underground. Thus, net-zero carbon dioxide by 2050 is about as lax a 
target as we can give ourselves to be consistent with the Paris Agree-
ment’s global goal of aiming for 1.5°C and holding warming well below 
2°C. That will require cutting emissions with unprecedented speed, 
halving them each decade while scaling up sinks.

Difficult as net-zero carbon dioxide emissions may sound, it is do-
able. In fact, separate teams of experts from the National Academies, 
Zero Carbon Consortium, Princeton University, Center for Climate 
and Energy Solutions, and Energy Innovation have all concluded that 
the United States could achieve net zero by 2050 at a cost of just a 
fraction of a percent of GDP while yielding substantial co-benefits for 
health and other factors. Stunning advances in technologies have 
made that pursuit affordable, but only with breakthroughs in diplo-
macy and policy can it be achieved.16



W H Y  C L I M A T E  G R I D L O C K ?

10

Unfortunately, slowness has been the hallmark of energy transi-
tions historically. Pre-industrial civilizations were for millennia pow-
ered mostly by renewable resources: people, animals, water, and wood 
(Figure 3). It took over a century after the Industrial Revolution for 
coal to surpass wood as the leading source of energy. Nearly another 
century passed before oil and gas overtook coal. In other words, it 
took two hundred years for coal, oil, and gas to carbonize the energy 
economies of the world. “It took enormous amounts of effort to car-
bonize the energy system, so there’s no way that it’s not going to take 
enormous amounts of effort to decarbonize the energy system,” said 
Matto Mildenberger, a scholar of climate policy at the University of 

Figure 3. U.S. primary energy consumption by fuel. Primary energy con-
sumption overstates the importance of fossil fuels like coal relative to renew-
able sources of electricity, since only about one-third of the energy content of 
coal is converted to electricity. (Plotted by the author with data from U.S. 
Energy Information Administration, “Monthly Energy Review,” Tables 1.2 
and D1, accessed July 23, 2020)
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California, Santa Barbara. Aiming for net zero soon enough to meet 
the Paris targets will require us to achieve that decarbonization in just 
a few decades. As former president of the Climate Policy Center  
Rafe Pomerance told me, “This is the largest task that the world has 
ever had to undertake—to replace our carbon-based energy systems 
in sufficient time.”17

Given the global nature of the climate challenge, I’ll start with how 
diplomacy can catalyze global efforts before turning to the technolo-
gies and policies needed to unlock a clean energy future in the United 
States and beyond.
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Banging his green gavel, French foreign minister Laurent Fabius 
was nearly drowned out by applause as he announced in French, “The 
Paris accord is adopted.” Delegates from around the world rose to 
their feet as summit leaders clasped hands in jubilation on stage. After 
two weeks of negotiations and years of preparation, much of it coaxed 
along by Fabius himself, a consensus had been reached. United Na-
tions Secretary General Ban Ki-moon called it a “monumental tri-
umph.” President Barack Obama hailed the agreement as “the best 
chance we have to save the one planet we’ve got.”1

The 2015 accord established twin goals—a limit on warming and a 
pursuit of net-zero emissions—that have shaped climate diplomacy 
ever since. The accord also marked an armistice in a decades-long 
battle of ideas over how the international community should address 
climate change. At essence, that battle revolved around two questions: 
Should emissions limits be set “top-down” by internationally negoti-
ated mandates or “bottom-up” by voluntary national pledges? And 
what are the “differentiated responsibilities” of wealthy “developed” 
nations and poorer “developing” ones? As shorthand, I’ll call these the 
“how” and “who” questions of climate diplomacy. Although President 
Donald Trump denounced the Paris Agreement as “very unfair, at the 
highest level, to the United States,” it was actually American ideas 
pursued across a quarter century that largely prevailed on each ques-
tion. Looking back on the road that brought us to Paris provides cru-
cial insights into what’s needed to seize the international key to 
confronting climate gridlock.2

Lessons from Ozone Diplomacy

As environmental activism began to blossom after the first Earth  
Day in 1970, climate change barely ranked among the world’s top en-
vironmental priorities. When the United Nations held its first inter-

two THE ROAD TO PARIS
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national environmental conference in Stockholm in 1972, the resulting 
conference report waited until the seventieth of its 109 recommenda-
tions to blandly recommend “that Governments be mindful of activi-
ties in which there is an appreciable risk of effects on climate.” It was 
not until 1979 that the first World Climate Conference was held in 
Geneva and the National Research Council issued its first scientific 
assessment of carbon dioxide and climate. Instead, it was ozone deple-
tion that first captured the world’s attention as a global atmospheric 
concern.

In a paper published in 1974 that later helped earn them the Nobel 
Prize in Chemistry, scientists Mario Molina and F. Sherwood Row-
land discovered that chlorofluorocarbons (CFCs) can be split apart by 
ultraviolet sunlight in the stratosphere, releasing chlorine that de-
pletes the ozone layer. It took just two years for the National Academy 
of Sciences to confirm the threat and for Congress to authorize the 
Environmental Protection Agency (EPA) to regulate CFCs. By 1978, 
the EPA had banned the use of CFCs in aerosol spray cans, though 
other uses remained (Figure 4).3

Ozone depletion morphed from a theoretical threat into an ob-
served reality in 1984, when a team of British Antarctic Survey scien-
tists announced its discovery of what would soon become known as 
the “ozone hole” over Antarctica. The British team had been observ-
ing steep declines in ozone above its Antarctic station each October 
since the late 1970s, but the scientists had dismissed these findings as a 
malfunction of their aging instrument. After all, how could ozone be 
declining so fast if NASA satellite data were not showing such a trend? 
Little did they know that NASA had been filtering out low measure-
ments, with a computer algorithm designed to reject data that seemed 
impossibly low. In other words, both the British team on the ground 
and American satellites in space were blinding themselves to ozone 
depletion in between their instruments.4

Global leaders responded to the emerging science with remarkable 
speed. Even before the British team and NASA scientists had formally 
published their findings, negotiators met in Vienna in 1985 to broker a 
treaty that set a framework for international action on ozone. Recon-
vening in Montreal in 1987, they crafted a protocol that set a timetable 



Figure 4. Timeline of science and diplomacy for stratospheric ozone and  
climate change
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for a mandatory phase-out of CFCs and other ozone-destroying chem-
icals. Now ratified by 197 countries, the Montreal Protocol, along with 
subsequent reinforcing amendments, has eliminated 99 percent of 
emissions and has been called the “most successful international envi-
ronmental treaty in history.” The EPA expects that the protocol will 
eventually avert 45 million cataracts and 1.6 million deaths from skin 
cancer in the United States alone. As stratospheric ozone continues to 
rebound, scientists expect it to recover to its natural levels by the middle 
of the century. Though aimed at ozone, the Montreal Protocol has 
averted more warming than any other treaty, since CFCs are incredibly 
potent at warming the atmosphere.5

Unlike the partisan politics that would later plague climate policy, the 
Montreal Protocol was signed by President Ronald Reagan and ratified 
unanimously by the U.S. Senate in 1988. Its provisions were incorpo-
rated into the Clean Air Act through amendments signed by another 
Republican president, George H. W. Bush. Although the chemical gi-
ant Du Pont initially spearheaded an industry alliance that lobbied 
against action, by the late 1980s it had swung around to endorsing the 
Montreal Protocol. Chemical companies foresaw greater profits from 
producing more recently patented replacement compounds than ge-
neric CFCs. Manufacturers soon substituted more ozone-friendly com-
pounds into their spray cans, refrigerators, and foams.6

The success of the Montreal Protocol for ozone would seem to 
make it a template for climate diplomacy. But ozone depletion and 
climate change are less similar than their global scopes would suggest. 
CFCs and carbon dioxide both accumulate globally in the atmo-
sphere, but the gases arise from very different sources. CFCs were 
produced mainly as niche products by a handful of chemical giants 
operating in a limited number of countries. Du Pont alone controlled 
27 percent of the global market, yet it derived just 2 percent of its sales 
from CFCs. Consumers barely noticed as CFCs were replaced by 
substitutes that barely affected the performance or cost of refrigera-
tors and other products. All of this made CFCs a ready target for a 
global phase-out imposed on a limited number of manufacturers.7

By contrast, carbon dioxide is an inevitable byproduct of a fossil-
fueled economy. Fossil fuels still supply roughly 80 percent of the 
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United States’ and the world’s energy needs, percentages that have 
barely budged over the past three decades. Nearly every carbon atom 
from a combusted fossil fuel combines with two heavier oxygen atoms 
from the air. Thus, each ton of fossil fuel that we burn adds more than 
two tons of climate-warming carbon dioxide to the atmosphere. That 
averages out to nearly five tons of carbon dioxide, roughly the weight 
of two pickup trucks, for every person on Earth each year. Americans 
emit several times more per person. Transitioning away from fossil 
fuels requires redesigning the vehicles, power systems, factories, and 
buildings that rely on them. Hundreds of the world’s largest corpora-
tions and countless smaller businesses owe their existence to produc-
ing, processing, or transporting fossil fuels, and just about every 
person on Earth consumes them. “Montreal was about pollutants that 
were microscopically important to the economy compared to carbon 
dioxide,” former U.S. climate negotiator Susan Biniaz told me. Try-
ing to apply a Montreal Protocol–style approach of globally set emis-
sions limits to greenhouse gases soon led climate diplomacy into 
gridlock.8

The Road to Rio

Soon after the signing of the Montreal Protocol for ozone, climate 
change leaped to the forefront of environmental concerns both glob-
ally and domestically in 1988. President Ronald Reagan and the Soviet 
Union’s Mikhail Gorbachev signed a joint statement that June pledg-
ing to cooperate on addressing climate change. Later that month, the 
World Conference on the Changing Atmosphere, convened by the 
prime ministers of Canada and Norway in Toronto, recommended a 
20 percent cut in global carbon dioxide emissions. Bipartisan bills in 
the House and Senate called for the United States to seek an interna-
tional climate agreement. An El Niño event stewing in the Pacific 
Ocean pushed global temperatures to their hottest levels in history. As 
a record heat wave struck Washington that July, NASA scientist James 
Hansen testified to the Senate that manmade global warming was al-
ready underway. (That testimony and ensuing media coverage 
prompted me to choose global warming as the topic for my year-long 



T H E  R O A D  T O  PA R I S

17

middle school research project, sparking a fascination with the atmo-
sphere that has driven my career to this day.) Later in 1988, Vice Pres-
ident George H. W. Bush campaigned on a vow to be an 
“environmental president,” telling a Michigan rally: “Those who 
think we are powerless to do anything about the greenhouse effect 
forget about the ‘White House effect’; as President, I intend to do 
something about it.” By December, the United Nations and World 
Meteorological Organization had established the Intergovernmental 
Panel on Climate Change (IPCC), which to this day remains the 
world’s leading authority on climate science.9

Two years later, President Bush pushed through two signature en-
vironmental achievements. Domestically, Congress passed amend-
ments to the Clean Air Act that strengthened air quality protections 
and created a cap-and-trade system to tackle acid rain. Internationally, 
diplomats brokered the London Amendments to the Montreal Proto-
col that accelerated the phaseout of CFCs. President Bush also hosted 
a global conference on climate change, a prelude to climate talks at 
the Earth Summit two years later.10

However, as a recession dragged into 1991, economic recovery took 
priority over environmental protection. Also, the fall of the Berlin 
Wall and defeat of Saddam Hussein lessened the administration’s mo-
tivation to woo potential allies through climate policy. Thus, by the 
time negotiations began ahead of the 1992 Earth Summit in Rio de 
Janeiro, President Bush had hardened his opposition to mandating 
emissions cuts or extending foreign aid through a climate treaty. Sev-
eral scholars have pointed to 1992 as the turning point when the 
United States shifted from being a leader to a laggard in environmen-
tal diplomacy.11

Meanwhile, most other countries were eager to act. Developing na-
tions sought funding to help them pursue alternatives to fossil fuels, 
akin to the support they received for CFC substitutes under the Mon-
treal Protocol. Wealthier nations coalesced around a target of limiting 
their greenhouse gas emissions to 1990 levels by 2000. That modest 
“top-down” target reflected a realization that fossil fuels would be 
more difficult to replace than CFCs, but it was clearly inadequate to 
halt warming. The IPCC’s first scientific assessment, issued in 1990, 
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had shown that far steeper cuts would be needed to curb climate 
change and that the Earth could warm 3°C by 2100 if emissions con-
tinued to rise unabated. Still, there was hope that initially modest tar-
gets could be strengthened as technologies improved, just as 
amendments to the Montreal Protocol had done for CFCs.12

Locked in a tough re-election fight and with his economic team 
warning that Rio presented a “bet your economy decision” after the 
1990–1991 recession, President Bush threatened to boycott the Rio 
summit unless the treaty nixed mandates for emissions limits and for-
eign aid. With consensus required under United Nations protocol 
and the United States still by far the world’s largest economy and 
emitter, Europe and developing countries conceded to the United 
States and abandoned their push for immediate mandates. However, 
they prevailed in writing key principles into the Rio treaty that set the 
stage for tougher action later. Most notably, the treaty committed the 
world to “stabilize greenhouse gas concentration in the atmosphere at 
a level that would prevent dangerous anthropogenic interference with 
the climate system.” The treaty did not specify what that level was, 
nor did it define “dangerous” interference. Neither did it set an ex-
plicit goal of “net zero,” although stabilizing greenhouse gases will 
ultimately require a net-zero balance between sources and sinks. Nev-
ertheless, the treaty cast aside the “be mindful” banality of the Stock-
holm conference of 1972 and planted the seeds for the warming limit 
and net-zero target that would ultimately be adopted in Paris. Presi-
dent Bush eventually joined 116 other heads of state and delegates 
from 178 nations to finalize the treaty in June 1992. The Senate rati-
fied it just four months later.13

The Rio treaty, formally known as the United Nations Framework 
Convention on Climate Change (UNFCCC), has been dubbed the 
“constitution for international action on climate change.” It has 
served as the basis for annual “Conference of the Parties” (COP) talks 
ever since, punctuated by summits in Kyoto (COP 3) and Paris (COP 
21). The treaty was approved unanimously and has now been adopted 
by every member state of the United Nations. Although the United 
States never ratified the Kyoto Protocol and President Trump tempo-
rarily withdrew the country from the Paris Agreement, the United 
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States has remained steadfast in its involvement in the overarching 
system that emerged from Rio.14

The Rio treaty provided only vague guidance as to “who” should act 
and “how.” It stated that parties should act “on the basis of equity and in 
accordance with their common but differentiated responsibilities and 
respective capabilities,” language that would later be mirrored in the 
Paris Agreement. But what is equitable? Defining “equity” and “differ-
entiated responsibilities” is especially difficult for climate action, since 
countries may seek competitive advantage by doing as little as possible 
while pushing trade rivals to act. Rather than setting responsibilities for 
each country individually, the Rio treaty followed the Montreal Proto-
col’s approach of grouping countries into broad categories. For Rio, 
that meant differentiating developed countries, comprising members of 
the Organisation for Economic Co-operation and Development and 
the former Soviet bloc, from everyone else. The developed countries 
were required to take the lead and craft plans to roll back their emis-
sions to 1990 levels, though President Bush refused to accept a timeta-
ble for doing so. The treaty set no specific targets for emissions from 
developing countries, an omission that would plague climate diplomacy 
for the subsequent two decades.15

Despite its lack of mandates, the framework for climate diplomacy 
that emerged from Rio in 1992 was actually stronger than the one for 
ozone that had emerged from the Vienna Convention of 1985, which 
merely called for further research and talks. The Rio treaty explicitly 
called for emissions cuts, even if it didn’t say how much or by whom. 
But after Vienna, it took just two years to broker the Montreal Proto-
col and another three years to negotiate the London Amendments, 
which required developing countries to follow the lead of developed 
countries in phasing out CFCs. Scientists have confirmed that CFC 
production has been nearly eliminated worldwide, atmospheric levels 
of CFCs are declining, and stratospheric ozone is beginning to re-
cover. By 2019, the Antarctic ozone hole had shrunk to its smallest size 
since the early 1980s.16

By contrast, greenhouse gas emissions and warming accelerated af-
ter Rio. Between the Rio summit in 1992 and the Paris Summit in 
2015, emissions soared 51 percent globally and far faster in developing 
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countries (Figure 5). Temperatures rose by 0.7°C during that time 
span. That’s not entirely the fault of climate diplomacy. Fossil fuels 
form the foundation of regional and national energy systems, making 
them far more difficult to control than globally manufactured niche 
products like CFCs. Still, however difficult the challenge, the Rio 
treaty and its initial successors failed to solve it. In fact, climate diplo-
macy after Rio was largely a saga of missed opportunities, before a 
new paradigm emerged in Paris.17

From Rio to Kyoto

After the Rio treaty sidestepped disputes about the “how” and “who” 
of reining in emissions, those disputes took center stage in the two 
rounds of follow-up talks held in Berlin in 1995 and Geneva in 1996, 

Figure 5. Carbon dioxide emissions from fossil fuels (gigatons/year) by  
region, 1990–2019 (Plotted by the author with data compiled by Lori Siegel of 
Climate Interactive from Friedlingstein et al., “Global Carbon Budget 2020,” 
Earth System Science Data 12 [2020]: 3269–3340)
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which set the stage for the Kyoto Protocol. Whereas President Bush 
had forced negotiators to weaken the Rio treaty, the United States by 
this time was led by President Bill Clinton and Vice President Al 
Gore, who had made climate change his signature issue while repre-
senting Tennessee in Congress. However, their options were con-
strained after Republicans reclaimed the House and Senate in 1994. 
With a two-thirds vote in the Senate required to ratify any treaty, as 
few as thirty-four senators have virtual veto power over 
U.N.-sponsored climate negotiations, which operate based on inter-
national consensus.18

Aiming for a treaty that could win Senate approval as the Rio  
treaty had achieved, Clinton’s climate negotiators initially adhered to 
three Bush-era positions: (1) emissions caps should be voluntary, with 
market-based mechanisms to achieve them flexibly; (2) developing 
countries should not be exempt from emissions constraints; and  
(3) foreign aid from the United States should be minimized. The first 
position created tensions with environmentalists and Europeans, who 
saw mandates as necessary to ensure progress. They pointed out that 
carbon dioxide emissions had continued to climb under the mandate-
free Rio treaty, while CFC emissions were plummeting under the 
mandates of the Montreal Protocol. The latter two positions drew 
opposition from developing countries, which argued that their smaller 
historical responsibility and poorer resources should excuse them 
from immediate action and entitle them to financial support for sub-
sequent action. The Montreal Protocol had done exactly that for 
CFC controls.19

Outnumbered at the Berlin summit in 1995, Gore relented to de-
mands from Europe and developing countries that subsequent talks 
would focus on limiting emissions exclusively from developed coun-
tries. The deal, brokered by Germany’s then–environment minister 
and later chancellor, Angela Merkel, gave negotiators two years to 
craft a treaty with specific emissions targets and timetables for devel-
oped countries alone. Developing countries, even rapidly industrial-
izing ones such as China, would face no limits. Gore’s acquiescence in 
letting some trade rivals off the hook may have clinched a deal in Ber-
lin, but it infuriated Republicans in the Senate. The Senate Energy 



T H E  R O A D  T O  PA R I S

22

and Natural Resources Committee, chaired by Senator Frank 
Murkowski (R-Alaska), fired off a press release saying that American 
negotiators “got hoodwinked” and “should have walked away.”20

Facing this blowback, the Clinton administration tried to renege on 
its concession. But developing countries refused to be included in the 
“who” of initial climate action. Meanwhile, Europeans and environ-
mental groups, fearful that voluntary pledges would be inadequate, 
insisted that the “how” should be binding limits. At climate talks in 
Geneva in 1996, American negotiators conceded to those demands as 
well. Senator Murkowski again colorfully denounced Clinton’s team 
for being outmaneuvered by trade rivals, saying, “If the climate 
change negotiations were strip poker, our negotiators would be down 
to their skivvies.”21

Senate opposition to the U.S. concessions intensified in 1997 as the 
Kyoto talks drew closer. Senate minority leader Robert Byrd, repre-
senting coal-rich West Virginia, said negotiators made a “fundamental 
blunder” when they agreed to the Berlin Mandate, denouncing it  
as a “free pass” for developing nations. Together with Senator Chuck 
Hagel (R-Nebraska), he introduced a resolution opposing any treaty 
that did either of two things: set mandatory emissions limits for the 
United States without also setting them for developing countries, or 
risked harm to the U.S. economy. Recognizing that it would pass  
despite their opposition, climate hawks led by Senator John Kerry  
(D-Massachusetts) swung around to join in unanimous passage of  
the Byrd-Hagel resolution. That let them put a positive spin on the 
outcome, with Senator Patty Murray (D-Washington) claiming that 
the resolution “strengthens our bargaining position to ensure real, at-
tainable standards that are established for developing countries, too.”22

Such wishful thinking may have helped senators like Kerry and 
Murray save face. But the Byrd-Hagel resolution’s twin conditions put 
the Clinton administration in a bind. A treaty that left out developing 
countries would be dead on arrival in the Senate. But most developing 
countries clung to the Berlin Mandate and refused to make even vol-
untary emissions commitments until after industrialized countries 
acted. Many emitted less than a tenth as much per person as the 
United States. Why should they put their fledgling economies at risk 
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when fossil fuels could help lift their populations out of poverty? 
China was particularly adamant in refusing to limit its emissions. 
“China was very much an immovable object,” recalled Melinda Kim-
ble, who as a State Department official joined American and Japanese 
climate negotiators on fruitless visits to Beijing. “They wanted to 
bring as many of their billion people as possible out of poverty, and 
they thought their way of achieving this was the industrial revolution 
approach followed by the United States in the 19th century.”23

By the time climate talks began in Kyoto in 1997, developing coun-
tries had cemented their opposition to immediate cuts, leaving wealth-
ier countries to negotiate their own cuts in backroom deliberations. In 
the waning hours of the summit, Gore brokered a deal that split the dif-
ference between the 15 percent cuts sought by Europeans and the re-
turn to 1990 baseline levels sought by Americans. Under the deal, the 
United States and the European Union committed to cutting emissions 
by 7 and 8 percent, respectively, below 1990 levels by 2008–2012. Other 
targets were set for other developed countries, but none for developing 
ones. Though caps were said to be legally binding, no penalties were set 
for non-compliance.24

Knowing that caps for the United States but not developing coun-
tries would be a tough sell in the Senate, American negotiators won 
agreement for measures aimed at lowering costs and prodding develop-
ing countries to act. To enhance flexibility, wealthy countries were al-
lowed to trade emissions allowances among themselves or buy them 
from emissions-cutting projects in developing countries. The latter ap-
proach was dubbed the Clean Development Mechanism. However, 
since developing country emissions were uncapped, it was often unclear 
whether projects funded under the Clean Development Mechanism 
yielded real cuts beyond the status quo.25

With the Kyoto Protocol signed but not ratified, the Clinton ad-
ministration mobilized to address senators’ twin concerns: the lack of 
mandates for developing countries and the cost of mandates for the 
United States. Diplomats tried to cajole individual nations such as 
Argentina and Kazakhstan to announce plans for action. But they 
faced a catch-22. “Our dilemma was that until we ratified Kyoto, get-
ting developing countries on board . . . to take more action was a very 
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heavy lift,” Kimble told me. The Asian financial crisis made countries 
there especially reluctant to act. As for costs, Clinton administration 
officials tried to make the case that the Kyoto Protocol targets could 
be achieved affordably. But their claims were refuted by misinforma-
tion campaigns funded by industry-backed groups such as the Com-
petitive Enterprise Institute and right-wing think tanks such as the 
Heritage Foundation, which warned of massive price spikes for elec-
tricity and gasoline. Meanwhile, campaigns to rally grassroots support 
for climate action were drowned out as the Monica Lewinsky scandal 
and then impeachment hearings dominated the headlines.26

Despite concerted efforts by the Clinton administration to per-
suade them, Republican senators refused to budge, letting the treaty 
languish without a vote. “The United States let the world down by 
agreeing to something that we should have known we could not de-
liver,” said Nigel Purvis, who joined the State Department’s climate 
team just after the Kyoto talks. He called the twin concessions made 
in Berlin and Geneva, acceding to no caps for developing countries 
and binding caps for developed ones, “fatal flaws” that ultimately 
doomed his team’s efforts to win Senate backing for the treaty. Even 
without those flaws, it’s unclear whether Republicans would have ap-
proved the Kyoto deal. “When the opposition is hiding behind one 
excuse after another, you can design the best system possible and they 
won’t buy it,” former deputy assistant secretary of state Rafe Pomer-
ance told me.27

Campaigning in 2000, George W. Bush denounced the Kyoto Pro-
tocol as unfair to American industry, even as he called for caps on 
power plant emissions. After defeating the vice president who had 
brokered the Kyoto Protocol, President Bush showed initial glimmers 
of his father’s environmental bent, appointing backers of climate ac-
tion such as Secretary of State Colin Powell, EPA administrator 
Christine Todd Whitman, and Secretary of the Treasury Paul O’Neill. 
Powell directed officials at the State Department to seek out ways to 
renegotiate the Kyoto Protocol to make it palatable to more senators. 
Whitman traveled abroad to assure allies that the United States re-
mained committed to reducing emissions. Back in Washington, 
O’Neill wrote memos to fellow Cabinet members and to President 
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Bush urging action. The leading senators from each party on the Sen-
ate Environment and Public Works Committee crafted a “grand bar-
gain” to regulate carbon dioxide alongside other pollutants from 
power plants.28

Those administration officials and senators favoring climate action 
were soon outmaneuvered. Fossil fuel industry lobbyists and right-wing 
think tanks expressed alarm that President Bush might revive climate 
negotiations or follow through on his campaign pledge to regulate 
power plants. The lobbyists urged Senator Hagel and three fellow Re-
publicans to issue a formal query to President Bush asking him to clarify 
his climate policy. The White House replied with a letter, purportedly 
from President Bush, that denounced the Kyoto Protocol as “an unfair 
and ineffective means of addressing global climate change . . . because it 
exempts 80 percent of the world . . . from compliance.” The letter also 
renounced President Bush’s campaign pledge to regulate power plant 
emissions, scuttling hopes for the Senate committee’s “grand bargain” 
just days after Whitman had reiterated Bush’s pledge. Later accounts by 
O’Neill and Whitman suggest that it was actually Vice President Dick 
Cheney, formerly the CEO of oil services giant Halliburton, who or-
chestrated both Hagel’s letter and the reply that was issued under Pres-
ident Bush’s name.29

Whoever wrote it, the White House letter extinguished hopes for 
U.S. ratification of the Kyoto Protocol. National security advisor 
Condoleezza Rice soon stated the obvious: “Kyoto is dead.” The 
United States would remain on the sidelines as 192 other parties rati-
fied the Kyoto Protocol and set up international markets to trade 
emissions.30

Evaluating Kyoto’s impact is tricky. The countries that accepted 
limits under the protocol (that is, the former Soviet bloc and devel-
oped countries, minus the United States) cut their net emissions by 23 
percent from 1990 to 2011. That’s far better than the 5 percent aggre-
gate reduction that the treaty sought. But progress was uneven. 
Nearly all of the overperformance came from the former Soviet-bloc 
countries. Their cuts have been dubbed “hot air,” because economic 
collapse had already slashed their emissions below 1990 baselines be-
fore the Kyoto Protocol took effect. Europe roughly matched its 
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commitments overall, with performance varying widely by country. 
Japan badly missed its target. Canada ultimately withdrew from the 
protocol after missing its target.31

The trouble is what Kyoto left untouched. Unbound by the proto-
col, U.S. emissions jumped 12 percent above their 1990 baseline by 
2010, versus the 7 percent cut that Kyoto sought. China more than 
tripled its emissions, catapulting past the United States to become the 
world’s leading polluter. Some other fast-growing countries such as 
South Korea more than doubled their emissions. Overall, global fossil 
fuel and industrial emissions of carbon dioxide jumped 46 percent 
from 1997 to 2012, more than one and a half times as fast as the growth 
rate of the prior fifteen years. On the other hand, compliance with the 
Kyoto Protocol led to innovations such as the European Union Emis-
sions Trading System, which has overcome its initial struggles and is 
now a cornerstone of the bloc’s push toward net zero.32

Copenhagen Accord

After Cheney’s maneuvering pushed the United States to the side-
lines, climate diplomacy entered what legal scholar Daniel Bodansky 
calls a “deep freeze.” Europe set up markets to pursue its emissions 
targets, with little hope of bringing the world’s two largest emitters, 
the United States and China, onboard. Annual climate talks came and 
went with little headway. The freeze began to thaw in Bali in 2007, 
when two paths for post-Kyoto climate action emerged. The first 
path sought to amend the Kyoto Protocol and set new emissions lim-
its for the years ahead, continuing its approach of top-down mandates 
and aiming to bring aboard developing countries to the extent possi-
ble. The United States largely sat out those efforts as a nonparticipant 
in the Kyoto Protocol. The second path sought a new paradigm for 
climate policy. Delegates in Bali gave themselves until the December 
2009 summit in Copenhagen to pursue each path and settle on a con-
sensus route forward.33

Hopes for the 2009 talks soared with the election of Barack Obama. 
In his first address to Congress, President Obama called to “save our 
planet from the ravages of climate change.” By July, President Obama 
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had joined his fellow Group of 8 leaders in Italy in pledging to seek a 
deal for a 50 percent reduction in global greenhouse gas emissions by 
2050, including an 80 percent reduction from developed countries. In 
other words, the “who” would be everyone, but wealthy countries 
would cut emissions more steeply.34

Fresh from receiving the Nobel Peace Prize in Oslo, President 
Obama arrived in Copenhagen touting “bold action at home” and a 
renewed commitment to leadership in climate diplomacy. With the 
economy mired in a deep recession, an economic stimulus bill had  
devoted $80 billion to clean energy. A House-passed cap-and-trade bill 
to cut emissions 83 percent by 2050 had not yet failed in the Senate. 
The EPA, with its newfound authority to address climate change under 
the Supreme Court’s landmark 5–4 ruling in Massachusetts v. EPA, was 
preparing to regulate greenhouse gas emissions directly in case legisla-
tion failed.35

However, as protesters filled the surrounding streets demanding 
stronger action, talks inside the Copenhagen summit quickly broke 
down. In chronicling the talks, science journalist William Sweet wrote 
that the Danes “seemed way over their heads” managing the summit. 
The tiny country’s leaders lacked the deft diplomacy that Fabius  
and his legendary corps of French diplomats would later use to forge 
compromise in Paris.36

But the deeper problem was the chasm between the positions of the 
negotiating parties. Poor and vulnerable countries sought binding 
emissions caps aimed at holding warming below 2°C and funding 
from wealthy nations to mitigate and adapt to climate change. U.S. 
negotiators knew that a treaty that forced the country to meet binding 
emissions limits or contribute massive amounts of foreign aid stood 
little chance of winning a two-thirds vote even in the Democrat-led 
Senate. They advocated a system of bottom-up national pledges, sub-
ject to rigorous reporting, that ultimately became the model for the 
Paris Agreement. China, which had recently surpassed the United 
States as the world’s leading carbon emitter, refused to set a deadline 
for its emissions to peak, let alone decline. It also rejected rigorous 
rules for reporting. Europeans were eager to garner any deal they 
could get but were unable to bridge the chasms. Moreover, the Great 
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Recession had pushed climate change to the back burner as countries 
focused on reviving their economies.37

Against those headwinds, negotiators could cobble together only a 
three-page agreement in the waning hours of the summit. Known as 
the Copenhagen Accord, it was merely “acknowledged” rather than 
formally adopted by the conference. Even so, the accord marked a 
turning point. Of the two paths that had emerged from Bali, only the 
second, more open-ended path proceeded. The Kyoto path dead-
ended in the accord’s appendix, which had been intended to show 
emission limits for a second phase of the protocol. Instead, it held a 
blank table on an empty page. Countries instead vowed to issue their 
own national commitments, setting the stage for the Paris Agreement. 
A system of “bottom-up” nationally set pledges, advocated by Ameri-
cans since Rio, had prevailed over “top-down” internationally set 
mandates. In return, developing countries won a pledge for $100 bil-
lion per year to help them mitigate and adapt to climate change. De-
spite the sticker price, the pledge was mostly hollow, since it included 
public or private or even “alternative sources of finance” and set no 
mechanism to ensure that the funding materialized. Some estimates 
suggest that funding reached only about half of the Copenhagen tar-
get in the ensuing decade.38

With its “accord” not even formally adopted, the Copenhagen talks 
left the international key to a climate breakthrough ungrasped. As 
Sweet put it, Copenhagen “epitomized all that had been wrong in two 
decades of climate diplomacy.” A landmark treaty would ultimately 
have to wait until 2015 in Paris.39

Paris Agreement

The seeds of the Paris Agreement were sown long before delegates 
arrived in the French capital. The Bali talks in 2007 had charted two 
paths for climate diplomacy, and only the path of bottom-up pledges 
had continued onward from Copenhagen. At the 2011 climate talks in 
Durban, South Africa, countries agreed to pursue a legally binding 
deal by 2015 that would take effect in 2020. At the intervening sum-
mits, negotiators made their most crucial decision: each party would 
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submit a “nationally determined contribution” setting forth its in-
tended actions to mitigate climate change. The “how” of pledge-and-
review had won out. The other American priority, that “who” would 
be everyone, prevailed as well. No longer would developing countries 
get a free pass. “The genius of Paris is that we’ve eliminated the idea 
that it’s a two-tiered process,” Kimble told me. “Under the Paris 
Agreement, everybody acts.”40

Months before Fabius welcomed delegates to Paris, nearly every 
country had submitted its intended contribution. The most pivotal 
pre-summit breakthrough came when President Obama and Presi-
dent Xi Jinping of China reached an agreement in Beijing in Novem-
ber 2014 that outlined their intended national contributions, 
established cooperation on clean energy research and deployment, 
and vowed to seek common ground in Paris. Left to be decided in 
Paris were technical details as well as the wording of the agreement’s 
twin goals.41

Observers of the Paris talks recall an unprecedented spirit of opti-
mism and cooperation, following the tone set by French leaders. Ter-
rorist attacks on the city two weeks before lent a sense of solidarity to 
the delegates as they met under tight security. Various countries, inter-
est groups, and activists staked out conflicting positions in Paris, but a 
spirit of compromise prevailed. The Climate Action Network, repre-
senting nine hundred nongovernmental organizations, focused on ad-
vocacy rather than street protests like those that had roiled Copenhagen. 
Europe and developing countries pushed for national commitments to 
be made legally binding but backed down to American opposition, 
averting a Kyoto-style schism. Final proceedings were delayed ninety 
minutes as Americans forced through wording of “should” rather than 
“shall” to codify the non-binding nature of key passages. Regarding 
transparency, a broad coalition overcame Chinese resistance to rigorous 
reporting of emissions, though details were left to be resolved at subse-
quent COP talks. In terms of targets, most developing countries pushed 
for a rigorous 1.5°C warming limit and net-zero emissions by 2060–
2080; most wealthier countries preferred 2°C and somewhat weaker 
long-term emissions targets. Negotiators met behind closed doors to 
paper over their differences.42
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All parties could leave Paris pointing to a win. Americans may have 
been the biggest winners, prevailing on the “how” of non-binding, 
bottom-up pledges with rigorous reporting and the “who” of includ-
ing all nations. As President Obama’s top climate envoy Todd Stern 
recalls, many of the key provisions of the agreement “were literally 
our ideas.” Europeans cheered the return of the Americans from their 
Kyoto isolation. China allotted itself more time than developed coun-
tries to rein in its emissions. Island nations and other vulnerable par-
ties won mention of 1.5°C in the warming target. All of this allowed 
parties to leave Paris on a celebratory note, calling it “a tremendous 
collective achievement” (European Union), “a marvelous act” 
(China), “a resounding triumph of multilateralism” (St. Lucia), and “a 
tremendous victory for the planet” (United States).43

Given the praise heaped on the Paris Agreement, it is tempting to 
wonder whether its “how” and “who” of bottom-up pledges by all na-
tions could have prevailed sooner. But even in hindsight, it may have 
been inevitable that top-down Kyoto-style mandates would have to fail 
before bottom-up pledges could be pursued as a plan B. History’s most 
successful environmental treaty, the Montreal Protocol, had tackled 
ozone depletion with a top-down, developed-countries-first approach. 
As Kimble told me, “It’s common for people solving big problems to 
look at solutions that have worked.” Negotiators in Rio and Kyoto had 
seen the Montreal Protocol as the solution that was working for the 
other grand challenge of the global atmosphere, ozone depletion. Coun-
tries had not demonstrated that they would act on voluntary pledges; in 
fact, they still have not, as many Paris pledges remain unfulfilled.44

In any case, the Paris Agreement, updated by COP talks each year, 
is now the defining document for international climate policy. Coun-
tries approved the agreement so quickly that it officially entered into 
force on November 4, 2016. That was four years ahead of schedule, 
but also four days before the election of the president who subse-
quently pulled the United States out of the agreement. Still, by July 
2020, the Paris Agreement had been signed by virtually all of the 197 
parties to the UNFCCC and ratified by 189 of them. Only the United 
States temporarily withdrew, and after the election of President Joe 
Biden it soon rejoined the agreement. Unlike the skimpy Copenha-
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gen Accord, the Paris Agreement weighs in at a hefty 29 articles after 
a lengthy preamble. Rather than slogging through all of the articles, 
I’ll focus here on the landmark goals set by Articles 2 and 4.45

A Measure of Degrees

Article 2 of the Paris Agreement states the accord’s most heralded aim: 
“Holding the increase in the global average temperature to well below 
2°C above pre-industrial levels and pursuing efforts to limit the tem-
perature increase to 1.5°C above pre-industrial levels.” In the public 
imagination, this temperature target has become synonymous with 
the accord itself. An Eiffel Tower emblazoned with “1.5 DEGREES” 
welcomed delegates to Paris; “1.5 to well below 2 degrees” has become 
shorthand for the agreement ever since.

Iconic as the temperature target has become, it wasn’t a given that 
climate diplomacy would be framed in terms of a warming limit. After 
all, the Kyoto Protocol, like the Montreal Protocol, had been framed in 
terms of timetables and emissions limits instead. The concept of warm-
ing limits emerged somewhat accidentally from the writings of Yale 
University economist William Nordhaus, who in 1975 mused that “it 
seems reasonable to argue that the climatic effects of carbon dioxide 
should be kept well within the normal range of long-term climatic vari-
ation.” Nordhaus thought that this range topped out at 2 or 3 degrees 
above temperatures at the time. More recent analyses suggest that tem-
peratures last peaked around 12,000 years ago at just 1 to 2 degrees 
above pre-industrial levels, closer to the Paris thresholds.46

Nordhaus, who in 2018 won the Nobel Prize in Economics for in-
tegrating climate change into economic analysis, never intended for 
his thought experiment about a warming limit to become the basis for 
climate policy. In fact, he considered any warming limit to be “deeply 
unsatisfactory,” preferring that society aim to maximize benefits mi-
nus costs. Other scholars have criticized temperature targets as a way 
for “politicians to pretend that they are organizing for action when, in 
fact, most have done little.”47

Nevertheless, warming limits have taken hold because they ground 
climate diplomacy in terms of the risks we are trying to avert and allow 
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outcomes to be readily tracked. By contrast, aiming to optimize benefits 
minus costs would rely on wildly uncertain economic predictions. Valu-
ations of the benefits of curbing climate change vary by an order of 
magnitude, since it is impossible to predict precisely how human health 
and the economy will be affected. For costs, industry representatives 
and regulators have historically vastly overpredicted the costs of con-
trolling emissions of other air pollutants. They often fail to foresee in-
novations that arise once industries respond to incentives or mandates, 
as regulation drives innovation. As Chapters 4–7 show, emerging tech-
nologies could enable us to transition away from fossil fuels and remove 
carbon dioxide far more affordably than was once thought.48

Given that most of the Paris delegates agreed that a warming limit 
should be set, the levels set in Article 2 reflected a compromise among 
Saudi Arabia, which opposed any mention of 1.5°C; wealthy nations, 
which backed a 2°C target; and the Alliance of Small Island States and 
other “climate vulnerable” nations, which saw 1.5°C as a threshold for 
ensuring their survival. Although the “linguistic gymnastics” of Article 
2 achieved the consensus required under UNFCCC protocol, it leaves 
the temperature target open to wide differences in interpretation. Since 
we have already warmed by roughly 1.2°C, a limit of 2°C allows for 
more than twice as much future warming, and thus more than twice as 
much emissions, as a 1.5°C limit.49

Aiming for Zero

Ambiguities in its phrasing and scientific uncertainties in relating it to 
emissions budgets make Article 2’s temperature target a shaky founda-
tion for policy. The Paris Agreement’s more actionable target comes 
in Article 4: “Parties aim to reach global peaking of greenhouse gas 
emissions as soon as possible, recognizing that peaking will take lon-
ger for developing country Parties, and to undertake rapid reductions 
thereafter . . . so as to achieve a balance between anthropogenic emis-
sions by sources and removals by sinks of greenhouse gases in the 
second half of this century, on the basis of equity, and in the context of 
sustainable development and efforts to eradicate poverty.” Climate 
policy scholar Oliver Geden describes Article 4 as setting countries on 
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a “race to net zero,” with mere decades to reach the finish line. Unlike 
trying to squeeze emissions into a carbon budget, when the goal is net 
zero, every source must be balanced by a sink. As Geden told me, 
“When you frame things as a path toward zero, building a coal power 
plant becomes so blatantly inconsistent with your goal.”50

Still, the phrasing of Article 4 contains crucial ambiguities. The Eng-
lish, Chinese, Russian, and Arabic versions leave unclear whether “an-
thropogenic” (human-caused) applies to sinks as well as sources, but the 
equally authoritative French and Spanish versions indicate that it does. 
Anthropogenic sources such as power plants and vehicles are relatively 
well-defined in UNFCCC reporting guidelines, but anthropogenic 
sinks from agriculture and forestry are more open to interpretation, 
especially when managed lands are affected by natural processes. Fur-
thermore, not all sinks are created equal. Carbon sequestered deep un-
derground can remain there for millennia, but carbon absorbed by 
forests could be re-emitted by the next wildfire or pest infestation.51

“Greenhouse gases” were made the gauge of the net-zero balance 
at the insistence of fossil fuel exporting countries, which did not want 
attention focused solely on carbon dioxide emissions. Ironically, net-
zero greenhouse gases (“climate neutrality”) is actually tougher to 
reach than net zero for carbon dioxide alone (“carbon neutrality”). 
This is true because some greenhouse gases like nitrous oxide lack 
anthropogenic sinks, so balancing their emissions actually requires 
net-negative carbon dioxide, with sinks exceeding emissions. The 
IPCC has found that holding warming below 1.5°C will likely require 
carbon neutrality by around 2050 and climate neutrality before 2070.52

Referring to greenhouse gases collectively also opens up questions 
about how to value gases with very different lifetimes in the atmo-
sphere. Traditionally, this is done by comparing the heat trapped by 
each gas over a 100-year time span. But calculations of this metric are 
uncertain. Short-lived gases such as methane will cause a lot more 
warming now, and a lot less later, than a 100-year metric would sug-
gest. Greenhouse gases also differ in their side effects, such as the 
ground-level ozone smog that forms from methane, the stratospheric 
ozone depletion caused by CFCs, and the ocean acidification caused 
by carbon dioxide.53
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The “second half of this century” opens up a fifty-year window for 
achieving a net-zero balance. Warming could vary by a degree or more 
depending on when we reach net zero and the path we take to get there. 
Article 4 specifies that developing countries can take longer before their 
emissions peak, but it leaves unclear how to determine “equity,” “differ-
entiated responsibilities,” and “respective capabilities.” Most scholars 
agree that the United States, given its outsized responsibility for histori-
cal emissions and its relative wealth of financial and natural resources to 
pursue clean energy and carbon sinks, should be among the earliest na-
tions to achieve net zero. “There’s a need for major emitters to move 
more quickly so we have confidence that we will meet the global average 
time frame,” said Kelly Levin, who has written extensively about climate 
targets for the World Resources Institute. “The United States and ide-
ally a few other major emitters beating the global average gives us a 
higher chance of actually reaching those global average goals at the right 
time.” Of course, under the Paris approach, each nation chooses the tim-
ing and scope of its own commitments and how vigorously to pursue 
them. Given the ambiguities of Articles 2 and 4, it is those national 
choices in the years ahead that will determine the future of our climate.54

National Contributions

While Articles 2 and 4 of the Paris Agreement set the goals, the work-
horses for achieving these targets are the nationally determined con-
tributions. Unfortunately, the intended contributions that countries 
submitted by 2020 are nowhere near sufficient to meet the agree-
ment’s twin goals. Climate Action Tracker, a consortium of three re-
search organizations, estimates that even if every nation fully achieves 
its pledge, temperatures will rise nearly 3°C above pre-industrial lev-
els by 2100 and continue rising thereafter. Since most nations are off 
track from achieving their pledges, actual warming will likely be 
slightly higher. As climate policy scholar David Victor of the Univer-
sity of California at San Diego told me, “We’ve got an oversupply of 
ambitious targets and goals, and an undersupply of action.”55

The United States committed to reducing net greenhouse gas 
emissions 26–28 percent below 2005 levels by 2025 and reiterated 
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President Obama’s ambition for an 80 percent reduction by 2050. Its 
Paris pledge did not set a timeline for net zero, although a subsequent 
White House strategy document in 2016 showed that cutting overall 
greenhouse gases by 80 percent would actually entail cutting carbon 
dioxide by nearly 95 percent, nearing carbon neutrality. President Joe 
Biden in 2021 announced his intention to strengthen the U.S. target 
to a 50–52 percent reduction by 2030 and net zero by 2050.56

The United States is far off track from achieving those targets. Net 
emissions fell 10 percent from 2005 to 2018, but much of that progress 
came from special circumstances: the recession that suppressed energy 
demand from 2007 to 2009; a subsequent recovery package signed by 
President Obama that subsidized energy efficiency and clean energy; a 
shale boom that helped natural gas outcompete dirtier coal but risks 
crowding out renewable alternatives; and temporary tax credits for  
energy efficiency, wind power, solar power, and electric cars. The  
COVID-19 pandemic temporarily curbed emissions, mostly due to 
short-term dips in vehicle use and air travel, but its long-term impacts 
remain unclear. In 2021, the Energy Information Administration pro-
jected that in the absence of new policies, energy sector emissions will 
stay flat through the middle of the century, putting the U.S. emission 
reduction targets out of reach. Climate Action Tracker expects most 
other countries to miss their targets too.57

The Road Ahead

The Paris Agreement ended the futile quest for setting top-down na-
tional greenhouse gas limits at a global negotiating table, as the Mon-
treal Protocol had done for niche CFCs. Carbon dioxide is too 
pervasive a gas, and the U.S. Senate too wary a body, for even weak 
caps to be set at faraway conferences. The Kyoto Protocol tried to do 
just that and left climate diplomacy adrift for decades. The Paris 
Agreement provided a fresh start by letting countries set their own 
bottom-up commitments.

The Paris Agreement can be only as successful as the commitments 
themselves. So far, the pledges are no match for the treaty’s aspira-
tions, and countries face little consequence for setting them too weak 
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or failing to uphold them. That makes it easy to dismiss the treaty as 
yet another failure of climate diplomacy.

With the climate warming so fast, it’s too late to start from scratch 
and build global consensus for a new approach. The Paris Agreement is 
what we’ve got in the global arena. Fortunately, less heralded features of 
the treaty beyond its headline targets provide tools for strengthening 
the treaty from within, as I’ll explain in the next chapter.

The international key to confronting climate gridlock won’t be seized 
by global consensus-driven approaches alone. More targeted and  
nimble alliances of the willing must augment the global framework. As 
Susan Biniaz has written, “the [Paris] Agreement cannot meet the enor-
mity of the challenge on its own.” Emerging ideas for climate clubs and 
other measures offer opportunities for reinforcing and acting beyond 
the Paris Agreement, as the next chapter will reveal.58
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The Paris Agreement’s requirement for each country to set its own 
national commitment poses a dilemma. The more ambitious the com-
mitment, the costlier it may be to attain, at least if clean energy is 
costlier than fossil fuels. However, if aggregate commitments are 
weak, warming will continue unabated. A long-ago experiment with a 
classic game sheds light on how countries should handle this dilemma. 
Looking ahead, innovative diplomacy within and beyond the Paris 
framework along with emerging technologies could upend the di-
lemma itself by creating a self-interest in greater ambition.

Insights from a Classic Game

Invitations were mailed from University of Michigan political  
scientist Robert Axelrod recruiting competitors for a friendly tourna-
ment. It was an eclectic invitation list: mathematicians from Texas, 
New York, and Switzerland; economists from Yale and Virginia; psy-
chologists from Canada and North Carolina. Across their disparate 
disciplines, the invitees shared one common trait: an expertise in 
game theory about the game they were asked to play, the prisoner’s 
dilemma.1

The prisoner’s dilemma mimics the choices faced by two prisoners 
who conspired in a crime. The prisoners sit in isolated cells as they  
are interrogated by prosecutors. If both prisoners cooperate with each 
other and stay silent, both can escape conviction. If only one prisoner 
defects, he can testify that the other committed the crime and be re-
warded for his testimony. If both prisoners defect, both will be con-
victed and share responsibility for the crime. The crucial feature of 
the game is that the conspirators are collectively better off if they co-
operate with each other in staying silent. But individually, not know-
ing his conspirator’s response, each prisoner is personally better off 
defecting.

three THE ROAD FROM PARIS
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Fourteen of the game theory experts accepted Axelrod’s invitation. 
Each submitted a program instructing the computer on a strategy for 
what moves to make. The year being 1979, the programs were written 
in FORTRAN or BASIC and mailed in on paper. Axelrod and his as-
sistant coded them into a computer and paired each entry with each 
other in 200-round matchups. Although the players could not com-
municate directly, the 200-round format meant that their strategies 
could account for each other’s previous moves when setting their next 
move.2

Tallying the scores, Axelrod was stunned to see the results. The 
shortest entry, a mere four lines of FORTRAN submitted by mathe-
matical psychologist Anatol Rapoport, had won the tournament. 
Axelrod then posted ads in computer journals inviting entries for a 
second tournament. He provided the strategies and results from the 
first tournament for contestants to consider as they crafted their strat-
egies. This time, entries poured in from sixty-two players from six 
countries, ranging from a ten-year-old computer hobbyist to the same 
game theorists who had competed in the first round. But none of 
them managed to beat Rapoport, who won again with the same four 
lines of code.3

Rapoport’s winning strategy was simple: tit for tat. Cooperate in the 
first round. Then, in each other round, do whatever the other player 
did in the previous round. In other words, retaliate once after each 
defection and cooperate after each cooperation.

Why did this simple tit-for-tat strategy succeed while others floun-
dered? Axelrod devoted an entire book, The Evolution of Cooperation, to 
drawing lessons from his tournaments and related game theory. His 
purpose was to address a central question that implicitly encapsulates 
the challenge of climate diplomacy: “Under what conditions will co-
operation emerge in a world of egoists without central authority?” 
Axelrod concluded that cooperation could indeed emerge as a win-
ning strategy, even without a central authority to enforce cooperation 
on selfish players, if the playing field was aligned properly and players 
adopted wise strategies.4

In particular, Axelrod noted that four traits set apart the high-scor-
ing strategies in his tournaments: they were nice, retaliatory, forgiv-
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ing, and clear. Being “nice” by not defecting first mattered most of all. 
That is a paradoxical result, since the prisoner’s dilemma rewards each 
player for defecting, if the other player’s moves are a given. But in the 
tournaments, as in life, the actions of others are not a given. Our his-
tory of interactions, whether in daily encounters or climate action, 
can influence each other’s next steps. Niceness can succeed if it elicits 
niceness from others.5

Niceness alone won’t elicit niceness. Instead, it invites exploitation. 
Rapoport’s strategy avoided that fate by starting out nice, retaliating 
against meanness, and then being forgiving—returning to niceness as 
soon as the other player did too. Moreover, his strategy was clear, so 
others soon learned that their niceness would be reciprocated.

Rapoport’s victory came not by domination but by fostering mutual 
success. In fact, he did not beat the other players in head-to-head 
matchups. Instead, his strategy maximized his cumulative scores, and 
thus won the tournaments, by eliciting more cooperation than any 
other, enabling both players to score highly in his matchups. Blending 
niceness, retaliation, forgiveness, and clarity bred a virtuous cycle of 
cooperation, even without a higher authority to enforce it. Those four 
simple traits helped everyone score higher, fostering mutual success as 
will be needed to confront climate change.

Lessons from Game Theory for Climate Diplomacy

Axelrod’s book discussed how the four winning traits—being nice, re-
taliatory, forgiving, and clear—could help cooperation emerge to ad-
dress an array of challenges: nuclear arms control, divorce settlements, 
business competition, congressional deal-making, and so on. Not 
mentioned among those challenges was climate change. After all, the 
book was published in 1984, eight years before the Rio summit. Doz-
ens of books and hundreds of articles have been written on the game 
theory of climate change since then, but the most crucial lessons still 
trace back to those four winning traits. Although scholars are increas-
ingly recognizing how climate diplomacy differs from the prisoner’s 
dilemma, Axelrod’s quartet of winning traits remains as central as ever 
to successful outcomes.6
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Mitigating climate change is a particularly vexing challenge, in part 
because of the mismatch between who benefits and who pays. The 
benefits of a stable climate, though vast, are uncertain and dispersed 
across billions of people, many living in vulnerable countries with lit-
tle geopolitical power and scant emissions to control. The costs of 
mitigation, by contrast, are borne mostly by polluting industries that 
may lobby aggressively to oppose costly actions. Moreover, policies 
whose impacts transcend centuries are being negotiated by politicians 
focused on the next election, with no input from yet-to-be-born gen-
erations. All of this creates a self-interest to do less, even if the world 
would be better off if everyone did more. Some actions will be pur-
sued because they yield immediate local benefits, such as energy sav-
ings, jobs, and cleaner air and water. However, deeper cuts in 
emissions beyond local self-interest will require cooperation to 
emerge among selfish nations.

Key features of Axelrod’s tournaments hold true in climate diplo-
macy. Parties focus mainly on their own self-interest. They know 
their shared history, but not their future. Cooperation is mutually 
beneficial but may be individually costly. There is no central authority 
to impose a deal or enforce compliance.

Distinctions between the prisoner’s dilemma and climate diplo-
macy must be noted too. Unlike Axelrod’s contestants, world leaders 
and diplomats can and do communicate. Each country’s actions are 
determined not by a single leader or algorithm, but by the interplay of 
numerous actors at all levels of government, industry, and society. 
Many influential actors in government and industry, along with the 
majority of voters in domestic and global surveys, increasingly want 
their country to act on climate regardless of what other countries do. 
Their desires reflect rising concern about climate change and a grow-
ing awareness that clean energy yields local benefits beyond the global 
benefits to climate. But they must overcome inertia and face pushback 
from industries and politicians opposed to climate action. To help 
them do so, political scientists Michaël Aklin and Matto Mildenberger 
have written that climate diplomacy “should focus on empowering 
pro-climate constituencies” to seek stronger domestic actions, rather 
than on preventing the free-riding that is central to the prisoner’s di-
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lemma. Nonetheless, the same winning traits that fostered coopera-
tion and deterred free-riding in Axelrod’s tournaments can help 
provide that empowerment.7

A History of Flawed Strategies

Reflecting on the history of climate diplomacy, we see that each major 
player has deviated from Rapoport’s four winning traits: niceness, re-
taliation, forgiveness, and clarity.8

The United States has been neither nice nor clear. It was the first 
nation to defect from the Kyoto Protocol and the only one to leave 
the Paris Agreement. Its contributions to the Green Climate Fund 
and other foreign aid have been paltry. Clarity vanishes with each 
election. “Every four or eight years, each party undoes everything the 
other party did,” said environmental policy scholar Benjamin Sova-
cool, who has tallied more energy policy reversals in the United States 
than in any other developed country.9

However, when the United States does act, it usually insists on rec-
iprocity from other countries. For example, the Montreal Protocol 
extended and internationalized domestic CFC restrictions that the 
United States had already adopted. The Senate’s Byrd-Hagel resolu-
tion insisted that any treaty limiting U.S. emissions must limit devel-
oping countries’ emissions too. Most American bills and proposals for 
carbon pricing have included provisions to impose a carbon tariff or 
“border adjustment tax” on imports from any country that does not 
cap or tax carbon as well. Such tariffs can reassure American industries 
and workers that carbon pricing will not place them at a competitive 
disadvantage, and they may prod other countries to establish their 
own carbon pricing. A border adjustment tax was a prominent feature 
of the Waxman-Markey cap-and-trade bill that passed the House but 
not the Senate in 2009; the carbon fee-and-dividend plan crafted by 
retired Republican statesmen in 2017; the Green New Deal proposed 
by liberal Democrats in 2019; and the campaign platforms of Joe 
Biden and other Democratic presidential candidates in 2020. Of 
course, none of those proposals became law, and emissions remain 
unpriced in most of the United States outside of California and power 
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plants in northeastern states. Nevertheless, this tradition of reciproc-
ity being demanded by the largest economy in the world provides 
enormous leverage to internationalize any domestic actions that are 
taken. Trouble is, the United States hasn’t been nice enough to take 
many actions that are worth spreading.10

The European Union has been far nicer, seeking cooperation at 
every turn and accepting some of the steepest emissions cuts in the 
Kyoto and Paris agreements. Its emissions trading system and other 
policies have yielded substantial progress. But Europe has been less 
concerned with reciprocity than the United States, choosing not to 
retaliate against inaction by the United States and others. When the 
United States failed to ratify the Kyoto Protocol and some other 
countries withdrew or missed their targets, Europe imposed no con-
sequences and remained committed to its target.

While the European Union has been pricing carbon through cap-
and-trade for its own industries since 2005, it has not coupled domestic 
pricing with a carbon tariff as American legislation would have done. 
Ahead of the Copenhagen talks in 2009, French president Nicolas  
Sarkozy urged the European Union to impose a carbon tariff on im-
ports from countries that did not price carbon. But in retaliation-averse 
Europe, Germany’s environment secretary denounced Sarkozy’s pro-
posal as “eco-imperialism.” Sweden’s environment minister called it 
“green protectionism.” Sarkozy revived the idea of carbon tariffs while 
campaigning to retake office in November 2016, calling for them to be 
imposed on imports from the United States if president-elect Donald 
Trump carried through on his threats to quit the Paris Agreement. The 
idea was again rejected by European leaders. When President Trump 
announced in 2017 his intention to withdraw from the Paris Agreement, 
Europe again imposed no consequences and instead reiterated its com-
mitments. China has allowed emissions to soar with little consequence 
from Europe.11

The European Green Deal passed by the European Commission in 
2020 unilaterally strengthened the EU’s Paris pledge for 2030 by an 
extra 10 to 15 percentage points and committed the bloc to becoming 
climate neutral by 2050. That may have given Europeans the moral 
high ground for their niceness, but it reiterated to other countries that 
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there would be no retaliation for their inaction. Why should  
other countries be nice when they can free-ride on the niceness of the 
Europeans?12

An insistence on reciprocity may finally be emerging at the time of 
this writing. In the December 2020 Brexit deal, the EU insisted that 
the United Kingdom reaffirm its aims for climate neutrality by 2050. 
The EU was developing plans to impose a carbon tariff in 2021.13

Rapidly growing countries such as China and India have not always 
been nice or clear. Their refusal to accept emissions targets in the Kyoto 
Protocol undermined its prospects in the U.S. Senate. Many develop-
ing countries have shifted in and out of alliances with unclear bargain-
ing positions. Meanwhile, island states and other vulnerable nations 
have at times been unforgiving, seeking reparations for damages from 
past emissions. Such demands may seek to address injustices but can 
stifle cooperation on mitigating future harm. China’s pledge in 2020 to 
go carbon neutral by 2060 could be a major turning point. If fulfilled, 
that commitment would cut projected warming by 0.2 to 0.3°C and set 
an example for other growing economies to follow.14

There are self-interested advantages to not being nice, retaliatory, 
forgiving, and clear. Not being nice can be profitable if it triggers no 
retaliation from others. American industries have prospered by burn-
ing cheap fossil fuels without paying carbon taxes. China industrial-
ized its economy with cheap coal while resisting emissions limits in 
treaties. Not retaliating against the United States and China makes 
sense for countries that fear triggering a trade war with the world’s 
largest economies. Public support for climate action in Europe has 
been strong, even when actions are taken unilaterally. Forgiveness is a 
bitter pill to swallow for island nations that see their very existence 
threatened by sea level rise. Clarity is difficult to maintain in the 
United States, where political power swings with each election and a 
minority of senators can block legislation and treaties. Yet whatever 
the reasons, the flawed strategies of the major players have left us  
with what climate scholar David Victor called, in the title of his  
book, global warming gridlock. Adopting the four winning traits that 
Axelrod identified for eliciting cooperation will be key to confronting 
that gridlock. I’ll turn first to how cooperation can emerge in the 
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global arena under the Paris Agreement before exploring what should 
be pursued in more targeted partnerships beyond it.15

Opportunities Within the Paris Framework

The framers of the Paris Agreement crafted it more as a constitution 
than a detailed code of law. They did so by choice, to enable details to 
evolve in an overarching framework, and by necessity, to paper over  
differences with clever ambiguity and win acceptance from nearly  
two hundred countries. At this point, it’s too late to replace the Paris 
Agreement with an entirely new framework. Emissions reductions must 
begin now. Renegotiating a global framework would take years. Thus, 
what we need is to work more effectively within the Paris framework, 
while also pursuing other actions beyond it. “We don’t need to negoti-
ate a new agreement; all we need to do is make Paris work,” said Me-
linda Kimble, the former U.S. climate negotiator.16

Making Paris work will depend on reinforcing the agreement’s 
three main components: the rulebook, stocktakes, and nationally de-
termined contributions or “commitments.”

The rulebook fleshes out how the Paris Agreement operates and 
how countries report progress on their national commitments. Dele-
gates established an initial 133-page rulebook at the 2018 climate sum-
mit in Poland. Contentious follow-up talks in Spain in 2019 yielded 
little headway, and the 2020 summit was postponed due to the  
COVID pandemic.17

Operating under the guidance of the rulebook, the five-year cycles 
of conducting stocktakes and updating national commitments are the 
“beating heart” of the Paris Agreement. Since the initial Paris com-
mitments were widely seen as inadequate for meeting the agreement’s 
temperature targets, it is these cycles that offer hope of bending emis-
sions curves toward achieving them.18

From a game theory perspective, the cycles turn climate diplomacy 
into an “iterated” (repeated) game. If a game like the prisoner’s di-
lemma is played just once, non-cooperation is the winning strategy. 
Cooperation can emerge if players use their actions in each round to 
signal what their counterparts should do in subsequent rounds. That’s 
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what Rapoport’s winning tit-for-tat strategy did so effectively. Axelrod 
called it the “shadow of the future”—the more that players expect to 
be interacting in the future, the greater their incentive to cooperate 
today. Similarly, knowing that more rounds of stocktakes and updates 
lie ahead creates accountability, spurring countries to uphold and en-
hance their commitments and enabling them to set consequences for 
others that fail to do the same. A virtuous cycle of accelerated action 
can take hold. Cooperation can indeed emerge.19

Stocktakes were established as a means of assessing progress ahead of 
each round of updated commitments, which are due two years later. 
The first stocktake, scheduled for 2023, will set crucial precedents for 
future ones. The United States could be pivotal to seeking rigor in the 
stocktakes. As William Sweet wrote in his history of climate diplomacy, 
the United States consistently advocated transparent and rigorous ac-
counting and reporting, even when its commitment to action wavered. 
It was American negotiators who insisted that the Paris Agreement fea-
ture binding provisions for reporting, even though emissions commit-
ments are non-binding. The hope was that transparent reporting and 
peer pressure would enable countries to prod each other to continue 
ratcheting up their efforts. Even at the Trump-era climate summits in 
Poland and Spain, “transparency remained a top priority for U.S. nego-
tiators,” said Simon Evans, who covers the summits as deputy editor of  
Carbon Brief. Trump’s team continued to ally with European negotia-
tors to insist on transparent reporting standards in the rulebook. “With 
his administration apparently only caring about the ‘we’re out of Paris’ 
headlines, the word at the [summits] was that the U.S. negotiating  
team continued much as before, . . . negotiating with an eye on U.S. re-
entry,” Evans told me.20

Stocktakes will not only inventory emissions but also assess the ef-
fectiveness of control measures and efforts for promoting adaptation 
and resiliency, financial support for developing countries, and technol-
ogy development and transfer. At the insistence of vulnerable nations at 
the Poland summit, loss and damage caused by climate change were 
added to the scope. The vast breadth of the stocktakes will make them 
unprecedented opportunities to gauge what’s working and what gaps 
remain. Done well, the stocktakes will yield an unparalleled array of 
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data to inform future efforts. The collaborations across governments, 
industry, and academia that will be needed for rigorous stocktakes could 
form the basis for ongoing reviews of progress. Done poorly, the stock-
takes could undermine hopes for clarity and accountability.21

The 2023 stocktake is likely to portray a yawning gap between ambi-
tion and reality. Contributions to the Green Climate Fund to support 
adaptation and emissions mitigation in developing countries cover only 
a tiny fraction of the $100 billion per year intended to come from 
wealthier countries. Emissions have continued to rise, rather than fall-
ing toward a net-zero balance. Even if all countries fully achieve their 
commitments issued by 2020, that would merely be enough to flatten 
global emissions rather than reduce them by roughly 25 percent by 2030 
as needed to be on pace for a 2°C limit, or 50 percent as needed for 
1.5°C, according to the United Nations Environment Programme. If 
countries remain off track from meeting their commitments, actual 
gaps could grow even larger. All this leaves the world on pace for 
roughly 3°C of warming above pre-industrial levels by 2100, unless 
China and other countries begin backing up their recently announced 
net-zero aspirations with firmer actions.22

Following each stocktake, countries must update their national 
commitments. Rapoport’s four winning traits can inform those up-
dates. A vigorous rulebook can ensure the clarity of commitments. If 
Europe and other historically “nice” players act with more reciprocity 
and willingness to retaliate, they could prod laggards like the United 
States and China to do more. If the United States and China play nice 
by backing up ambitious aspirations with vigorous domestic policies, 
they could send a powerful signal for other countries to follow suit. 
The United States has especially strong leverage, given its tendency 
to demand reciprocity. Emerging from the Trump era, when the 
United States stood alone in shirking the Paris Agreement, a little bit 
of niceness could go a long way.

Clarity is also crucial to climate diplomacy. Globetrotting diplo-
macy by the French ahead of the Paris talks forged a spirit of compro-
mise, which had been elusive in Copenhagen. The United States and 
China prodded each other to pursue more ambitious commitments, as 
announced by Presidents Barack Obama and Xi Jinping at their 2014 
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Beijing summit. Unfortunately, too many other nations developed 
their initial commitments in relative isolation.23

More extensive bilateral and multilateral diplomacy is needed for 
countries to propel each other toward greater ambition in each cycle of 
stocktakes and enhanced commitments. Coordinating commitments 
with trade rivals and allies alike can give countries confidence that they 
will not put their industries at a competitive disadvantage. Further con-
fidence and leverage can be gained by making pledges conditional on the 
actions of others. “A pledge should be set up as ‘I’ll do X, but I’ll do X+2 
if other countries do X+2,’ ” suggests Victor. Many developing countries 
set their Paris commitments on a conditional basis. For example, Mexico 
pledged unconditionally to reduce emissions by 25 percent below busi-
ness as usual by 2030, but by 40 percent if there is a global agreement for 
carbon pricing and technical support. Morocco pledged to reduce emis-
sions by an additional 25 percent by 2030, conditional on receiving finan-
cial support. So far, those conditions are not being met. Globally, 
neglecting the conditional pledges would forgo the opportunity for 3 
billion tons of annual carbon dioxide emissions reductions by 2030.24

History shows that for the United States, domestic policy advances 
should precede international commitments, not the other way around. 
The Montreal Protocol built upon CFC restrictions that were already 
underway in the United States. The Kyoto Protocol, by contrast, set 
an emissions cap for the United States that was not backed by domes-
tic policy. As former U.S. climate negotiator Susan Biniaz recalls, “We 
had very little leverage or diplomatic ability to go to other countries 
to ask them to take on measures or targets when we had no domestic 
measures or targets ourselves.”25

Embedding domestic policies as updates to Paris commitments could 
make them more durable. If other countries adopt policies contingent 
on those commitments, reneging on them could trigger retaliation. 
Reciprocity by allies and rivals might not trump the whims of a rash 
president or prime minister, but it would show persuadable legislators 
that there are consequences to abrogating a country’s responsibilities. 
All of this depends on other countries adopting more of Rapoport’s 
winning traits like clarity and retaliation, rather than leaving their strat-
egies unclear or turning the other cheek to a country’s retrenchment.
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Specific policies enacted into law are the workhorses of Paris com-
mitments. However, emissions targets and timetables provide valu-
able framing, even if policies have not yet risen to their ambition. 
When the Trump administration began maneuvering to exit the Paris 
Agreement, hundreds of businesses, states, and cities signed on to the 
America’s Pledge and We Are Still In initiatives, in which they pledged 
to reduce emissions in line with the targets set in the U.S. commit-
ment. Empowering pro-climate constituencies like these is one of the 
most important benefits of a climate treaty, and targets give them a 
focal point to align their efforts. When nations strengthen their tar-
gets and timetables, corporate and sub-national actors can strengthen 
their pledges accordingly.26

Opportunities Beyond the United Nations Framework

The United Nations–backed framework that was established in Rio 
and extended by the Paris Agreement operates on the basis of consen-
sus among all parties. With nearly two hundred parties on board, the 
framework now involves nearly every nation on Earth.

Global consensus has its appeal. A global challenge would seem to 
require global solutions. Anything less would not tackle all emissions 
and would let outsiders free-ride on the contributions of members. 
Consensus is needed to avoid encroaching on the sovereignty of  
nations.

But a global consensus can only take us so far. Political scientist 
Arild Underdal warned that “collective action will be limited to those 
measures acceptable to the least enthusiastic party.” At climate sum-
mits, the least enthusiastic parties are typically oil exporting countries 
such as Saudi Arabia. The wording of the Rio framework and the 
Paris Agreement had to be weakened to win their consent. The Kyoto 
Protocol set weak caps for rich countries and no caps for poor ones, 
yet still could not bring all parties to consensus.27

One way to sidestep the veto of the least enthusiastic countries in 
global forums is to create coalitions of enthusiastic ones in smaller set-
tings. The simplest coalition is of course an agreement between two 
nations, forged by bilateral diplomacy. For example, Norway has part-
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nered with Indonesia to reduce deforestation and fires there. Those 
fires are exceptionally polluting, since many Indonesian forests sit 
atop layers of peat that can smolder for weeks. Especially severe peat-
land fires in 2015 blanketed Southeast Asia with haze and led to more 
than 100,000 premature deaths. Fires can be averted relatively afford-
ably, but Indonesia lacks the resources to do so on its own. The cleaner 
air, preserved forests, and assistance that come with this partnership 
provide Indonesians with ample reason to embrace it, even if it means 
forgoing some slash-and-burn agriculture and grazing. Meanwhile, 
Norway is already among the world’s leaders in adopting clean energy 
and electric cars, and its population is small. Thus, its partnership 
with Indonesia expands its capacity to reduce emissions. The United 
States could pursue deals with allies in the Americas to protect forests, 
reduce livestock emissions, or store carbon in soils.28

Climate Clubs

Broader coalitions of ambitious nations could pursue greater progress 
by forming climate clubs. Such clubs could take a variety of forms, and 
a panoply of clubs could be more effective than any one club alone.

The most highly cited concept for a climate club arose in a 2015 
paper by Yale University economist William Nordhaus, who made it 
the centerpiece of his acceptance speech for the Nobel Prize. Nord-
haus suggested that club members should agree upon a carbon tax rate 
and impose carbon tariffs on imports from non-member countries 
that do not price carbon, much like the border adjustment taxes that 
have been staples of U.S. carbon pricing proposals.29

Nordhaus’s approach is well grounded in economics, since carbon 
taxes promote cost-effective emissions reductions and a club would 
extend its reach. The accompanying carbon tariff would give other 
countries an incentive to join the club, so that their industries pay 
carbon taxes domestically rather than carbon tariffs to other coun-
tries. However, a tax-based club flies in the face of history and politics. 
The United States has never accepted climate mandates set in the in-
ternational arena. Can we really expect that a club of countries will 
agree to a uniform carbon tax and maintain it through ever-shifting 
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political and economic conditions? Perhaps a handful of countries 
would, but it’s hard to imagine the United States doing so. Countries 
outside the club might retaliate with tariffs of their own. Moreover, a 
club of wealthy countries imposing carbon tariffs on imports from 
poorer ones would exacerbate inequality. “The idea of climate clubs 
deserves serious consideration, but it must actively guard against cre-
ating a new global governance regime that reinforces the economic 
and geopolitical imperialism of the past,” said Arvind Ravikumar,  
an assistant professor of geosystems engineering at the University of 
Texas at Austin.30

A more flexible vision for climate clubs was introduced in 2011 by 
David Victor in his book Global Warming Gridlock. In Victor’s ap-
proach, countries would come together much like they do for trade 
deals such as the North American Free Trade Agreement or the 
founding of the World Trade Organization (WTO) and set prelimi-
nary rules and expectations. Crucially, club members would convey 
exclusive benefits upon each other, such as favored trading status or 
reduced sanctions. Much like joining the WTO, each country would 
need to submit an accession deal committing to specific actions to join 
the club. Victor tells me that such a club would not replace the Paris 
framework but rather supplement it. In fact, policies pledged for a 
club should be embedded into a country’s Paris commitment and as-
sessed via the stocktakes and rulebook.31

Other climate clubs could coordinate clean energy research and 
share technologies that emerge. The International Solar Alliance has 
already been formed to accelerate the financing, development, and 
deployment of solar technologies. Similar alliances could be formed 
for offshore wind, geothermal energy, building efficiency, low-carbon 
materials, and carbon sequestration. Such efforts would create a 
“technology push” toward better and more affordable technologies. 
Countries could accompany that push with a “market demand pull” if 
they set standards or incentives to drive deployment of those tech-
nologies. As supply chains become increasingly global, manufacturers 
may opt to follow the strongest standards globally.32

For all of these clubs, setting exclusive benefits of membership can 
entice countries to join and discourage them from leaving. That way, 
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membership can be sustained or expanded even as political leaders 
come and go. The more countries that join, the more valuable those 
benefits would become, creating self-reinforcing momentum. “As the 
club grows, then you have this snowball effect that would make the club 
more and more attractive,” said political scientist Jon Hovi of the Uni-
versity of Oslo. In Nordhaus’s tax-based vision, that snowball effect 
would come from the carbon tariffs, which would grow more important 
to avoid as more countries join the club and impose the tariffs on non-
members. In Victor’s trade-oriented vision, preferential trading status 
would incentivize membership. In technology-based clubs, access to 
new technologies could be made an exclusive perk of membership to 
attract and retain members. However, sharing technologies more 
broadly, at least to developing countries, would accelerate diffusion and 
make decarbonization more affordable worldwide.33

Different climate clubs would attract different members. For exam-
ple, a Nordhaus-style club coordinating carbon pricing should consist 
only of those countries that can commit to enacting and maintaining 
such policies. A club focused on technology should include countries 
that are leaders in clean energy research and development but should 
also make technologies available to poorer countries that will need af-
fordable options to decarbonize. Countries could join any number of 
these clubs with intertwined aims. Clubs could set their own evolving 
rules for entry and exit and ratcheting up ambition. Clubs could even 
design ways to partner with cities, states, or businesses. That could be 
especially important if gaps among local, corporate, and national ambi-
tions widen as national politics swing.

International cooperation will also be needed to tackle emissions 
from key sectors. For example, the International Civil Aviation Orga-
nization has already developed carbon emissions standards for air-
craft. The International Maritime Organization toughened its 
standards for sulfur emissions in 2020 but should do more to limit 
greenhouse gases. Nations in climate clubs could reinforce these ef-
forts by granting preferential access at their airports and ports to air-
planes and ships that outperform the international standards.

Diplomacy aimed at protecting stratospheric ozone has yielded cru-
cial co-benefits for climate. By phasing out ozone-destroying CFCs that 
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are also potent greenhouse gases, the Montreal Protocol and its amend-
ments have done more to cool the climate than any climate treaty. Un-
fortunately, some ozone-friendly substitutes for CFC refrigerants such 
as hydrofluorocarbons (HFCs) are potent greenhouse gases too. Nego-
tiators meeting in Kigali in 2016 agreed to amend the Montreal Protocol 
to phase down climate-warming refrigerants by 80 percent. That could 
save the equivalent of ten years’ worth of carbon dioxide emissions and 
avert up to 0.4°C of warming—enormous amounts in the context of 
climate change. “It is likely the single most important step we could take 
at this moment to limit the warming of our planet and limit the warming 
for generations to come,” Secretary of State John Kerry said at the time. 
By 2020, 99 countries and the European Union had ratified the Kigali 
Amendment, bringing it into force. But the Trump administration never 
sent the Senate the treaty to be ratified, despite bipartisan support from 
senators, environmentalists, and industrial groups. Legislation passed at 
the end of 2020 finally committed the United States to curtailing HFCs 
but did not ratify the treaty.34

Across these international approaches, priority should be given to 
empowering developing countries to transition sustainably to clean en-
ergy. As wealthier countries rein in their emissions, most growth in 
emissions is expected to come from developing countries that lack the 
resources to invest in costly technologies. Sustainable industrialization 
will depend on their ability to leapfrog over traditional fossil-based 
routes directly to clean energy, much as they skipped over landline 
phones and adopted cell phones. Technology transfers and cooperation 
can make clean energy more affordable in developing countries without 
politically unpopular direct payments from wealthier ones. But free ac-
cess to patents won’t be enough if countries lack the expertise and re-
sources to deploy them. Support from nongovernmental sources such 
as philanthropists, the World Bank, the Green Climate Fund, and the 
European Investment Bank can help drive those deployments. The 
conditional pledges already made by developing countries in their Paris 
commitments offer billions of tons’ worth of opportunities to achieve 
more rapid emissions reductions, but only if wealthier countries and 
institutions step forward with support. “Lower-income countries will 
ratchet up their commitments if it’s accompanied by significant funding 
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and tech transfer from the developed world,” said University of To-
ronto political scientist Jessica Green. Unfortunately, wealthy countries 
and private entities have fallen far short of the $100 billion per year 
promised in Copenhagen and Paris.35

Technology transfers and cooperation should not be seen as a one-
way street. Growing markets for clean energy in populous developing 
countries can drive down the costs of technologies worldwide, thanks 
to economies of scale and learning curves. As knowledge, expertise, 
and research institutions grow, developing countries will increasingly 
become sources of clean energy innovations themselves. International 
efforts must be pursued in ways that foster cooperation, not depen-
dence. To extend an old adage, developing countries must not just be 
given fish or taught to fish, but also empowered to develop better 
ways of fishing that the rest of the world can adopt.36

Supply-Side Options

Most of these ideas for complements to global climate treaties, like 
those treaties themselves, focus on reducing demand for fossil fuels 
and associated emissions. The supply of fossil fuels has received far 
less attention in climate diplomacy. As economist Geir Asheim of the 
University of Oslo told me, “There’s an asymmetry in the way climate 
economics has confronted this problem,” focusing far more on de-
mand than supply.37

Activists have long focused on the supply side of the climate chal-
lenge. In fact, the most ardent protests outside of climate talks often 
call for tougher restrictions on fossil fuel supply. Coal mines, fracking 
sites, pipelines, and other elements of fossil fuel supply trigger more 
visceral opposition than invisible greenhouse gases, and they are more 
concentrated than the millions of vehicles and facilities that demand 
their fuels. As scholars increasingly consider “keep it in the ground” as 
more than just a protest slogan, they estimate that roughly 80 percent 
of coal, half of natural gas, and a third of oil reserves globally must 
ultimately be kept in the ground to hold warming below 2°C. More 
immediately, the United Nations Environment Programme has found 
that fossil fuel production is on track to be more than twice as high in 
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2030 as would be consistent with a 1.5°C target, and that 6 percent per 
year cuts in fossil fuel supplies would be needed to close that “produc-
tion gap.” For 2°C, 2 percent per year cuts are needed.38

Of course, in the end, supply roughly matches demand. Coal isn’t pil-
ing up mined but unused. The difference between demand-side and 
supply-side approaches is more than semantics, however. Driving down 
demand for fossil fuels in only part of the world, as in a climate club or a 
single nation’s Paris commitment, makes fossil fuels more affordable, al-
lowing demand to rebound elsewhere. Lower prices also reduce the mo-
tivation to develop clean energy technologies. If owners of large fossil 
fuel reserves expect prices to continue falling, they could face a perverse 
incentive to extract them as soon as possible to avoid leaving those assets 
stranded. Economist Hans-Werner Sinn calls this the green paradox.39

By contrast, supply-side restrictions on the mining, drilling, and ex-
port of fossil fuels make them scarcer and costlier on global markets, 
thereby curbing demand. However, those higher prices could make it 
more profitable to produce more fossil fuels where restrictions are not 
in place. Minimizing a rebound in supply would require complemen-
tary policies to curb demand or assembling a supply-restricting coali-
tion large enough to outmatch the rebound that could occur elsewhere.

A supply-side climate club centered around oil seems ill-advised. 
After all, the world already has a supply-side oil club—the Organiza-
tion of the Petroleum Exporting Countries (OPEC). OPEC has 
struggled to manage oil markets, and it focuses on the priorities of 
exporters, not climate.

However, a supply-side climate club could succeed for coal. Coal 
makes up the largest share of carbon emissions today and of fossil fu-
els still in the ground. The United States would have substantial le-
verage in a club intended to constrain coal supply. It sits atop more 
recoverable coal reserves than any other country—230 billion tons, or 
22 percent of the global total. Despite its mythic stature politically, 
coal represents a tiny share of the American economy and employ-
ment. Coal mines employ fewer workers than Arby’s sandwich shops, 
so economic revitalization of mining communities is not an insur-
mountable task. The market value of the U.S. coal mining industry 
fell to $20 billion in 2020, roughly one-fourth the value of Snapchat.40
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Restricting coal mining on public lands and banning coal export ter-
minals could keep American coal from reaching foreign markets. But 
the United States need not go it alone. A key American ally, Australia, 
holds 14 percent of global coal reserves, yet the coal industry employs 
just a sliver of the Australian workforce. India and China together hold 
22 percent of global coal reserves and are plagued by the smog from coal 
burning. The more coal-rich countries commit to keeping their coal in 
the ground, the costlier and scarcer coal will become.41

President Obama began to pursue some supply-side restraints in his 
second term. He rejected the Keystone XL oil pipeline by arguing that 
climate change requires keeping most fossil fuels in the ground. He also 
placed a moratorium on new leases for coal mining on federal lands and 
banned oil drilling in parts of the Arctic and Atlantic coasts. “The world 
needs a big fossil fuel producer to stand up and say we’re going to phase 
down fossil fuel [supply] . . . and we’re going to do this for climate rea-
sons; Obama started going down that road,” said Georgia Piggot, who 
studies supply-side policies at the Stockholm Environment Institute. 
Soon after taking office, President Joe Biden paused leases for oil and 
gas drilling on public lands and waters, restricted drilling in the Arctic, 
and reversed the Trump administration’s approval of Keystone XL.42

Economists such as Asheim and Bård Harstad of the University of 
Oslo have suggested that supply-side measures should be incorpo-
rated into future national commitments under the Paris Agreement or 
international climate clubs. Doing so would be controversial. Victor 
told me it would be “bonkers” to think that enough producers would 
restrict supply to avert a rebound abroad. Asheim responded, “It’s 
even more bonkers to think you solve this on the demand side alone,” 
after three decades of demand-oriented climate treaties have failed to 
rein in emissions.43

Linkages Across Diplomacy, Technology, and Policy

Whether in Paris Agreement commitments or in smaller clubs, na-
tional policies remain the building blocks of global progress. National 
policy cannot be set in Rio or Kyoto or Paris. Bolder domestic action 
can only begin with policies enacted by national leaders. Those policy 



T H E  R O A D  F R O M  PA R I S

56

decisions will be shaped by the availability of affordable technologies 
and the influences of public opinion, industries, and organized groups. 
But once domestic policies are passed, embedding them in conditional 
Paris commitments, bilateral deals, and climate clubs can leverage 
them to impel others to act.

America’s economic heft and its traditional insistence on reciproc-
ity position it to be a driver of international climate action, if it can 
ever become nice and clear. Given America’s historical lack of nice-
ness and clarity, climate clubs and other international means of creat-
ing consequences for domestic actions will be crucial for keeping the 
United States on track as political winds shift. Climate-friendly lead-
ers should embed domestic advances into international deals while 
they are in power, to sway the actions of other leaders who may follow. 
The Paris Agreement and emerging ideas for climate clubs provide 
more opportunities to do so than ever before, bringing the interna-
tional key within reach of an American president and allies who 
choose to seize it.

Realigning the international playing field can be a powerful factor 
in motivating climate action domestically and leveraging it to spur ac-
tion abroad. But the international key can’t unlock climate gridlock 
on its own. Domestic policies will be needed to uphold international 
commitments and to have domestic advances worth leveraging. “Un-
til we are able to prove we are able to address climate change con-
structively and aggressively domestically, our authority to sell our 
ideas internationally will be limited,” Kimble told me. Meanwhile, 
better technologies will be needed to transition away from fossil fuels 
and sequester the emissions that remain, making action more afford-
able domestically and abroad.

We turn to those technologies next.
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However successful diplomacy may be, decarbonization is at heart 
a series of national endeavors rooted in technology. Transitioning 
each sector of the economy from fossil fuels to clean energy and off-
setting the emissions that remain will require extraordinary techno-
logical transformations. That includes rapidly deploying clean 
technologies that already outperform their rivals; driving down the 
costs of those that are not yet cost-competitive; and developing new 
technologies where viable options are not yet available.

With so much emissions to cut—roughly 6 billion tons per year in 
the United States alone and over 40 billion tons globally—it helps to 
begin with the adage famously misattributed to the bank robber Wil-
lie Sutton: “Go where the money is.” Fossil fuels is where the emis-
sions are. Burning them is the source of more than 90 percent of 
carbon dioxide emissions nationally and globally. Obtaining and 
transporting them results in leaks of methane from mines, drilling 
sites, and pipelines. All other emission sources, including carbon diox-
ide from cement, methane from livestock, and nitrous oxide from ag-
ricultural soils, are small relative to fossil fuel emissions.1

Fossil fuels in the United States are burned mainly for transporta-
tion (38 percent of U.S. fossil fuel carbon dioxide emissions in 2019), 
power plants (33 percent), industry (17 percent), homes (7 percent), 
and businesses (5 percent), according to the U.S. EPA. Globally, the 
shares of energy-related carbon dioxide from power plants (40 per-
cent) and industry (23 percent) are relatively larger, and the share from 
transportation smaller (23 percent), than in the car-centric United 
States, according to the International Energy Agency. In any case, 
since power plants provide electricity to the other sectors, the direct 
burning of fossil fuels in those sectors can be reduced as they become 
more electrified.2

Thus, an overall decarbonization strategy must be built on five mutu-
ally reinforcing pillars. First, energy efficiency must shrink emissions 

four PILLARS OF DECARBONIZATION
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from all sectors. Second, we must decarbonize electricity, the second 
leading source of emissions in the United States and the leading source 
globally. Third, we must use that clean electricity to replace fossil fuels 
for activities that can be electrified and use clean fuels for those that 
can’t. Fourth, we must control potent greenhouse gases such as meth-
ane, nitrous oxide, and fluorinated gases from agriculture and other 
sources. Finally, a net-zero balance requires carbon sinks to offset any 
sources that remain.3

The five pillars reinforce each other in crucial ways. Efficiency  
limits demand for clean electricity and fuels, and thus the amount of 
production capacity and infrastructure that must be built to supply 
them. Clean electricity is needed to decarbonize not only existing uses 
but also newly electrified vehicles, heating, and industry. Demand for 
electricity will grow even larger if it is used to produce hydrogen and 
other “electrofuels” and power negative emissions technologies. Elec-
trification enhances the efficiency of vehicles and heating. More sub-
tly, electrifying vehicles and heating will transform the challenge of 
decarbonizing electricity itself, by shifting the timing and flexibility of 
power demand.

None of these pillars will be easy to construct. However, two of 
them—efficiency and the control of potent greenhouse gases—are 
straightforward. These are the win-win pillars of decarbonization, 
saving money and natural resources beyond their benefits to climate. 
If decarbonization were a weight loss plan, these two pillars would be 
as uncontroversial as eating less candy and cheesecake.

By contrast, two of the other pillars—clean electricity (Chapter 5) 
and electrification and clean fuels (Chapter 6)—will transform our en-
tire energy diet. Like dieters puzzling over whether to go vegan or 
paleo, or adopt a Mediterranean or Atkins diet, the path forward is 
fraught with uncertainty. Sticking with the status quo is easy and 
might suffice with a few tweaks if the health of our climate had not 
already become so dire. But radical cuts require radical changes.  
Special care will be needed to ensure that our energy diet remains  
affordable and effective even as its ingredients are transformed.

To reach net zero, a healthier energy diet won’t be enough. The 
dieter must also exercise enough to offset whatever calories remain. 
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That’s where carbon sinks or “negative emissions technologies” come 
in (Chapter 7). Unfortunately, our analogy breaks down here, because 
most negative emissions technologies, unlike exercise, don’t bring us 
side benefits beyond the offset itself. Unlike efficiency, clean electric-
ity, and electrification, sinks don’t cut our use of fossil fuels and all the 
environmental and health impacts that come with them. In fact, as we 
will see, some negative emissions technologies would consume enor-
mous amounts of energy and other resources. Most negative emis-
sions technologies remain costly or unproven at scale. Thus, the more 
that we can reduce emissions directly rather than offsetting them with 
sinks, the better off we are likely to be. Hopes for negative emissions 
technologies to emerge later should not quell the urgency of cutting 
emissions today.

Push and Pull Policies for Technology

Before turning to specific technology pillars, it is important to estab-
lish general principles for how policy influences their construction.

Technologies advance in three phases: inventions of new products or 
processes through research; innovations that commercialize those  
inventions, making them available in the marketplace through  
development and demonstrations; and the diffusion of innovations 
through broader adoption and deployment. Though boundaries  
between the phases are fuzzy, I’ll use “R&D” (research and develop-
ment) to denote the first two phases and “RD&D” to encompass  
all three phases, with the final “D” referring to diffusion via  
deployment.4

Without sufficient policy, the private sector tends to underinvest in 
RD&D for climate-friendly technologies for several reasons. First, those 
technologies yield environmental benefits that accrue to society at large 
rather than just producers and consumers. That creates a temptation to 
free-ride on the actions of others rather than invest in the public good. 
Second, technologies must cross one or more valleys of death, where 
they may languish for lack of funding to transform the inventions of ba-
sic research into profitable deployments at large scales. Huge invest-
ments may be needed to develop, prototype, and demonstrate 
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technologies to cross those valleys. Valleys are especially deep for  
capital-intensive technologies such as nuclear power, geothermal drill-
ing, and carbon-capture machines, which are far costlier to demonstrate 
and scale up than a software app. Even for technologies that survive, 
their developers and investors won’t be alone in reaping the rewards. In 
fact, the spillover of technologies to other firms worldwide is crucial to 
broader diffusion of climate-friendly technologies, so long as it does not 
squelch the profit motivation to innovate.5

Overcoming these barriers to technology innovation and diffusion 
requires two forces. “Technology push” policies reduce the costs of 
invention and innovation, such as by funding or incentivizing R&D, 
and thus increase the supply of new technologies. A “demand pull” 
comes from policies that stimulate demand for those technologies, 
raising the rewards for innovation and diffusion. Government pro-
curements and incentives stimulate demand directly, whereas emis-
sions taxes, mandates, and standards do so indirectly by making fossil 
fuels competitors costlier or banned.6

Push and pull policies reinforce each other in essential ways. The 
technology push is especially important in stimulating the early stages of 
R&D, generating new technologies and driving down their initial costs. 
The demand pull can then accelerate diffusion of the technologies that 
emerge, further reducing costs and encouraging ongoing innovation.

Accelerated diffusion reduces costs thanks to the “learning by doing” 
that occurs as manufacturers learn to reduce costs and improve perfor-
mance to remain competitive while scaling up. Learning by doing  
can be illustrated by plotting a curve of how the cost of a technology 
falls as its cumulative deployment grows. Such curves for LED lights, 
solar modules, and lithium-ion batteries show cost declines of roughly 
20 percent for each doubling of deployment. For LEDs and solar, those 
“learning rates” have been enough to drive down costs by more than a 
factor of 100 across many doublings. Learning by doing breeds self-
propelling cycles, as innovation and deployment drive down costs, 
stimulating further deployment. A technology push or a demand pull 
can each spur these cycles.7

On the technology push side, federal investments in R&D yield at 
least four times their cost in energy savings and even larger benefits to 
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the environment. The federal government drives R&D through the 
work of national laboratories, funding for research at universities and 
other institutions, and incentives for corporate R&D. However, fed-
eral funding for energy RD&D totaled just 0.04 percent of GDP in 
2019. That’s just one tenth the share of GDP that the United States 
spent for the Manhattan Project to develop the atomic bomb or the 
Apollo Program to put a man on the Moon. Decarbonizing the econ-
omy to combat climate change is at least as important an undertaking. 
Reports issued by a National Academies panel, the American Energy 
Innovation Council, and Columbia University soon after the election 
of President Biden all recommended tripling federal funding for clean 
energy RD&D.8

The private sector should provide a stronger push too. The energy 
industry invests just 0.5 percent of revenues in R&D, compared with 
14 percent in the pharmaceuticals industry. Venture capital firms 
poured $25 billion into cleantech start-ups from 2006 to 2011 but shut 
off the taps after losing more than half of their investments. As calls 
for net zero have intensified and drawn the attention of billionaires 
and industry, huge new venture capital funds have emerged, including 
the $2 billion Climate Pledge Fund created by Amazon and the $1 bil-
lion Breakthrough Energy Ventures led by Bill Gates. New entities 
such as Third Derivative, a joint venture of the Rocky Mountain  
Institute and New Energy Nexus that began funding fifty start-ups in 
2020, aim to help fledgling enterprises cross the valley of death  
between demonstrating an initial proof-of-concept and scaling it up 
to profitability. Especially promising are public-private partnerships 
and cleantech incubators such as Cyclotron Road at Berkeley Lab, 
which trains recent doctoral graduates to translate their research into 
commercial endeavors. Since my visit to Cyclotron Road in 2018 
while researching this book, participants I met have gone on to land 
tens of millions of dollars for their start-up ventures.9

One debate regarding technology push policies is the relative im-
portance of pushing incremental improvements in existing technolo-
gies versus pursuing breakthrough innovations. The RMI co-founder 
Amory Lovins told me, “You can do everything you need to do to get 
to 1.5°C with 2010 technologies.” By contrast, Bill Gates advocates a 
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quest for “energy miracles,” writing, “We need a massive amount of 
research into thousands of new ideas—even ones that might sound a 
little crazy—if we want to get to zero emissions by the end of this 
century.”10

On the demand-pull side, federal, state, and local governments can 
directly boost demand for clean technologies through their procure-
ments. Just days after his inauguration, President Biden vowed to re-
place the federal government’s entire fleet of 650,000 vehicles with 
American-made electric models. The Climate Mayors Electric Vehi-
cle Purchasing Collaborative has committed hundreds of cities along 
with counties, transit agencies, and universities to purchase electric 
vehicles. Incentives stimulate purchases by others. Cities and states 
are also among the largest purchasers of renewable electricity, and 
they often insist on highly efficient designs for their buildings.11

Incentives boost clean technology purchases by the private sector. 
Energy bills passed under Presidents George W. Bush, Barack 
Obama, and Donald Trump all featured billions of dollars in incen-
tives to improve the efficiency of homes and businesses. Unfortu-
nately, some research suggests that home weatherization incentivized 
by the 2009 stimulus bill yielded less energy savings than predicted by 
engineering models. Those models tended to overestimate both base-
line energy use and the effectiveness of adding wall insulation. Poor 
workmanship may also have impaired results. Future weatherization 
policies should enhance worker training to ensure that cost-effective 
materials are properly installed. Special attention is needed to serve 
low-income households, which may lack money for upfront costs yet 
would benefit most from long-term savings.12

An emissions tax would create a demand pull by helping clean tech-
nologies outcompete their competitors. Most energy-economy mod-
els predict that even a hefty carbon tax would reduce energy use by 
less than 10 percent. However, many of those models treat technology 
as a given, regardless of policy. If the demand pull from emissions 
pricing, or any other policy, accelerates deployment, it can drive down 
costs along technology learning curves. Furthermore, if some revenue 
from emissions pricing is devoted to RD&D, it can provide a push 
toward technology improvements.13
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Despite the merits of procurements, incentives, and taxes, the 
strongest demand pull comes from blunter tools—mandates and stan-
dards. When we really want to eliminate something as soon as possi-
ble, such as lead in gasoline or DDT in pesticides, we don’t just tax it 
or incentivize its competitors—we ban it. If our aim is net zero by 
2050, there simply isn’t time to wait and see how people respond to 
taxes and incentives. Cars and appliances may be replaced only a cou-
ple of times by then, and buildings just once if at all. Every cycle of 
replacement of cars and appliances must bring a leap in performance. 
Old buildings must be retrofitted for greater efficiency, since most of 
today’s homes and offices will still exist in 2050. Mandates and stan-
dards assure manufacturers that there will be market demand for 
zero-emission vehicles, carbon-free electricity, advanced biofuels, and 
cleanly produced steel, concrete, and other materials.

Energy Efficiency

Technology-push and demand-pull principles inform the pursuit of the 
first pillar of decarbonization, energy efficiency. Efficiency is the ultimate 
win-win pillar, yielding lower costs, reduced dependence on imports, and 
cleaner air and water, alongside its benefits to climate. Yet efficiency is 
too often overlooked. “People think of efficiency as tinkering around the 
margins, and not as the single most effective climate solution that it is,” 
said Ben Evans of the U.S. Green Building Council.14

Apart from recessions and pandemics, energy use is perpetually 
driven up by population and economic growth, as more and wealthier 
people buy more products and travel greater distances, and driven 
down by energy efficiency, which lets us do more with less. For most 
of American history, population and economic growth outpaced effi-
ciency, so energy use soared. Only since 2005 has efficiency strength-
ened and growth slowed to the point that energy use has plateaued. 
But in the absence of new policies, government forecasters project 
that energy use will rebound 10 percent by 2050, with economic 
growth outpacing anticipated efficiency gains.15

Most net-zero strategies, like those developed by researchers from 
Princeton University and the United Nations Sustainable Development 
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Solutions Network, depend on energy use falling by 20 to 30 percent to 
make decarbonization feasible. Reports by the American Council for an 
Energy Efficient Economy (ACEEE) and the Rocky Mountain Institute  
suggest efficiency could improve even further, cutting energy use in half 
by 2050. In all these visions, energy savings would come not just from 
what we traditionally think of as “energy efficiency,” such as more effi-
cient lightbulbs, appliances, insulation, and manufacturing practices, but 
also from another pillar of clean energy, electrification. Many electric 
devices use far less energy than the fuel-burning ones they replace. For 
example, electric motors are far more efficient than gasoline or diesel 
engines. Electric heat pumps use far less energy than gas or fuel oil fur-
naces. Only by pairing energy efficiency with electrification can energy 
use be cut most deeply.16

Just as electrification eases the path to efficiency, efficiency eases 
the path to the other pillars of decarbonization. Improving the effi-
ciency of already electrified items, like appliances, and soon-to-be 
electrified ones, like cars and heaters, can reduce the amount of infra-
structure that must be built for clean electricity. Improving the effi-
ciency of items that can’t be easily electrified, like airplanes, overseas 
ships, and certain industrial processes, minimizes the need for low-
carbon fuels to power them and carbon sinks to offset their emissions. 
“Efficiency is very important to keep the costs of net zero down,” said 
Steven Nadel, who led the ACEEE study.17

With so many opportunities for energy efficiency, one way to con-
sider them is to create a “supply curve” of options in order of cost- 
effectiveness, showing how much energy could be saved at each price. 
Options that cost less than the energy they save are sometimes called 
“no-regret” opportunities, since they are profitable even apart from 
their environmental benefits. Energy efficiency supply curves were 
first plotted by scholars at Lawrence Berkeley National Laboratory in 
the early 1980s and popularized by a McKinsey and Company report 
in 2009. The McKinsey report catalogued no-regret opportunities 
for efficiency that could collectively cut U.S. energy use by 23 percent, 
while yielding twice as much savings as costs.18

Technology optimists argue that such supply curves understate  
opportunities for energy efficiency, for two main reasons. First, by 
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charting only current conditions, efficiency supply curves neglect  
the improvements that arise when technologies are more widely  
deployed. Technology learning curves show that costs can fall dra-
matically as deployment grows.19 Second, efficiency supply curves 
treat technologies in isolation. Amory Lovins argues that even more 
opportunities arise when individual technologies are combined into 
integrative designs. “How you combine technologies is as important 
as how good the technologies are,” Lovins said, while showing  
me around RMI’s innovation center in Basalt, Colorado. The center 
embodies integrative design, using ultra-efficient windows and high-
performance insulation to eliminate the need for mechanical cooling 
and drastically cut heating needs. RMI cut the center’s energy use so 
low that it is more than offset with a modest rooftop array of solar 
panels. Integrative design can boost the efficiency of vehicles too, us-
ing ultralight materials, better aerodynamics, and more efficient tires 
to reduce demand for energy from engines or batteries, enabling them 
to be lighter and cheaper as well.20

Countering technological optimism, some economists downplay 
opportunities for efficiency. How could there be money lying  
around waiting to be grabbed? If it were there, people would be  
grabbing it. Various obstacles obstruct their path. The long lifetimes 
of buildings, vehicles, and equipment limit the opportunities to re-
place them. Even when items are replaced, purchasers may not know 
about new technologies or may lack the upfront capital to invest in 
them. Researching new alternatives, finding contractors to install 
them, and other time-consuming steps can impose hidden opportu-
nity costs that are neglected by technology optimists. Businesses  
often steeply discount future savings, adopting only options with  
payback times of a year or two even if savings would accrue for de-
cades. Also, there are often mismatches between who pays the upfront 
costs and who enjoys the energy savings later. Builders and landlords 
may not invest in efficiency if it is homebuyers or tenants who will 
reap the savings. Even when energy-saving devices are purchased, 
they are not always used properly. For example, less than a third of 
households with programmable thermostats actually program their 
thermostats.21
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Economists also note that two “rebound effects” may offset energy 
savings from efficiency. Direct rebounds occur when efficiency makes 
it cheaper to use an item, so we use it more. After switching to effi-
cient LED bulbs, for example, I find myself leaving more of the lights 
on. Indirect rebounds occur when money saved from efficiency lets  
us spend more on something else. My energy savings at home may 
help me afford a flight to Europe, for example. Nonetheless, scholars 
estimate that direct and indirect rebounds collectively offset just  
20 percent or so of energy savings from efficiency. “Rebound effects 
are small and are therefore no excuse for inaction,” economist Ken-
neth Gillingham of Yale University has concluded.22

Given barriers such as lack of awareness, discounting of future  
savings, mismatched priorities, and rebound effects, it is clear that 
carbon taxes and incentives are insufficient to drive the unprecedented 
efficiency gains required for net zero. Mandates and standards are 
needed to ban inefficient and inferior products and establish cycles of 
ongoing improvement. “Standards really lock in savings and drive in-
vestments in technology,” said Kateri Callahan, former president of 
the Alliance to Save Energy. The Energy Policy and Conservation Act 
of 1975 and subsequent legislation require the Department of Energy 
(DOE) to set and periodically update efficiency standards for more 
than sixty categories of products, such as air conditioners, dishwash-
ers, televisions, and industrial equipment. The cycles of updates push 
manufacturers to meet or exceed each round of standards. DOE can 
then lock in the best performance as the baseline for the next round. 
That dynamic process has yielded more than $1 trillion of cumulative 
energy savings, ACEEE estimates.23

Updates to efficiency standards faced unprecedented hurdles dur-
ing the Trump era. DOE withdrew its long-scheduled update to light-
bulb standards and restricted future updates for other products, 
claiming that the previous administration had “misconstrued existing 
law.” President Trump repeatedly bemoaned LED lighting for mak-
ing his skin look orange, even though observers attribute his skin tone 
to facial bronzer. Libertarian think tanks launched a “Make Dish-
washers Great Again” petition drive, falsely claiming that efficient 
models don’t get dishes clean. Bowing to the requests of these groups 
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and President Trump, DOE in 2020 weakened the water and energy 
standards for showerheads, washers, and dryers. President Trump 
even tried to nix EPA’s Energy Star program, which informs consum-
ers about energy-efficient products and yields far more energy savings 
than the program costs. Restoring bipartisan support for efficiency 
and warding off demagoguery and misinformation will be fundamen-
tal to getting efficiency back on track.24

Efficiency gains are needed most urgently in the transportation sec-
tor, the leading source of U.S. emissions. The United States has long 
lagged behind other countries in fuel economy standards for light-
duty vehicles (cars, pickup trucks, sport utility vehicles, and minivans), 
which make up the majority of transportation emissions. Even the 
ambitious ramp-up scheduled under President Obama would have 
left U.S. standards trailing those in the European Union and major 
Asian countries. The rollback by President Trump left the United 
States further behind global norms. Many European countries have 
set plans to ban new gasoline and diesel cars by 2030, and manufactur-
ers such as General Motors are planning to follow suit soon thereaf-
ter. Whether it results from an outright mandate or gradual adoption, 
a shift to zero-emissions vehicles will be crucial to achieving deeper 
progress than is possible with fossil fuels. Corporate commitments 
lock in progress even through political swings, making emissions re-
ductions less vulnerable to each election.25

For freight trucks, the source of nearly a quarter of transportation 
emissions, fuel economy for the on-road fleet barely budged from the 
1990s through the mid 2010s. However, regulations issued under 
President Obama and left unscathed by President Trump require new 
truck emission rates to step down about 40 percent from 2013 to 2027, 
a world-leading pace. Even steeper cuts will require switching trucks 
to run on electricity or hydrogen (as discussed in Chapter 6) and ac-
celerating the replacement of old trucks.26

California is pursuing even stricter vehicle emission standards. Fed-
eral policy since 1968 has allowed California to set its own emissions 
standards, recognizing the challenges of improving air quality in the 
state’s heavily populated, pollutant-trapping basins. Other states can 
adopt either California’s rules or federal ones. During the Trump era, 
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California opposed rollbacks to light-duty vehicle standards and set 
bold rules for heavy trucks, requiring half of their sales to be zero-
emissions by 2035, and all by 2045. As more and more states opt in to 
California’s rules, their influence on trucking markets will multiply, 
creating a demand pull for clean trucks.27

For airplanes, the EPA waited until 2020 to propose its first green-
house gas emissions standards and set them merely at levels already 
required by the International Civil Aviation Organization. The 
United States should instead establish cycles for updating standards 
for airplanes as well as ships, trains, and construction equipment, 
mimicking the process that has worked so well for appliances and  
industrial equipment.28

For new buildings, the International Energy Conservation Code is 
updated every three years by the International Code Council. After de-
cades of stagnation, a series of ambitious updates doubled efficiency 
standards from 2006 to 2021. Unfortunately, most U.S. states have not 
kept pace with these model codes. By 2018, only a dozen had adopted 
residential building codes as stringent as the 2012 standards; eight states 
had no statewide codes at all. Commercial codes lag similarly behind. 
Since most buildings last for decades, weak codes lock in inefficiencies 
long after net zero should be sought. Building codes that took effect in 
California in 2020 require new homes to achieve zero net energy use 
through a mix of efficiency and solar power, yielding homeowners twice 
as much savings as costs. Zero net energy will be the standard for all 
new California commercial buildings starting in 2030, with a growing 
number of existing buildings retrofit to that standard as well. Califor-
nia’s codes should become models for adoption by other states, leading 
to a transformation in how homes and offices are built.29

The United States faces unique challenges in pursuing energy effi-
ciency where gasoline, natural gas, and electricity each cost far less  
than in Europe. Americans have therefore been slower than our peers 
to adopt energy-saving technologies such as LED lights and induc-
tion cooktops, which cost more upfront but yield savings over time. 
Urban sprawl and an On the Road culture of road trips fueled by cheap 
gasoline push Americans to drive nearly twice as far per capita as Eu-
ropeans. Libertarian groups such as FreedomWorks have fueled op-
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position to lighting and appliance standards that once won bipartisan 
support. Energy prices have plunged in real terms since the last time 
major efficiency legislation was passed in 2005 and 2007. “What drove 
those bills was an energy crunch; it’s very hard to get traction in times 
of abundant cheap energy,” said Evans of the U.S. Green Building 
Council.30

Despite these challenges, the United States is uniquely positioned 
to improve efficiency domestically and catalyze progress abroad. 
Given that we use roughly 20 percent more energy per dollar of  
GDP than most other wealthy countries, we have an exceptional 
amount of fat ready to be cut from our energy diets. Cheap energy 
here has spurred innovators to design products whose virtues extend 
beyond their efficiency. It’s little wonder that Tesla cars and Nest self-
adjusting thermostats were developed in Silicon Valley and marketed 
more for their sleek designs and creature comforts than energy sav-
ings. “People will adopt a technology if it lets them do more, not  
just do things more cheaply,” said Dane Christensen of the National 
Renewable Energy Laboratory.31

Energy-saving technologies designed to thrive in America’s cheap-
energy marketplace will be even more attractive in countries where 
energy is costlier. Thus, American ingenuity can be key to spreading 
efficient technologies beyond our borders, if given enough push from 
RD&D or pull from regulations. Technology transfer will be needed 
to make those innovations available beyond our borders. As the 
world’s largest consumer market, efficiency standards set here can be-
come a benchmark for manufacturers to meet worldwide, especially if 
the United States partners with other countries in climate clubs.

Methane

Methane, nitrous oxide, and fluorinated gases like chlorofluorocar-
bons (CFCs) and hydrofluorocarbons (HFCs) are emitted in tiny 
quantities compared to carbon dioxide, but their potency in trapping 
in Earth’s heat makes them important to control. Methane is roughly 
35 times as potent as carbon dioxide averaged over 100 years, with 
methane’s impact concentrated in the first decade before atmospheric 
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chemistry removes it. Nitrous oxide is nearly 300 times as potent as 
carbon dioxide, with impacts spread more evenly across the century. 
Fluorinated gases vary in their potency and lifetimes.32

EPA tallies methane, nitrous oxide, and fluorinated gases to be 10, 
7, and 3 percent, respectively, of its U.S. greenhouse gas inventory for 
2019. Globally, researchers from the Netherlands estimate the shares 
to be 19 percent methane, 6 percent nitrous oxide, and 3 percent fluo-
rinated gases, with the rest carbon dioxide. However, both inventories 
understate methane’s potency by about a third and may underestimate 
methane leaks from the oil and gas industry. Thus, methane’s actual 
share of overall greenhouse gas emissions is likely larger. Methane 
and accompanying light hydrocarbons also contribute to ground-level 
ozone smog, so controlling them benefits air quality too.33

Fossil fuels are responsible for about half of methane emissions do-
mestically and one-third globally in the 2019 inventories, mainly via 
leaks from oil and gas wells, natural gas systems, and coal mines; the 
actual fractions may be larger if leaks from oil and gas are underesti-
mated. Using less fossil fuels would inevitably reduce these leaks. 
Leaks can also be tackled directly by completing oil and gas wells 
more carefully and replacing or retiring antiquated pipes. Poorly 
completed wells and antiquated pipes emit many times more methane 
than their better-performing rivals. The MethaneSAT satellite 
planned by the Environmental Defense Fund and SpaceX will enable 
methane leaks to be identified from space, complementing leak detec-
tion from infrared cameras on the ground.34

Since methane is the main component of natural gas, controlling 
leaks avoids wasting a valuable fuel. It also curbs the climate footprint 
of oil and gas, helping the industry market its gas as a clean alternative 
to coal. That framing will become increasingly tenuous as renewables 
supplant coal as the leading competitors to gas. Hence, most of the 
biggest oil and gas companies are voluntarily curbing leaks and lobby-
ing for stronger regulations to ensure their competitors do too. The 
economic folly of Trump-era rollbacks of methane rules became clear 
in 2020, when the French government blocked Engie from importing 
$7 billion of U.S. liquefied natural gas because of its high emissions 
footprint. That could be a harbinger of how climate policies can influ-
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ence the international competitiveness of fuels and products based on 
how responsibly they are produced and transported.35

Beyond oil and gas, methane leaks from coal mining can fall as the 
industry fades. Methane from landfills and wastewater treatment 
plants can be captured for use as energy. Better management of rice 
paddies can reduce methane emissions by up to 90 percent. For live-
stock, adding trace amounts of a red seaweed to their feed can reduce 
their burps and farts of methane. Livestock waste can be processed in 
oxygen-free tanks known as anaerobic digesters, which capture the 
methane for energy while producing biofertilizers.36

Nitrous Oxide

Nitrous oxide emissions come mainly from agricultural soils. Waste-
ful overuse of fertilizers adds more nitrogen to soils than crops can 
use. Some of that excess nitrogen enters the air as climate-warming 
nitrous oxide or as smog- and particle-forming nitrogen oxides and 
ammonia. The latter two compounds make agriculture the largest 
contributor to air pollution health effects in the United States, ac-
cording to recent research. Excess nitrogen also washes away with 
rain, creating algal blooms in lakes and dead zones in coastal waters. 
The air, water, and climate impacts of excess nitrogen all can be mini-
mized by applying fertilizers with what the U.S. Department of Agri-
culture calls the 4Rs—right source, right rate, right time, and right 
place. Doing so also improves crop yields while reducing fertilizer 
expenses. Further gains can be achieved with controlled-release fertil-
izers, which help crops use nitrogen more efficiently, and urease in-
hibitors, which slow nitrous oxide formation in soils.37

Despite these opportunities for affordable controls, agricultural 
emissions remain largely neglected. It’s tough to regulate emissions 
that arise from millions of farms, few of which monitor their emis-
sions. Without regulations or incentives, farmers have little reason to 
cut emissions. Captured methane has little value while natural gas is 
so cheap, except in locations such as California that have policies fa-
voring renewable natural gas. Cheap fertilizers and old habits slow the 
adoption of better fertilizing practices. Thus, even as techniques  
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and technologies improve, spurring their deployment will remain a 
daunting task.38

Our dietary choices and food waste affect emissions too by influ-
encing what farmers and ranchers produce. A vegetarian diet cuts the 
emissions footprint of food in half by averting the burps and waste of 
livestock and the nitrogen fertilizers used to grow crops to feed them. 
Roughly a third of the nation’s food supply is wasted, magnifying the 
emissions from any diet.39

Fluorinated Gases

Fluorinated gases such as chlorofluorocarbons (CFCs) that deplete 
stratospheric ozone were already phased out by the Montreal Proto-
col. But some of their replacements, like hydrofluorocarbons (HFCs), 
are extremely potent greenhouse gases too, even though they are safe 
for ozone. Refrigerant use is expected to soar as refrigerators and air 
conditioners become more available worldwide. As noted earlier, 
amendments to the Montreal Protocol, negotiated in Kigali in 2016, 
would phase down HFC emissions more than 80 percent by 2050 if 
fully implemented, averting up to 0.4°C of warming by 2100. Aggres-
sive HFC policies will be crucial to spurring R&D and adoption of 
new technologies for cleaner refrigerants and the air conditioners and 
other devices that use them.40

Challenging as it may be, we know what we need to do to cut emis-
sions of methane, nitrous oxide, and HFCs, just as we know what it 
will take to improve efficiency. How to build the remaining pillars of 
decarbonization is far less clear. Should we prioritize renewables, nu-
clear energy, or carbon-capturing fossil fuel plants as sources of clean 
electricity? How should we balance the variable output of wind and 
solar? Should cars and heating be converted to run on that clean elec-
tricity or use hydrogen fuel cells, advanced biofuels, or other cleanly 
produced fuels? How should hydrogen and other fuels be produced? 
What negative emissions technologies hold the most promise for off-
setting the emissions that remain so that we can reach net zero? These 
questions and more form the basis for our explorations in the next 
three chapters.
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Efficiency can take us only so far if vehicles, buildings, and industry 
continue to run on fossil fuels. But switching them to electricity makes 
sense only if electricity is clean, affordable, and reliable. That makes 
clean electricity the central pillar of decarbonizing energy. In fact, in 
most deep decarbonization scenarios, decarbonizing electricity would 
provide more emissions reductions than any other pillar.1

Power plant emissions in the United States have already fallen by a 
third since 2005, dropping below transportation as the leading sector. 
But what has carried us that first third cannot carry us the rest of the 
way to clean electricity. The leading sources of carbon-free electricity 
historically, hydropower and nuclear, have stagnated for decades and 
are ill-prepared to grow. Much of the progress since 2005 has come by 
replacing coal with natural gas, but gas without carbon capture can 
only get so clean. Wind and solar power have grown rapidly but re-
main dwarfed by fossil sources of power (Figure 6).2

Deeply decarbonizing electricity will require new paradigms for 
how power is generated, transmitted, and used. Contrary to some 
prior expectations, wind and solar now provide the most affordable 
sources of electricity. New options are emerging for balancing the 
variable output of wind and solar. Now that many states and utilities 
have committed to 100 percent clean electricity by 2050 or sooner and 
President Joe Biden has set that as a national target for 2035, new 
paradigms must be pursued right away to reshape the electric sector, 
which historically has evolved far more slowly.3

Hydropower

For nearly a century after commercial electricity generation began, 
clean electricity meant mainly one thing—hydropower. Hydropower 
began with a dam on Wisconsin’s Fox River in 1882. Then came  
a building boom of dams during the Great Depression and another 
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tripling of output after World War II. Calling traditional hydropower 
“clean” is a bit of a misnomer, since dams create reservoirs that flood 
the ecosystems behind them and can release large amounts of meth-
ane. By the 1970s, most prime locations for hydropower had been 
tapped, and environmentalists became increasingly effective at block-
ing construction of new dams. Dozens of dams are now being dis-
mantled to restore river ecosystems, and no major hydropower 
projects are being built in the United States.4

The era of massive dam construction, flooding vast swaths of land 
with new reservoirs, is over. Any growth in hydropower must come 
with a lighter footprint. Some growth could come from upgrading 
equipment at existing hydropower plants or retrofitting unpowered 
dams to generate power. Together, that could boost nationwide hy-
dropower output by around 10 percent, merely enough to keep pace 
with closures of some dams.5

Figure 6. Electric power generation in the United States (Plotted by the  
author with data from Energy Information Administration, “Monthly Energy 
Review,” 2020)
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What’s less clear is how much hydropower could be added by build-
ing small-scale sites that do not require new dams. Turbines can be 
installed within rivers or partial diversions of their flow. However, en-
vironmental concerns could constrain opportunities. Studies by the 
Department of Energy in 2006 and 2014 identified thousands of po-
tential small-scale sites that could collectively boost nationwide hy-
dropower capacity by more than half. However, its subsequent 
Hydropower Vision study in 2016 found that only a handful of those 
sites lie outside “environmentally sensitive” regions. Hydropower Vi-
sion defined “environmentally sensitive” incredibly broadly, including 
any of seven wide-ranging traits. Thus, opportunities for small-scale 
projects may not be as scarce as Hydropower Vision implied but are 
limited nonetheless.6

Nuclear Power

As with hydropower, construction of nuclear plants surged before ul-
timately leveling off. After the devastation wrought by nuclear weap-
ons in World War II, scientists moved quickly to harness nuclear 
energy for peaceful purposes. By 1954, the chairman of the U.S. 
Atomic Energy Commission was already predicting that nuclear 
power could become “too cheap to meter” within a generation. An 
ensuing building spree pushed nuclear beyond hydropower as the 
leading source of carbon-free electricity. In 1974, the Commission 
projected nuclear power capacity could reach up to 960 gigawatts by 
1995, enough to supply most of the nation’s power needs. But nuclear 
power never became cheap. By 1978, amid cost overruns and con-
struction delays, the Commission had already scaled down its capacity 
projections by more than two-thirds.7

The following year, disaster nearly struck. A reactor at the Three 
Mile Island plant in Pennsylvania suffered a partial meltdown. The ac-
cident posed only minimal health risks, as radiation remained con-
tained. But the jolt to public opinion was severe. Opposition to nuclear 
power mushroomed. No new nuclear plants were completed in the 
United States in the four decades that followed. Closures of some reac-
tors have pulled U.S. nuclear capacity back below 100 gigawatts, just 
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one-tenth of the Commission’s wishful projections from the 1970s. 
Similarly, global nuclear capacity has grown at less than one-tenth of 
the pace that the International Atomic Energy Agency predicted in 
1974. Only about fifty nuclear reactors, mostly in Asia, were under con-
struction in 2021, barely enough to keep pace with retirements.8

With construction stalled, utilities have managed to keep aging 
nuclear plants running longer and more productively than originally 
planned. Nuclear plants were originally designed for an expected life-
time of twenty-five to forty years. All remaining U.S. plants have aged 
well beyond that range, earning license renewals from the Nuclear 
Regulatory Commission twenty years at a time. Nuclear plants now 
need far less downtime, operating at over 90 percent of their capacity 
compared with just 50 percent in the early 1970s. Those capacities 
have also grown as utilities have upgraded their reactors.9

All of these developments helped nuclear reach and maintain a pla-
teau of nearly 20 percent of the U.S. electricity supply through the 
2010s. However, that share is set to fall, as eight of the nation’s ninety-
four remaining nuclear reactors are scheduled to close by 2025. Oth-
ers are grappling with falling prices for power, rising maintenance 
costs, and public opposition. Bailouts of reactors by the states of Illi-
nois and Ohio were tainted by bribery schemes.10

The Energy Policy Act of 2005 sought to jump-start construction 
of new nuclear plants, motivated by natural gas prices that were spik-
ing at the time. Generous loan guarantees and other incentives 
spurred developers to propose thirty-one new reactors. But interest 
faded when natural gas prices collapsed amid the fracking boom. By 
2016, only two pairs of reactors were under construction. South Caro-
lina halted construction of the pair in its state after projected costs 
ballooned to more than twice the original estimates; the utility’s vice 
president subsequently pleaded guilty to fraud and lying about con-
struction progress. The other pair, in Georgia, remains years behind 
schedule and more than $10 billion over budget. Together, the proj-
ects bankrupted the lead contractor, Westinghouse, and left the states’ 
utilities and ratepayers saddled with enormous expenses. Rather than 
being too cheap to meter, nuclear has become too expensive to build 
and operate. With so few reactors being built, the nuclear industry has 
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not enjoyed the learning by doing that has driven down the costs of its 
competitors. Only if new designs for large-scale reactors prove suc-
cessful and affordable overseas are we likely to see more large-scale 
projects built in the United States.11

While the debacles in South Carolina and Georgia stifle interest in 
building large-scale nuclear plants, a handful of companies are seek-
ing to deploy smaller reactors. They have designed small modular re-
actors (SMRs) or even smaller microreactors that could be 
mass-produced in factories, shipped by truck or rail, and installed in 
multiples on-site. “If nuclear is to become cheap, it needs to go to fac-
tory fabrication,” nuclear expert Jessica Lovering has said.12

The first major deployment of SMRs is likely to come from Nu-
Scale, which plans to install an array of 77-megawatt units at a site in 
eastern Idaho by 2029. TerraPower, founded by Bill Gates, hopes to 
deploy its first 345-megawatt sodium-cooled SMR in Wyoming, pair-
ing it with molten salt heat storage to provide flexible power output to 
balance wind and solar. X-energy is designing SMRs to produce high-
temperature steam for industry when electricity demand is low. An-
other nuclear start-up, Oklo, is designing a microreactor with a 
capacity of just 1.5 megawatts, less than a single wind turbine, to re-
place diesel generators in remote locations.13

Costs, safety, and waste remain key challenges, even with these 
modular designs. Costs per kilowatt-hour will be even higher than 
traditional nuclear plants at first, since SMRs and microreactors will 
not operate as efficiently or spread their costs over as much output. 
Reducing costs over time would require scaling up manufacturing. 
Scale-up won’t come quickly, slowed by environmental and safety re-
views and the novelty of deployment. As various companies pursue 
starkly different designs, no single design is poised to scale up soon. 
As of mid 2021, only NuScale had announced both a site and target 
date for its initial U.S. pilot project. Thus, widespread U.S. deploy-
ment of any new nuclear technologies before the mid 2030s seems 
unlikely, limiting the role that they can play in meeting clean electric-
ity targets.14

As to safety, NuScale claims that advanced safety features, such as 
fewer moving parts and the ability to shut down automatically, would 
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make its SMRs “as safe and simple as you can get.” Thus, the company 
has asked the Nuclear Regulatory Commission to relax some of its 
safety requirements, such as the size of the emergency evacuation zone. 
That would expand where SMRs could be installed, but the proposal 
alarms critics. “To say that you know so well how a new reactor will 
work that you don’t need an emergency evacuation zone, that’s just dan-
gerous and irresponsible,” physicist Edwin Lyman of the Union of 
Concerned Scientists told Science. Meanwhile, Oklo is seeking uranium 
enriched up to nearly 20 percent, several times what a typical reactor 
uses, so that its microreactors could operate for years without refueling. 
No such fuel is available on the market today, and with good reason. 
According to the Government Accountability Office, such fuel would 
be “a more attractive target for theft or diversion into a weapons pro-
gram, because less work is needed to make it into weapons-grade ura-
nium.” Even if the risks of proliferation of microreactor fuel are small, 
incurring them for the sake of such tiny sources of power is unwise.15

If nuclear power ever does scale up, whether in modular or tradi-
tional forms, so would nuclear waste. Industry advocates tend to be 
dismissive of concerns about waste. From a technical perspective, 
that’s reasonable. “Technically it’s just a matter of finding a deep 
enough, geologically stable hole,” Alex Gilbert of the Nuclear Inno-
vation Alliance told me.16

But politicians have yet to muster the will to build any of those holes, 
not just in the United States but globally. Instead, nuclear waste re-
mains the world’s most solvable problem that’s never been solved. Only 
Finland has begun construction of a long-term waste repository. In 1987 
Congress chose Yucca Mountain in Nevada as the site for the first 
American repository. But construction never began due to opposition 
from the state’s politicians. No alternative site has been found. That has 
forced nuclear plants to store their own spent fuel, first in cooling ponds 
and then in dry casks, for far longer and in larger quantities than ever 
intended. They already store enough waste to need two Yucca Moun-
tain–sized repositories, without a single repository on the horizon. 
“Most utilities are unlikely to build new nuclear until there is a long-
range plan that does not include leaving them to manage the waste for 
centuries at their sites,” nuclear expert Michael Ford told me. Modular 
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reactors would operate less efficiently than larger reactors, producing 
more waste per unit of output. Transporting that waste to repositories 
could be challenging, if reactors are dispersed across many sites. “There 
are many states who will challenge transport through their state, mak-
ing this a significant risk for delay,” Ford said.17

We should maintain the clean power output of existing nuclear 
plants, upholding rigorous regulations for safety and maintenance and 
building long-overdue repositories for permanent storage of their 
wastes. Unfortunately, those aging plants will not last forever, and tra-
ditional designs have become too costly to build. SMRs hold promise 
for their modular designs and flexible output, but costs and perfor-
mance remain uncertain and long-term waste disposal remains unre-
solved. That makes new nuclear technologies worthy of funding for 
research, development, and carefully monitored initial deployments, 
but not something that can be relied upon to decarbonize electricity 
anytime soon.

Carbon Capture from Coal and Gas

The same Energy Policy Act that tried to revive nuclear power also 
funded efforts to capture carbon emissions from coal plants. At the 
time, capturing emissions seemed more viable than replacing coal, 
which was then the leading and cheapest source of power. Most sce-
narios that had been considered by the Intergovernmental Panel on 
Climate Change expected wind and solar to remain far costlier than 
coal throughout most of the century and therefore to remain mere 
slivers of the power supply. Carbon capture was expected to play a far 
larger role.18

Trouble is, carbon capture from coal and gas never became afford-
able. At existing plants, capturing carbon dioxide requires absorbing it 
into a liquid and then releasing it as a concentrated gas to compress 
and send to storage. That requires energy to cool the exhaust, then to 
heat the liquid, and then to compress and transport the carbon diox-
ide. Thus, more fuel may be needed to maintain power output, push-
ing up needs for mining, transport, and waste disposal, and all the 
harms that come with them.19
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Only two coal plants, including the Petra Nova project at the W.A. 
Parish power plant southwest of Houston, have installed carbon cap-
ture at commercial scales at existing facilities. Petra Nova touted itself 
as being built on time and on budget as it hosted delegations of jour-
nalists, congresspersons, and even my own students. But Petra Nova’s 
claim of “transforming the industry” was unfounded. No companies, 
including the developers of Petra Nova, plan to replicate its approach. 
Petra Nova’s viability depended on special circumstances, including 
$190 million in grant funding from DOE and a 50/50 stake in oil re-
covered by pumping its carbon dioxide into a depleted oil field. Much 
of the emissions reduction was offset by the natural gas plant that was 
built to provide power and steam for the carbon capture. Counting 
the recovered oil would wipe out environmental gains. As oil prices 
plunged during the COVID pandemic, facility operators quietly 
mothballed their carbon capture equipment, resuming electricity pro-
duction with emissions uncontrolled. The mothballing came just after 
Petra Nova passed its three-year minimal obligation under the DOE 
grant, which had been issued with hopes for at least twenty years of 
operation. Even while Petra Nova was operating, uncontrolled sulfur 
dioxide emissions from the other coal boilers at Parish made it the 
deadliest power plant in Texas, research by my group has shown.20

Carbon capture from existing coal plants could be improved by us-
ing novel nanomaterials that soak up carbon dioxide more efficiently 
than amines. However, separating dilute carbon dioxide from exhaust 
and then compressing it inevitably requires lots of energy and ex-
pense. Also, clean electricity targets won’t leave room for power plants 
that capture just a fraction of their emissions. Since old coal plants are 
hazardous environmentally and barely viable financially, replacing 
them with cleaner sources is the better route, at least in countries like 
the United States where coal plants are decades old and alternatives 
are readily available. If carbon capture retrofits make sense anywhere, 
it will likely be in parts of Asia where coal plants are far newer and gas 
and renewables are less abundantly available.21

Rather than retrofit existing coal plants to capture some of their 
carbon dioxide, other DOE-backed projects have sought to design 
new coal plants to capture nearly all of their emissions. One such ap-
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proach, integrated gasification combined cycle (IGCC), would gasify 
coal to separate carbon and impurities before burning the remaining 
gas. That was the approach attempted by the original FutureGen 
project, launched by President George W. Bush in 2003. After years 
of delays and cost overruns, DOE abandoned construction in 2010. 
However, DOE continued to fund efforts by Mississippi Power to 
adopt that approach at Plant Kemper, which began construction that 
same year. The utility pulled the plug on those efforts in 2017, after 
falling three years behind schedule and $4 billion over budget. It in-
stead converted Plant Kemper into a natural gas power plant without 
carbon capture.22

An alternative design, known as oxyfuel combustion, would burn 
coal in oxygen and recycled flue gas, concentrating carbon dioxide to 
make it easier to capture. However, it takes a lot of energy to separate 
oxygen from nitrogen in air. The first pilot-scale oxyfuel plant opened 
in Germany in 2008. Extending oxyfuel combustion with carbon cap-
ture to commercial scale was the aim of FutureGen 2.0, launched by 
DOE soon after it abandoned its original IGCC-based FutureGen. 
But DOE canceled FutureGen 2.0 in 2015 after years of delays and 
cost overruns. President Obama’s pledge to open five to ten commer-
cial-scale carbon capture plants by the end of his presidency went  
unfulfilled.23

NET Power is pursuing oxyfuel combustion with natural gas rather 
than coal, pioneering a novel approach known as the Allam cycle. Af-
ter natural gas is combusted in pure oxygen, the resulting carbon di-
oxide rather than steam serves as the working fluid, turning the 
turbine to generate electricity and then being captured. When I vis-
ited their pilot plant near Houston in 2018, NET Power officials told 
me that they expected the technology eventually could match the ef-
ficiency and cost of the world’s top natural gas power plants. That re-
mains to be seen, since by early 2021 NET Power had announced only 
tentative plans for its first two commercial-scale plants.24

In sum, neither of the two historic leaders of clean electricity, hy-
dropower and nuclear, nor a much-anticipated future one, carbon 
capture, is likely to grow substantially this decade. Each requires long 
lead times and enormous upfront costs, along with next-generation 
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technologies that have not been proven at scale. Nuclear power inevi-
tably requires mining, processing, transporting, and disposing of ra-
dioactive materials and warding off proliferation risks and public 
opposition. Fossil power inevitably requires mining or drilling, pro-
cessing, and transporting coal or gas and mitigating the water and air 
pollution and other wastes that come from burning them, even if the 
carbon is captured. Yet targets for 100 percent clean electricity are ap-
proaching fast. That has left a huge void, which only wind and solar 
are ready to fill affordably, with help from complementary resources.

Wind and Solar

Long dismissed as costly niche options, land-based wind and utility-
scale solar have suddenly become the most affordable sources of elec-
tricity (Figure 7). From 2009 to 2020, the cost of land-based wind 
power fell by 71 percent and solar by 90 percent. That has brought 
their costs to less than one-quarter of the cost of new nuclear or car-
bon-capturing coal plants and made solar the cheapest source of elec-
tricity in history. Costs for offshore wind are plunging too.25

For land-based wind, after a century of incremental progress, af-
fordability and performance raced ahead over the past two decades. 
Average blade lengths more than doubled, letting turbines sweep 
through four times as much area. The hubs around which those blades 
spin climbed 30 meters (100 feet) higher into the air, reaching the 
height of the Statue of Liberty’s torch, where winds blow more 
strongly and steadily. Advanced materials enable the blades to with-
stand the stronger forces that these winds and sizes entail. Economies 
of scale held down costs as deployments grew. Utilities tweaked the 
operation of turbines to produce steadier output and protect birds and 
bats. Thus, even as their capacity has grown, turbines now output an 
average of 42 percent of their capacity throughout the year compared 
to just 24 percent two decades ago. Along with better day-ahead wind 
forecasts, that has made wind output less intermittent and more pre-
dictable. Although conventional turbine blades can get iced, as in the 
Texas blackouts of 2021, winterized turbines can perform well even in 
the frigid conditions of Denmark or Antarctica.26
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Offshore wind turbines reach even higher and wider than land-
based ones. Though twice as expensive as land-based wind, their costs 
are falling fast. That’s making offshore wind increasingly attractive in 
coastal regions of Europe and the northeastern United States, where 
population density is high, land is scarce, and winds over the ocean far 
outpace those over land. Since the power of wind increases with the 
cube of its speed, faster wind speeds can dramatically boost output.27

Costs for solar have plunged even faster than for wind. Soon after 
their invention at Bell Telephone Laboratories in the 1950s, solar  
panels cost more than $100 in today’s dollars per kilowatt-hour  
of electricity they produced. That was no match for other options, 
whose costs are measured in pennies or dimes. Thus, solar was viable 

Figure 7. Unsubsidized levelized cost of electricity from carbon-free sources 
and from coal with 90 percent carbon capture. Rooftop solar reflects the 
range of residential and commercial. Solar thermal includes storage. Coal in-
cludes the cost of capturing and compressing but not storing the carbon. 
(Plotted by the author with data from Lazard, “Levelized Cost of Energy and 
Levelized Cost of Storage—2020,” October 19, 2020)
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only where all other options were not—on satellites at first, and then 
for off-grid locations such as offshore lighting and remote railway 
crossings.28

The oil crises of the 1970s spurred the United States and then Japan 
to launch ambitious solar R&D programs. Those “technology push” 
programs drove down solar costs by an order of magnitude, but they 
were still nowhere near competitive with fossil fuels. As oil prices col-
lapsed in the 1980s, so did investments in solar research. But a series 
of incentives in California, Japan, and then Germany created a “de-
mand pull” for solar panels. Manufacturers in Japan and then China 
built ever larger factories to meet that demand. Costs fell with econo-
mies of scale but remained too high to compete without subsidies.29

Then the Great Recession hit, just as some European countries had 
begun reining in their subsidies. Chinese manufacturers, who had 
been exporting nearly all of their output, saw overseas demand evapo-
rate. The Chinese government stepped in with lines of credit to res-
cue reeling manufacturers and jump-started domestic demand for 
their products with hefty subsidies. Chinese installations soon soared, 
far surpassing the rest of the world combined. The scale-up in manu-
facturing drove down costs by another order of magnitude, letting 
solar catch up with wind as the cheapest sources of electricity.30

The extraordinary decline in solar photovoltaic costs came without 
any singular technological breakthrough. Most solar cells continue to 
use crystallized silicon in designs remarkably similar to those invented 
in the 1950s. That’s largely a quirk of history. “If you asked a physicist 
to design a solar cell from scratch, they would never pick silicon,” so-
lar researcher David Moore of the National Renewable Energy Labo-
ratory (NREL) told me. Silicon is not the strongest absorber of 
sunlight and is sensitive to defects, he said. “We use silicon because it’s 
what Bell Labs came up with in the 1950s.” Other photovoltaic mate-
rials and designs have come and gone without winning much market 
share. Relentless incremental progress in efficiently manufacturing 
traditional silicon cells, pulled by market demand, has won the day. As 
Ian Maxwell put it, “Never bet against silicon.” Indeed, of the scant 1 
percent of revenue that the solar industry spends on R&D, most aims 
merely to tweak existing silicon technologies. So far, bets on silicon 
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have paid off. “Cheap solar is real, it is stunning, and I think it is the 
most important good news about climate of the 30 years that I’ve 
worked on the climate energy problem,” David Keith of Harvard 
University has said.31

Unfortunately, even as wind and solar have become cheap, they 
grew to just 8 percent and 3 percent of the U.S. power supply, respec-
tively, by 2020. Most net-zero strategies envision explosive growth in 
solar and wind, enabling them to supply roughly half of the nation’s 
electricity by 2030 and 90 percent by 2050, even as electricity demand 
may double to power more vehicles, heat pumps, industrial processes, 
and green hydrogen production. As cheap as wind and solar have be-
come relative to other clean electricity, they must become even 
cheaper to make electrification and green hydrogen more attractive. 
“Silicon solar panels may not lead us into a green economy where 
power is doing much more than it used to,” said Varun Sivaram, the  
author of Taming the Sun.32

If solar cells could instead be printed onto a flexible material, 
spooled onto rolls, and then unrolled for installation, they could be 
deployed at unimaginable scales. That is the vision for an emerging 
technology known as perovskites. “If we could print solar cells like 
newspapers, we could speed up production by a factor of 100,” said 
Moore as he showed me around his solar perovskite lab at NREL in 
Colorado. Moore envisions flexible perovskites being deployed on all 
sorts of surfaces where rigid panels cannot go, such as clothing, cars, 
and cell phones. However, current perovskite materials contain toxic 
lead and can degrade within months. Other emerging technologies, 
such as solar cells made from organic compounds or quantum dots, 
are also promising but beset by challenges. Some analysts question the 
need for new solar technologies. “Crystalline silicon technology is 
good enough, and it’s hard to beat,” Jenny Chase, Bloomberg NEF’s 
head of solar analysis, told Nature in 2019. Perovskites, she said, “are 
not something we need to wait for.” Whether new technologies 
emerge or crystalline silicon continues to dominate, what’s clear is 
that solar photovoltaic energy is already cheap and getting cheaper.33

While sprawling solar farms now dominate the market, residential 
and commercial rooftops deserve renewed attention. In the United 
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States, costs for rooftop solar have not fallen nearly as fast as for solar 
farms, since marketing and installation remain expensive even though 
panel prices have plunged. That has left rooftop solar several times as 
costly as solar farms here. However, rooftop solar avoids the land use 
and ecosystem disruption of solar farms. It also provides power di-
rectly to the consumer, avoiding transmission and distribution that 
can be costlier than generation itself. So rooftop solar only has to nar-
row the gap to be valuable. If it does, rooftop solar paired with local 
storage could reduce overall costs for clean electricity, by shrinking 
the need for new solar farms and transmission.34

Policy can make rooftop solar more affordable. Rooftop solar in 
Australia, Mexico, and some Asian countries costs just a third as much 
as in the United States, thanks in part to more streamlined processes 
for approving and inspecting projects and connecting them to the 
grid. Low-interest financing and incentives from utilities or govern-
ment can help middle-income families enjoy savings from rooftop so-
lar. Deeper savings could be achieved by requiring solar on new 
homes, with exemptions where needed, as California began to do in 
2020. That allows rooftop solar to be incorporated into a home’s de-
sign, financed within a low-interest mortgage, sold without door-to-
door marketing, built with economies of scale, and operated for as 
many years as possible.35

Despite the success of silicon solar panels and the emergence of 
promising alternative photovoltaic materials, solar thermal technolo-
gies have struggled. Unlike photovoltaics, which convert sunlight di-
rectly to electricity, solar thermal facilities generate heat by 
concentrating sunlight with sun-tracking mirrors. Those “heliostats” 
need direct beams of sunlight and thus are exceptionally dependent 
on clear sky conditions. Some facilities concentrate the sunlight in 
troughs, and others reflect it toward towers. The heat is used to pro-
duce steam to turn a turbine and generate electricity, either immedi-
ately or by storing heat in molten salts to produce steam and power 
later.

As recently as a decade ago, solar thermal was expected to become 
more affordable than photovoltaics, at least in exceptionally sunny re-
gions. However, while solar photovoltaics were becoming affordable 
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along learning curves thanks to factory production of modular designs, 
the one-at-a-time construction projects needed for solar thermal suf-
fered the same sorts of delays and cost overruns that plagued nuclear 
and carbon capture projects. Each solar thermal site had to be de-
signed around unique local conditions and faced unexpected opera-
tional challenges. At Ivanpah Solar in California, where over 170,000 
heliostats reflect sunlight onto three towers, jet contrails obstructed 
the sun and misaligned mirrors set fire to one of the towers. At Cres-
cent Dunes in Nevada, where more than 10,000 heliostats reflect sun-
light onto a single tower, the utility halted operations after costs soared 
and leaks of molten salt and other mishaps crimped production.36

There are reasons to hope that solar thermal can overcome its re-
cent woes and improve its performance and costs. Designs with mol-
ten salts can continue producing power after sunset, satisfying evening 
demand while photovoltaics cannot. About two dozen solar thermal 
projects are under development worldwide, so learning by doing may 
emerge if replicable designs are adopted. Still, like nuclear, solar ther-
mal faces a race against time to prove its worth as a complement to 
wind and photovoltaics.37

Geothermal

Though often overlooked, geothermal energy could become a leading 
new complement to wind and solar, if emerging technologies pan out 
as hoped. That’s a big if. But the prospect is less far-fetched than some 
people realize. In fact, it’s likely there will be more additions of geo-
thermal in the United States over the next two decades than of hydro-
power, nuclear, and coal combined. That may sound implausible, since 
for now geothermal supplies just 0.4 percent of U.S. electricity, mostly 
from wells built decades ago in California and Nevada. Those wells sit 
atop reservoirs that are exceptionally hot at shallow depths—so shal-
low that steam emanates naturally from the surface. Sites with such 
shallow heat are rare. Most geothermal resources lie several kilometers 
below the ground—too deep to justify drilling into them vertically. 
However, veering the drilling horizontally, via techniques pioneered 
for oil and gas, would tap into far more heat at once, boosting output 
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and affordability. If those techniques succeed in pilot projects, they 
could be replicated at dozens of sites to drive down costs.38

Tim Latimer founded Fervo Energy to do just that. “We’re going 
to be the first in the world to do horizontal drilling for geothermal, 
which we believe can be transformative,” he told me. Fiber- 
optic sensing will help optimize flow rates once a geothermal reser-
voir is reached. Latimer used a two-year stint at Berkeley National 
Laboratory’s cleantech incubator, Cyclotron Road, to develop his 
concepts and then landed funding from Breakthrough Energy  
Ventures to start his business. Next, he moved his company to Texas, 
realizing that the expertise he needed was not just in Silicon Valley but 
in the roughneck world of oil and gas drilling. The aim is not to be  
as cheap as wind or solar farms but to outcompete other potential 
complements to their variable output. “Even a resource that might be 
more expensive on a raw energy basis like geothermal plays a critical 
role in terms of delivering power when it’s needed, so it becomes part 
of a least-cost solution to achieving deep decarbonization,” Latimer 
said. Other start-ups such as Eavor Technologies of Canada and 
GreenFire Energy in California are pioneering their own designs for 
tapping geothermal energy with horizontal drilling.39

DOE’s GeoVision study in 2019 envisioned that pairing horizontal 
drilling with other advanced technologies could enable geothermal 
power to generate 16 percent of U.S. electricity by 2050 at competi-
tive costs. In 2020, based on pre-pandemic conditions, geothermal 
was estimated to cost twice as much as wind and solar and half as 
much as new nuclear plants. Plunging oil prices amid the COVID 
pandemic left hundreds of drilling rigs and thousands of workers idle. 
Together with low interest rates, that could slash the cost of geother-
mal drilling. Merely narrowing the cost gap with wind and photovol-
taics would make geothermal a valuable complement, since it can 
provide continuous or flexible output resilient to any weather.40

Still, geothermal developers face numerous obstacles. Geothermal 
has received smaller and less consistent tax credits than wind and so-
lar. Only one site, DOE’s Field Observatory for Research in Geother-
mal Energy in Utah, provides a testbed for experimenting with 
unconventional techniques on a geothermal reservoir. “Basically, the 
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entire future of geothermal in the United States right now comes 
down to whether that one site can perform,” Latimer said. “Dozens of 
promising geothermal technologies that are ready for field testing are 
stuck.” And while those technologies remain untested, utilities are un-
willing to incorporate geothermal into their long-range planning. “To 
make geothermal energy cheap, we need 5 or 10 FORGE projects to 
sufficiently build on technological developments and to fail, innovate, 
succeed, and demonstrate—bringing down costs along the way,” Erik 
Olson of the Breakthrough Institute has written. To allow successes to 
proliferate, Congress should reform the National Environmental Pol-
icy Act to expedite environmental review and permitting for geother-
mal projects, which currently face more onerous barriers than oil and 
gas drilling. With adequate investments in RD&D and an easing of 
regulatory barriers, geothermal could quickly become a leading com-
plement to variable wind and solar. “Geothermal fills a critical gap to 
complete the energy transition,” Princeton University energy mod-
eler Jesse Jenkins told Quartz magazine.41

Oceans and Other New Sources of Electricity

Less attention has been paid to ocean-based sources of electricity, but 
they could play a niche role near densely populated coastal regions. 
Various studies have estimated that energy from waves, tides, and 
ocean currents could together supply more than 15 percent of U.S. 
electricity. However, technologies to harness that energy remain un-
tested at commercial scales. Waves and tides are strongest along the 
Pacific and northeast Atlantic coasts, Hawaii, and Alaska, while ocean 
currents are strongest offshore from the southeast Atlantic coast. 
However, ocean-based electricity is for now far costlier than land-
based wind and solar where those are available.42

Various other options for power generation have been proposed 
over the years, such as nuclear fusion or beaming down microwave 
energy from solar-collecting satellites. However, any new technology 
will need to compete with increasingly affordable wind, solar, and 
geothermal power and existing hydropower and nuclear power, and it 
must scale up in time for clean electricity targets.
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A New Paradigm for Electricity

The shifting fortunes of each carbon-free option suggest that electric-
ity should be decarbonized by a far different paradigm from what 
once seemed most feasible.

The plunging costs of wind and solar photovoltaics and the cost 
overruns of nuclear and carbon capture have caught experts and pol-
icy makers by surprise. In 2005, DOE’s Energy Information Adminis-
tration (EIA) forecast that wind and solar costs would barely budge 
through 2025, with solar remaining far costlier than nuclear or carbon 
capture. Thus, when Congress passed the Energy Policy Act later that 
year, there was little surprise that it targeted incentives toward nuclear 
and carbon capture from coal. A few years later, Gregory Nemet, now 
a professor studying low-carbon innovation at the University of Wis-
consin–Madison, began interviewing dozens of solar experts about 
their expectations for how low solar costs could fall by 2030. By 2019, 
actual prices had already fallen below the experts’ most optimistic 
forecast, Nemet told me.43

By 2013, when Jim Williams led the U.S. team of the Deep Decar-
bonization Pathways Project developing scenarios for clean energy, 
EIA had extended its flat cost projections for wind and solar photovol-
taics to 2040, and it did not anticipate the further cost overruns that 
continue to plague nuclear and carbon capture. Thus, the Pathways 
team posited four pathways to clean electricity that Williams tells me 
seemed similarly plausible at the time: a High Renewables case, a 
High Nuclear case, a High Fossil Fuels with Carbon Capture case, 
and a Mixed case blending the other three. Skewed by EIA’s pessi-
mism on wind and solar, the 2013 study projected that the High Re-
newables case would be the costliest of the four.44

Since the original Pathways study was conducted, wind and solar 
costs have plummeted to one-quarter the cost of new nuclear or fossil 
fuels with carbon capture, and they are expected to fall further. In 
updated modeling with the latest cost projections in 2020, Williams 
and colleagues from the Zero Carbon Consortium found that an elec-
tricity generation mix with 90 percent wind and solar would minimize 
costs. Similarly, Princeton University researchers relied on wind and 
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solar to provide 85 to 98 percent of the power supply in most of their 
scenarios for reaching net zero by 2050. “It’s hard to justify high nu-
clear scenarios now,” Williams told me. Also, with wind and solar 
making clean electricity cheaper than previously imagined, the newer 
studies envision more electrification of vehicles and heating, shrink-
ing the demand for liquid and gaseous fuels.45

Power grids must maintain a perpetual balance between supply and 
demand. Making variable wind and solar the dominant sources of 
electricity will require a new paradigm for maintaining that balance. 
“The advent of renewable energy being very, very cheap means that 
our source of electricity will be variable by nature and far from where 
we live,” said Christopher Clack, an electricity systems modeler who 
founded Vibrant Clean Energy.46

Electricity has traditionally come from a limited number of power 
plants, rather than thousands of wind turbines and solar farms. Tradi-
tional plants produce electricity either continuously, like nuclear and 
coal plants operating near their maximal capacity around the clock, or 
flexibly, like dams and gas turbines that can easily modulate their out-
put. The continuous sources are often conceptualized as providing a 
firm “baseload” of power, with the other sources flexing their output 
to match fluctuating demand.

Sprinkling a bit of wind and solar into the mix is no problem. Wind 
and solar have grown to provide 11 percent of the power supply na-
tionally, and far more in some regions like the wind-swept Great 
Plains, without interrupting the reliability of power. However, for 
wind and solar to become the leading sources of electricity, as their 
low costs and zero emissions merit, we will require a new paradigm 
for power supply. Once built, wind and solar are virtually free to oper-
ate, both in dollars and emissions. Thus, we will want to use them as 
much as possible. They, not traditional baseload plants, will serve as 
the foundation of the power supply. But it will be a bumpy foundation, 
shaped by winds and sun. Other sources must flex their output atop 
that bumpy base to balance variable demand.47

Most clean complements to wind and solar—hydropower, nuclear 
power, geothermal, and perhaps someday ocean-based sources or nu-
clear fusion—operate nearly continuously to dilute their upfront costs 
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over as much output as possible. Flexing to balance wind and solar 
may reduce that output, although developers such as TerraPower for 
nuclear and Fervo for geothermal are designing their projects to pro-
vide that flexibility. Other complements, like biomass or renewable 
gas plants, may cost more to operate but flex their output more readily.

Balance is a matter of not just supply but also demand. Demand 
tends to follow predictable patterns—rising when people come home 
to cook, dipping when they sleep, and peaking on the hottest after-
noons or coldest mornings when air conditioners or heaters are run-
ning full blast. Unfortunately, winds tend to be slow on hot summer 
afternoons, and sunlight is weak on cold winter mornings.

Time-varying prices can incentivize users to shift demand away 
from times of scarcity toward times with more abundant wind and so-
lar power. Some industries are adept at shifting demand to avoid peak 
prices, but residential consumers tend to be less responsive on their 
own. Nonetheless, smart thermostats, water heaters, and other devices 
that automatically adjust to grid conditions can reduce residential peak 
demand by at least 30 percent. Incentives and override options may 
encourage consumers to adopt such devices.48

Alongside complementary sources and more flexible demand, two 
other factors can keep power reliable and affordable on a grid domi-
nated by wind and solar: transmission and storage.

Transmission

Complements to wind and solar, like wind and solar themselves, are 
geographically constrained. River flow, geothermal resources, ocean 
conditions, proximity to carbon storage sites, and public acceptance of 
nuclear all vary by region. Wind and solar need affordable land near 
power lines in windy or sunny areas. Output from all these sources 
varies with time, yet power supply and demand must be balanced con-
tinuously. Since electricity travels at the speed of light, it can be trans-
mitted from where it’s generated best to where it’s needed most at any 
time of day. The broader the geography over which we can pool these 
resources, the more robust our supply can be. That’s where transmis-
sion comes in.
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As the saying goes, it’s always five o’clock somewhere. As electricity 
demand reaches its late-afternoon peak on the east coast, the western 
United States is basking in midday sunshine. As west coast demand 
reaches its own peak, evening winds pick up across the prairies. 
Coastal winds peak with summer sea breezes. Nuclear, hydropower, 
and geothermal output can be fixed or flexible depending on how  
facilities operate.

Unfortunately, U.S. transmission grids are ill-equipped to link 
these resources. The American Society of Civil Engineers rated the 
grid a C− on its 2021 Infrastructure Report Card. Most transmission 
lines were built in the 1950s and 1960s, when centralized power 
sources dominated supply. Many of the nation’s windiest and sunniest 
regions lack the high-voltage lines needed to transmit power effi-
ciently. High voltages are key because they allow far more power to be 
transmitted with less wasted along the way.49

Transmission in the continental United States is balkanized into 
three main grids and further subdivided into regional systems man-
aged by different operators with different rules and priorities. The 
western and eastern grids are split by a seam that runs along the Col-
orado-Kansas border up through eastern Montana. Texas has a grid 
unto itself, stranding its residents during the February 2021 blackouts. 
These grids and their regional systems have too few high-voltage 
transmission lines traversing windy and sunny areas.

Building high-voltage lines through windy and sunny areas can 
avert transmission bottlenecks that sometimes force grid operators to 
“curtail” the output from wind and solar farms. “We can build a lot 
less capacity if we invest in transmission, because we’re not going to 
waste as much electricity,” said Clack. He estimates that a “supergrid” 
of transmission lines would shave about $1 trillion off the cost of de-
carbonizing U.S. electricity, since its costs would be more than offset 
by reducing the need for new wind and solar farms and other capacity. 
“Even though it takes a lot to build, it will pay for itself very quickly,” 
Clack told me. Building more transmission lets us build less of some-
thing else—wind farms, solar farms, geothermal wells, hydroelectric 
dams, nuclear plants, and so on—since we will not waste their power 
in transmission bottlenecks. That can ease the transition away from 
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fossil fuels and all the coal mines, fracking sites, ash ponds, leaks, and 
other impacts that come with them.50

But building new transmission lines is no easy task. Permitting de-
cisions are made primarily by states, whose processes are inconsistent 
and uncoordinated. State and county officials and residents may ob-
ject to lines that serve the greater good but don’t convey much benefit 
locally. Interstate lines are especially difficult to build, since they re-
quire approvals from many jurisdictions.51

A chicken-and-egg problem stifles the growth of renewables and 
transmission: developers can’t build wind and solar farms where there 
are no transmission lines, and utilities won’t build transmission lines 
to empty spaces. “Transmission is fundamentally the limiting factor in 
tapping into the best resources,” said Vanessa Tutos, director of gov-
ernmental affairs at EDP Renewables.52

Texas partially solved its chicken-and-egg problem by designating 
certain windy areas as “competitive renewable energy zones” and di-
recting utility companies to build transmission lines to them. Trans-
mission investments paid off with savings from affordable wind 
generation, and they expanded opportunities for solar too. Wind 
power output more than doubled, while far less was curtailed by bot-
tlenecks in transmission.53

Building lines across states has been harder. Clean Line Energy 
tried for a decade to build high-voltage lines connecting windy areas 
with more populated regions. I visited Clean Line’s downtown Hous-
ton headquarters early in my work for this book, hoping to profile 
innovators who were helping to confront climate gridlock while mak-
ing money too. “Who’s making any money at this?” CEO Michael 
Skelly retorted. Sure enough, the company closed two years later, sty-
mied by not-in-my-backyard opposition to power lines and by mo-
nopoly utilities warding off competition, in a saga chronicled by 
Russell Gold in Superpower.54

Rather than lines crossing many states, like Clean Line failed to 
build, or lines within a state, like Texas built, what’s needed most is 
connectors to transmit power across the seams of neighboring grids. 
NREL and its partners conducted an Interconnections Seam Study to 
explore how such connectors could allow electricity to be decarbon-
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ized more reliably and affordably. The report, whose release was ini-
tially blocked by the Trump administration, showed that building 
interconnections could yield over twice as much savings as costs while 
helping wind and solar power reach more consumers.55

In his own analyses, Clack determined that just around 150 carefully 
located lines tying together existing grids would make it far more afford-
able to decarbonize electricity. “We don’t need super-long transmission 
lines, but lots of smaller lines that can shuffle power around between re-
gions,” Clack told me. He recommends building the lines underground, 
to allay local concerns and protect the lines from wildfires and other haz-
ards. Placing them along rail lines or highway corridors would minimize 
disruption and make power available to vehicle charging stations.56

Net-zero scenarios from both Princeton and the Zero Carbon 
Consortium would triple the nation’s high-voltage transmission ca-
pacity by 2050, for an investment of roughly $2 trillion. Most of the 
lines would connect windy areas with regions of high demand, since 
wind is more geographically constrained than solar. Since transmis-
sion investments would be spread across decades and reduce fuel 
costs, they could more than pay for themselves. Researchers from the 
Massachusetts Institute of Technology found that coordinating trans-
mission expansion on an interstate basis, rather than state by state, can 
dramatically reduce the cost of renewable electricity.57

To promote interstate coordination, Congress should pass legisla-
tion directing the Federal Energy Regulatory Commission (FERC) 
and partner agencies to develop a national strategy for transmission, 
as the House Select Committee on the Climate Crisis proposed in 
2020. Such a strategy should not just consider immediate needs but 
also prepare for more wind and solar and growing demand from elec-
trified vehicles, heating, and industry. A streamlined permitting  
process will be essential to expedite construction.58

Even without new legislation, the Energy Policy Act of 2005 autho-
rizes DOE to designate national interest transmission corridors, where 
FERC can preempt state vetoes of new lines. It also authorizes DOE to 
partner with private entities to facilitate the construction of transmis-
sion lines. Although that authority was not enough to help Clean Line 
build a line from the Oklahoma panhandle to Tennessee, it could help 
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other companies build the shorter connectors that are urgently needed. 
Still, executive branch actions under the 2005 act cannot match the 
comprehensive efforts that new legislation could unleash.59

Storage

Even with a diverse supply, expanded transmission, and demand flexibil-
ity, we will still have gaps and surpluses between supply and demand. 
That’s where storage comes in. Storage is sometimes miscast as the “holy 
grail” for maintaining balance on a mostly wind and solar grid. Batteries 
are indeed getting cheaper. But we’ll never build enough batteries to 
back up the grid. Batteries are costly to build and costly to operate, since 
energy is dissipated each time they are charged and discharged.60

Transmission moves power more efficiently. Complementary re-
sources smooth out supply. Demand flexibility narrows gaps and sur-
pluses between supply and demand. The more robustly we deploy 
complementary resources, transmission, and flexibility, the less stor-
age we will need to build and the less often we will have to deploy it, 
reducing the overall costs of electricity.

Storage isn’t just batteries. And it’s not a one-size-fits-all commodity. 
Different options work better for providing power over different dura-
tions. Short-term storage maintains steady electrical frequency and 
smooths out supply across minutes or hours. Lithium-ion batteries work 
great for that, charging up with surplus power and discharging when 
power is scarce. Costs of lithium-ion batteries have fallen by 87 percent 
over the past decade and are expected to continue falling, making them 
the dominant option for short-term storage. Still, it would be cost- 
prohibitive to rely entirely on batteries to balance supply and demand. 
Building enough batteries to store just twelve hours of power nationally 
would cost over $2 trillion. “Lithium-ion batteries are an important 
complement to renewables, but they’re no panacea,” Jenkins told me.61

As the shares of electricity provided by variable wind and solar con-
tinue to grow, intermediate-term storage may become important. 
ARPA-E’s DAYS (Duration Addition to ElectricitY Storage) program 
funds projects that develop and demonstrate technologies to store 
power over durations of ten to one hundred hours. That’s long enough 
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to complement solar power through the night or get through several 
days with cloudy skies, slow winds, or extreme weather conditions. 
DAYS-funded concepts include pumping water underground, heating 
up beds of magnesium-based particles, and building flow batteries 
that store energy in tanks of electrolytes.

Beyond intermediate storage, longer-duration options could be 
needed to supplement a mostly wind and solar supply through ex-
tended freezes, when sunshine is scarce, winds are slow, and heating 
demand peaks. It would also help during extended heat waves, when 
winds are slow and cooling demand peaks. Climate change is exacer-
bating summer extremes. Since different regions experience freezes 
and heat waves at different times, wheeling power around regional 
grids via enhanced transmission could slash storage requirements. 
Still, long-term storage can help grid operators manage extreme 
freezes and heat waves that drive up power demand and may be ac-
companied by slow winds across many states.62

Long-term storage has traditionally been provided by pumped  
hydropower—using surplus power to pump water up to a higher res-
ervoir and then releasing it through a turbine during times of scarcity. 
Pumped hydropower can be built only on suitable terrain and with 
adequate supplies of flowing water. Very few sites have been built 
since the 1990s, although DOE’s Hydropower Vision identified op-
portunities to add 36 gigawatts of new pumped hydropower capacity 
to the 22 gigawatts that exists today.63

Far greater capacity for long-term storage could come from storing 
hydrogen underground. As the world’s lightest molecule, hydrogen 
(H2) holds an exceptional amount of energy per unit of mass. Various 
uses and production methods for hydrogen are discussed in Chapter 
6. Here, I’ll focus on its potential for electricity storage.

Most hydrogen today is produced from fossil fuels and steam and 
used to make fertilizers and other chemicals. Called “grey hydrogen,” 
its production is highly emissions-intensive and not a means for 
cleanly storing electricity.

“Green hydrogen” is instead produced by using clean electricity to 
split hydrogen from water in an electrolyzer. Doing so for electricity 
storage is nothing new. Large electrolyzers were built as early as the 
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1920s to make hydrogen from surplus hydropower from dams. As 
wind and solar farms proliferate, electrolyzers could make green  
hydrogen from their surplus output.64

Green hydrogen could be stored underground in formations such 
as salt caverns or depleted oil and gas reservoirs. Natural gas is stored 
today in this manner, which keeps it available throughout wintertime 
peaks in demand. Hydrogen could be stored underground  for months 
with little leakage.

Stored hydrogen could be extracted whenever needed and used in 
fuel cells or gas turbines to generate electricity. Some gas turbines can 
already burn blends of hydrogen and natural gas, and new ones could be 
designed to run on hydrogen alone. Early deployments of flex-fuel tur-
bines are planned for Utah, where growing percentages of green hydro-
gen from renewables will be blended with natural gas until turbines run 
completely on hydrogen. Some of the hydrogen will be stored in an 
underground salt dome, making it available when needed most.65

The big drawback of hydrogen storage is that its “round-trip  
efficiency”—how much energy is discharged compared to how much 
energy is put in—is only around 35 percent. By contrast, many batteries 
top 80 percent. Thus, for short-term purposes, we are better off using 
batteries. With adequate transmission, batteries plus some intermediate 
storage are enough to meet our needs while wind and solar are scaling 
up over the next decade or two. Only when wind and solar percentages 
grow very large will long-term storage become important, especially for 
getting through the depths of winter as more heating is electrified. As 
energy modeler Tom Brown of the University of Karlsruhe put it, “A 
wild expansion of electrolysis [for hydrogen] only makes sense when we 
have renewable power coming out of our ears. Until then, the priority 
is to build renewables faster, and start scaling up electrolyzer manufac-
turing so it’s down the learning curve when we need it.”66

Aiming High

Pulling together all the tools of complementary resources, flexible de-
mand, transmission, and storage alongside wind and solar, we can cer-
tainly decarbonize the power supply very deeply while making it more 
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affordable, reliable, and resilient. Numerous studies project the share 
of GDP spent on energy could continue to decline even as we decar-
bonize. But should we aim for 100 percent clean electricity? Or is 
getting close good enough?

The clarity of a 100 percent target cannot be dismissed. “We don’t 
go 98.5 percent of the way to the Moon,” said Mark Jacobson, a pro-
fessor at Stanford University who has modeled scenarios for 100 per-
cent renewable electricity. Like President Kennedy’s call to go to the 
Moon, a 100 percent target serves as a clarion call for action. It makes 
clear that fossil fuel plants and the pipelines and coal mines that serve 
them have no place in the grid of the future. Knowing that, we can 
begin planning for environmental remediation and just economic 
transitions for communities near retiring facilities, even as clean en-
ergy creates more jobs overall. Developers and deployers of clean 
electricity technologies can redouble their efforts, counting on a 
booming market for renewables, transmission, storage, and demand-
flexing devices. Grid operators, public utility commissioners, utility 
executives, and others can plan for the transition as well.67

The clarity of 100 percent targets has been winning out politically. 
By 2020, six states plus the District of Columbia and Puerto Rico had 
already committed to 100 percent carbon-free electricity by 2050 or 
sooner, and eight others had set 100 percent as a goal. The Green 
New Deal proposed a national target of 2030, and President Joe 
Biden’s climate plan calls for 100 percent clean electricity by 2035. 
Ironically, all these policies and proposals were set after President 
Trump took office with a vow to boost coal.68

Despite the political appeal, mandating 100 percent clean electricity 
too soon would be self-defeating. Since carbon dioxide accumulates and 
coal pollution is deadly, eliminating coal and scaling up clean sources as 
quickly as possible can be as important as ultimately scaling them to 100 
percent. Clean electricity is not an isolated pillar of clean energy. In-
stead, it is profoundly interconnected with efficiency and electrifica-
tion. Efficiency depends upon electric cars and heat pumps replacing 
gasoline cars and gas furnaces. Electrification depends on electricity be-
ing affordable and reliable enough to replace other fuels wherever prac-
tical. Even some negative emissions technologies, like capturing carbon 
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dioxide from the air, depend on abundant and affordable electricity. If 
demands for purity make electricity less affordable or reliable for the 
sake of squeezing out every last ounce of emissions, that outcome would 
undermine the construction of the other pillars.

Mandating 100 percent clean electricity and eliminating gas would 
constrict our options to satisfy demand at the toughest times, when 
gas plants can be dispatched quickly to avert shortfalls. Without some 
flexibility from gas, we might need to overbuild and rarely use some-
thing else—extra wind and solar farms, geothermal or nuclear plants, 
transmission lines, or storage—to keep the lights on when clean sup-
ply falls short of demand, especially as more electrified heating inten-
sifies wintertime peaks in demand. “The more you electrify, the more 
it becomes nonlinear how much you have to overbuild,” said Michael 
Webber, a professor of mechanical engineering at the University of 
Texas at Austin. The Zero Carbon Consortium’s net-zero strategy 
would keep some gas plants on hand, deploying them sparingly to 
satisfy peak demand. Blending in hydrogen or biogas could make 
those gas plants cleaner, but the paucity of use is what matters most. If 
this route is taken, policies must make it financially viable to retire 
some gas plants while keeping others maintained and fully weather-
ized to be ready for dispatches that come as rarely as possible.69

Recent research from the University of California at Berkeley 
found that a 2035 deadline for 100 percent clean electricity nationwide 
would leave insufficient time for new generation and storage tech-
nologies to scale up to balance wind and solar year-round. However, it 
found that aggressive policies could achieve a target of 90 percent by 
2035 while keeping electricity prices below their current levels. Such 
an ambitious yet achievable target would yield enormous benefits 
while setting the stage for widespread electrification and deeper de-
carbonization of electricity over the subsequent decade.70

America’s Role Abroad

How could America’s pursuit of clean electricity influence parallel pur-
suits abroad? In some ways, it will not. Very little electricity crosses our 
borders. Dozens of countries already generate electricity far more 
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cleanly than the United States, with non-fossil sources providing  
the bulk of their supply. Their leading sources of clean electricity  
vary widely, from the nuclear power of France to the wind power of 
Denmark to the hydropower of Norway and much of Latin America. 
With a far larger grid and far more coal to displace, China has been  
adding wind and solar power several times more quickly than the  
United States, so it will be a stronger driver of learning curves from  
deployment.71

Furthermore, the clean electricity mix that emerges here will not 
necessarily be replicable abroad. The United States is blessed with a 
uniquely diverse array of resources. Its central states have stronger 
winds than just about anywhere in southern Asia or sub-Saharan Af-
rica. The northeast and northwest coasts feature strong offshore 
winds. The desert Southwest gets more sunshine than anywhere in 
Europe. Even the upper Midwest gets more sunshine than most of 
Germany or Japan, the countries that rank just behind us in solar in-
stallations. Western states offer abundant untapped opportunities for 
geothermal power. Various regions sit atop geology that is well-suited 
for storing carbon dioxide or hydrogen. Meanwhile, legacy fleets of 
hydroelectric dams and nuclear power plants provide firm output to 
balance variable renewable electricity.

Where the United States can lead is in driving a technology push 
toward clean electricity innovation. The United States ranks second 
only to China in renewable energy patents, producing more than all 
other developing countries and the European Union combined. Our 
national laboratories and universities, plus an unmatched wealth of 
public and private funders, provide fertile ground for innovation. A 
handful of those funders, such as ARPA-E and Breakthrough Energy 
Ventures, specifically seek out high-risk, high-reward endeavors that 
could lead to technology breakthroughs.72

Several aspects of clean electricity are especially suited for U.S. 
leadership. As the country that pioneered fracking and horizontal 
drilling, and with abundant geothermal resources in western states, 
the United States could pioneer enhanced geothermal technologies. 
Success with those technologies would make geothermal energy ac-
cessible in far more locations, and it would leverage the expertise of 
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American oil companies as demand for oil declines. Those companies 
can also lead the way toward capturing carbon dioxide and storing it 
in oil and gas reservoirs and other geological formations. Meanwhile, 
developers of oil and gas pipelines can redirect their efforts to retrofit-
ting those pipelines or building new ones to transport hydrogen and 
captured carbon dioxide. Finally, Silicon Valley can drive innovations 
that make efficiency and flexible demand more appealing to consum-
ers. In all these areas, American innovations can expand opportunities 
and drive down costs for decarbonizing electricity in other countries.
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Okay, so we’ve cleaned up electricity. That raises two questions. 
What can run on that clean electricity? And how can we cleanly fuel 
everything else?

Electricity already powers nearly 40 percent of U.S. energy needs, but 
its use is spread unevenly across the economy, resulting in a jagged fron-
tier between what’s electrified and what’s not (Figure 8). Even as electric-
ity has gotten cleaner, that frontier has barely budged. Transportation 
still uses hardly any electricity, driven mostly by liquid fuels. By contrast, 
homes and businesses already get most of their energy from electricity, 
using it to power air conditioners, refrigerators, lights, and appliances. 
Space and water heating are the main exceptions, as gas, propane, and 
fuel oil compete with electricity for market share. Meanwhile, many in-
dustrial processes, such as the manufacturing of chemicals, paper, ce-
ment, and steel, remain largely unelectrified. Mining and refining also 
consume huge amounts of fuel, but that usage would shrink if decarbon-
izing other sectors lets us mine, refine, and transport less fossil fuels.

This means that any battle to extend the electrified frontier into 
fossil-fueled terrain must be waged on three main fronts: transporta-
tion, heating, and industry. Extending that frontier will enable in-
creasingly clean electricity to power more of the economy. However, 
as we’ll see, those extensions will also transform the challenge of  
decarbonizing electricity itself. Meanwhile, hydrogen, advanced  
biofuels, or other clean fuels will be needed to decarbonize whatever 
is not electrified. Trillions of dollars and billions of tons of emissions 
are at stake in getting it right.

Decarbonizing Cars

Light-duty vehicles such as cars, pickup trucks, and sport utility vehi-
cles emit more carbon dioxide than all other transportation combined 
in the United States. COVID-19 lockdowns aside, policies have been 

six POWER SHIFT



P O W E R  S H I F T

104

largely ineffective in curbing the inexorable growth in how far we 
drive. Americans travel nearly 90 percent of their mileage in privately 
owned vehicles that average just 1.5 passengers, even as the size of ve-
hicles has grown. Tweaks to urban design such as bike lanes, rezoning, 
and denser development can only do so much to reduce driving within 
cities already built around automobiles, and local improvements don’t 
affect travel between and beyond cities. Thus, much as I would love to 
see cities become more walkable, bikeable, and accessible via public 
transit, making them all-around better places to live, emissions cuts 
for the foreseeable future will come mainly from reducing emissions 
per mile rather than reducing miles traveled.1

Efficiency can help. Hybrid cars such as the Toyota Prius achieve 
twice the fuel economy of traditional vehicles. Eventually, though,  

Figure 8. U.S. energy use in 2015 (1 Quad = 1 quadrillion Btu). Activities  
below the bold line were powered by electricity. (Image courtesy of NREL 
Electrification Futures Study, nrel.gov/efs)

http://nrel.gov/efs
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efficiency can cut gasoline use only so much, and there is no way to 
capture the tailpipe emissions from burning it. Burning any fossil fuel 
generates more than twice its weight in carbon dioxide, as its carbon 
bonds with oxygen from the air.

Deep decarbonization will require powering vehicles without  
burning fossil fuels. Until recently, it was not clear that electricity was 
the best way to do so. “A decade ago, we thought it was really a jump 
ball between electric vehicles and fuel cell vehicles,” said Amber Ma-
hone of Energy and Environmental Economics. Hydrogen fuel cells 
use just hydrogen and air to make energy. If the hydrogen is produced 
cleanly—a big if, since most hydrogen today is produced from natural 
gas and steam—fuel cells provide a clean way to power a car, emitting 
only water vapor from the tailpipe. “With hydrogen, you can store 
more energy more compactly and at lower weights than you can with 
batteries,” said Joan Ogden of the University of California at Davis. 
Hydrogen can refuel a vehicle nearly as quickly as gasoline or diesel 
and far faster than a battery can be recharged.2

Despite these advantages, market conditions have shifted  
decisively in favor of electric cars. “Now, electrification of light-duty 
vehicles is basically a no-brainer,” Mahone told me. Electric vehicle 
sales are outpacing fuel cells by a factor of 100. With growing econo-
mies of scale, electric vehicle costs have fallen far below the cost of 
comparable fuel cell ones. Price gaps could widen, as car manufactur-
ers spend most of their clean vehicle R&D budgets on electrics.  
Industry and government at the state and local levels are collaborating 
to build out charging infrastructure and promote electric vehicles, 
while support for fuel cells remains scant. Just forty-four public  
hydrogen refueling stations were operating in the United States  
in 2020.3

Most pivotal to the rise of electric cars has been the falling costs of 
their most expensive component, lithium-ion batteries. Battery costs 
dropped by 89 percent in real terms from 2010 to 2020, bringing the 
sticker prices of electric cars near parity with gasoline ones. Beyond 
upfront costs, electric cars are cheaper to operate and maintain than 
gasoline or diesel ones, thanks to fuel savings and fewer moving parts 
that can degrade. For example, a teardown of an electric Chevy Bolt 
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and a gasoline VW Golf found that the Bolt had just 35 moving and 
wearing parts, compared with 167 in the Golf.4

Despite falling costs, electric vehicles face barriers in the market-
place. Car dealers tend to be reluctant to sell electric cars, which are less 
familiar and which may yield fewer lucrative trips to their service shops. 
Car buyers focus mostly on sticker prices, discounting fuel and mainte-
nance savings that accrue over time. Buyers may also be deterred by 
“range anxiety”—a fear of running out of charge while driving. Such 
anxiety took root when early electric vehicles failed to live up to even 
their limited promised ranges. When Nissan introduced the Leaf as the 
first mass-market, fully electric vehicle in 2011, it claimed a range of 175 
kilometers (109 miles). Testing by the EPA found its actual range was 
just 117 kilometers (73 miles), and drivers complained of even shorter 
ranges during cold weather.5

Now that many electric vehicle models can reliably travel more 
than three hundred kilometers between charges, range anxiety has 
given way to a new concern—“charging time trauma.” Ranges of a 
few hundred kilometers far exceed most people’s daily commutes and 
would easily suffice for road trips if drivers could refuel quickly. But 
recharging an electric car isn’t as quick and easy as pulling in to  
the nearest gas station. As of 2020, the United States had just 26,000 
public electric vehicle chargers, compared with more than 100,000 
gasoline stations. Whereas many gas stations offer multiple pumps for 
refueling in the time it takes to buy a soda, only a small fraction of 
charging stations offer fast charging, many of them dedicated solely  
to Teslas. The rest take several hours to recharge a car, and even fast 
chargers take half an hour. “You can never charge batteries as fast as 
you can fill a vehicle with fuel—it’s a fundamental limitation,” said 
Jack Brouwer, director of the National Fuel Cell Research Center at 
the University of California, Irvine.6

Even if recharging an electric car never becomes as fast as refueling 
with a liquid fuel, drivers’ concerns can be assuaged if enough public 
chargers are available to complement charging at home or work. Ana-
lysts from NREL estimated that 1,850 fast chargers and 40,000 
“Level 2” chargers are needed for each million electric vehicles. Ex-
trapolating to net-zero scenarios, Princeton University researchers 
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estimated that more than 2 million public chargers (including over 
100,000 fast ones) would be needed to power 50 million electric cars 
on U.S. roads by 2030 (up from 5 million in 2020), and 16 million pub-
lic chargers to power a mostly electric U.S. fleet by 2050. Daunting as 
those numbers may seem, building such a charging infrastructure 
would cost just $7 billion in the 2020s and $20–25 billion in each sub-
sequent decade, the study estimated, money that could be more than 
recouped from drivers.7

Building a sufficient public charging infrastructure is important not 
just for overcoming range anxiety and charging time trauma, but also 
for addressing equity concerns. A homeowner with a garage and a 
thousand dollars to spare can readily install a charger. A renter may 
not have that luxury. Even as some apartment complexes and office 
buildings begin installing a handful of chargers, the numbers are no-
where near what would be needed if most cars become electric.

Equity concerns also arise from the fact that, for now, electric cars 
are mostly bought by well-off drivers who can afford to keep an extra 
car on hand or rent one for longer trips. Higher upfront costs deter 
low-income buyers, who cannot afford to wait for fuel and mainte-
nance savings down the road. Tax credits apply only to new cars and 
come through a rebate of income taxes paid that year, making them 
unavailable to used-car buyers or to new-car buyers with little taxable 
income. Better designed incentives and lower sticker prices will be 
needed to address those inequities.

Decarbonizing Buses and Trucks

Whereas batteries provide the best means for decarbonizing cars and 
light trucks, they face challenges in heavier vehicles. Lithium-ion bat-
teries carry just 2 percent as much energy per kilogram as diesel. 
Solid-state batteries could improve energy density and reduce flam-
mability, but they are for now far costlier than lithium-ion ones. Even 
with improved batteries and efficient electric motors, electric trucks 
would weigh many tons more than their diesel competitors.8

Heavy batteries are not a deal-breaker for local vehicles such as de-
livery trucks, transit buses, and school buses, since they can return to 
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a depot to recharge. That limits their battery needs. Electrics already 
provide lifetime savings for local trucks and buses. Fleet owners are 
more attuned than typical consumers to valuing ongoing savings. And 
because electric buses and delivery vehicles are driven mostly on busy 
urban streets, their quieter and exhaust-free operation provides wel-
come relief to riders and pedestrians weary of the fumes and noise of 
diesel engines.

Fumes and noise are not mere nuisances. In fact, the California Air 
Resources Board estimates that more than a thousand cardiovascular 
deaths and 70 percent of the cancer risk from toxic air contaminants 
in the state come from diesel exhaust. Diesel engine noise contributes 
to hearing loss, sleep disturbance, and cardiovascular disease. The so-
cietal value of avoiding that noise can be even larger than the climate 
benefits of reducing emissions, studies have shown. Thus, even 
though light-duty vehicles have been called a “no-brainer” for electri-
fication, it’s the local diesels such as urban buses that deserve top pri-
ority. And since diesel buses operate so much and with such poor fuel 
economy, replacing each one can save huge amounts of fuel and emis-
sions. In fact, in 2019 the electric buses in Chinese cities alone were 
saving more fuel than all the electric sedans in the world combined.9

All these considerations should make electrification the obvious 
choice for local trucks and buses. That’s not yet the case for long-haul 
trucking. Unlike buses that can recharge locally, long-haul trucks are 
typically expected to travel long distances between refueling stops. 
The lithium-ion batteries needed to achieve the ranges that truckers 
demand would take up far more space than diesel tanks and eat up 
much of the truck’s highway weight limit. That would leave less space 
and weight available for carrying payload. More energy-dense batter-
ies under development would ease but not eliminate those burdens. 
Such large batteries would take hours to charge with conventional 
chargers or would require new chargers with enormous capacity, 
comparable to the output of several acres of solar panels. None of 
these challenges are insurmountable, but they suggest that hydrogen 
fuel cells deserve a closer look.10

Hydrogen fuel cells combine hydrogen with oxygen to generate 
electricity to power a vehicle, releasing just water vapor as exhaust. 
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Hydrogen’s advantages of faster refueling and lighter weight are espe-
cially valuable for long-haul trucking. Truckers typically refuel along 
highways rather than in neighborhoods, so fewer fueling stations are 
needed.

Hydrogen fuel cell heavy-duty trucks were first introduced in 2009 
for local use in California ports. Now some of the biggest manufac-
turers in the world, such as Hyundai, Daimler, Volvo, and Toyota, 
have announced plans to build fuel cell trucks, but most are hedging 
their bets and designing electric ones too. With technology learning 
rates and economies of scale, some analysts expect hydrogen fuel cell 
trucks to near purchase price parity with diesel soon.11

The snag, at least for now, is that hydrogen fuel is costlier per mile 
than diesel, so upfront price gaps can’t be recouped. That is the case 
even with “grey hydrogen,” whose production from fossil fuels ne-
gates much of its emissions savings. “Green hydrogen,” made by split-
ting water with clean electricity, will be even pricier until electrolyzers 
and electricity become much cheaper. Thus, some analysts expect bat-
teries to outcompete fuel cells for lifetime costs. “I would be very dis-
appointed if less than 50 percent of new trucks by 2030 are electric, 
and I would not be surprised if it’s 90 percent,” said Auke Hoekstra, 
an expert on electric vehicles at Eindhoven University of Technology. 
Others see hydrogen fuel cells having the edge. “In our models, we 
think fuel cells will dominate long-haul trucks,” said Marshall Miller 
of the University of California at Davis, arguing that truckers would 
shy away from heavy batteries that reduce range and payload capacity. 
“I think something would have to change for battery electric vehicles 
not to dominate in every area but long-haul, and for fuel cells not to 
dominate for long-haul.”12

As the relative prospects of battery and fuel cell trucking remain 
disputed, the prospect of both gaining substantial market share raises 
thorny challenges. The infrastructure needed to provide either ultra-
fast charging to electric trucks or high-capacity hydrogen refueling to 
fuel cell ones would cost a few million dollars per truck stop. Provid-
ing both would of course cost more and require both power lines  
and hydrogen delivery systems or on-site production. Thus, while the 
race to decarbonize trucking is close for now, if either electricity or 
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hydrogen pulls into a lead, its growing infrastructure and economies 
of scale could propel it onward.13

With electricity already winning the race for light-duty vehicles, it 
is hydrogen that runs the greater risk of being left behind. Green hy-
drogen is still at least a decade away from widespread availability. The 
transmission of electricity is already ubiquitous, but hydrogen supply 
is not. “You get to a chicken and egg problem with fuel cell trucks and 
fuel cell vehicles of any kind—how do you support the build-out of 
the hydrogen fueling network,” Mahone said. There is no guarantee 
that such support will emerge. “Hydrogen needs a compelling advan-
tage, and I don’t see it,” Hoekstra told me. But if industry or govern-
ment does support an initial construction of hydrogen infrastructure 
and investments in fuel cell trucks, further growth could become self- 
sustaining. “As you get more stations out there, the costs of hydrogen 
will come down with scale, and you’ll get to the point where hydrogen 
is competitive with gasoline and diesel per mile and the system pays 
for itself,” Ogden told me.14

Decarbonizing Ships and Planes

Ships and planes will be far more difficult to decarbonize than cars and 
trucks. Shipping and aviation are each responsible for just 2 percent  
of carbon dioxide emissions globally, but those shares are expected  
to expand as other sources are decarbonized and travel increases. To 
travel long distances without refueling, planes and ships need tremen-
dous amounts of energy. The poor energy density that makes batteries 
challenging for use in long-haul trucks makes them virtually incon-
ceivable for long-distance ships and planes. It is therefore unlikely 
that we will see electricity powering much more than ferries or small 
planes anytime soon. Oil-based fuels are so attractive for ships and 
planes because they pack so much energy per volume and weight. 
Similar hydrocarbon fuels ready for use by existing ships and planes 
could be produced from biomass or synthesized from hydrogen and 
captured carbon. Since most ships and planes operate for decades, 
those “drop-in” options will be crucial for cutting emissions before 
ships and planes are replaced.15
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Eventually, hydrogen or synthetic fuels produced from hydrogen 
and captured carbon could power a new generation of ships and 
planes. Hydrogen fuel cells have already been demonstrated in ferries 
and submarines. Small planes have been designed to use liquid hydro-
gen in fuel cells or burn it in engines. Longer-distance travel requires 
denser fuels, such as the synthetics that will be discussed below.16

Decarbonizing Heating and Cooking

Apart from transportation and power plants, more fossil fuel is burned 
to heat air and water in our homes and businesses than for any other 
purpose. Most of that burning uses natural gas, which heats the  
air and water in nearly half of U.S. homes and most businesses. Fuel 
oil and propane are burned in far fewer homes, with most fuel oil used 
in New England and most propane in rural regions. That leaves elec-
tricity heating the air in 39 percent of U.S. homes (up from just 2 
percent in 1960) and water in about half, with far smaller shares in 
businesses. For heating as for transportation, then, two intertwined 
questions arise: how much more to electrify, and how to decarbonize 
the rest.17

As in transportation, efficiency can help a lot, even without electri-
fication. Programmable thermostats, insulation, efficient windows, 
and better maintained ventilation systems can slash heating and cool-
ing needs. For the dwindling number of homes that still use fuel oil, 
switching to gas furnaces can reduce emissions by a third. For homes 
that already use gas furnaces and water heaters, replacing them with 
gas-fired heat pumps could cut fuel use for space and water heating by 
half, though such devices have yet to become widely available.18

Those efficiency-improving steps would be sufficient if our aim was 
merely to cut emissions moderately and quickly. Until electricity be-
comes cleaner, gas heating can have a smaller carbon footprint than 
electricity in some regions. Burning coal or gas in a faraway power 
plant and transmitting it to a home is a lot less efficient than burning 
gas on-site, if the electricity is used in old-fashioned “resistance” space 
and water heaters that, like toasters and hair dryers, can provide no 
more heat than the electricity they consume.19



P O W E R  S H I F T

112

But to deeply decarbonize heating and cooking, we will need to 
electrify them. Only transitioning away from fuel oil and gas can elim-
inate the emissions associated with distributing them and the indoor 
air pollution that comes from burning them in homes. Heating and 
cooking with fossil fuels are the leading sources of carbon monoxide 
and nitrogen dioxide air pollution in homes. Methane, the main com-
ponent of natural gas, leaks out every step of the way from drilling sites 
to pipelines to water heaters and furnaces and stovetops. A 2020 study 
found that local gas distribution systems leak five times as much meth-
ane as EPA had estimated, making them responsible for 8 percent of 
all methane emissions nationwide. Since gas pipes must stay constantly 
pressurized, averting those leaks will require not just reducing gas use 
but discontinuing it wherever possible. “If we want a climate-safe 
world, we’re going to need to phase out most if not all gas burning,” 
said Bruce Nilles, executive director of Climate Imperative.20

Heat pumps can provide heat several times more efficiently than 
furnaces, and they can be designed to provide air conditioning, space 
heating, and water heating year-round. Although their efficiency ad-
vantages are most pronounced in mild weather, the latest heat pumps 
can operate efficiently at temperatures of −15°C (5°F) or less. Hybrid 
systems use electrical resistance to boost heat output at the coldest 
times. Ground-source systems circulate their fluids through tubing 
underground, where temperatures stay stable year-round even as air 
temperatures swing. That offers superior performance and energy 
savings, but this technology isn’t widely available yet.21

Converting old buildings from fossil furnaces to electric heat 
pumps can require upgrades to electrical systems, along with the pur-
chase and installation of the heating systems themselves. Those up-
front costs may be tough to recoup with fuel savings, if natural gas 
remains cheap. Even homeowners willing to incur those costs for the 
sake of the environment may struggle to find contractors experienced 
in electrifying old homes. Climate activist Justin Guay chronicled  
his months of frustration as one contractor after another told him  
that electrification would be impossible or outlandishly expensive  
for his 1950s-era California home. “I highly doubt any but the most 
committed would ever undergo all of it,” he told me. Incentives will 
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be needed to spur homeowners to act and to train contractors in home 
electrification.22

Policies will also be needed to ensure a just and equitable transition 
away from local gas systems. As homes and businesses become more 
efficient or disconnect from gas by electrifying, the fixed costs of op-
erating and maintaining aging gas distribution systems will be split 
across fewer and fewer customers using ever less gas. Poorer home-
owners and tenants may face rising gas bills but lack the means to 
electrify and disconnect from gas. Careful planning is needed to help 
them electrify their homes.

Transitions from gas to electricity may vary by region. In the cold-
est regions, continuing to heat with gas could avoid spikes in electric-
ity demand during cold snaps, when solar energy is scarce and electric 
heat pumps are not as efficient. Cold fronts arrive far faster than heat 
waves, making winter power demand especially spiky. “It might make 
sense to keep gas distribution systems in northern parts of the North-
east and Midwest, and transition to all electric in warmer climates,” 
Mahone said. Other experts argue that heating could be electrified 
even in the coldest regions by pairing heat pumps, ground-sourced if 
possible, with electric resistance backup. “Keeping a gas distribution 
system just to meet peak needs on the coldest days is not likely to be 
economical,” said Mike Henchen of the Rocky Mountain Institute.23

In warmer regions, what should be sought is a strategic retreat from 
local gas distribution altogether. Setting a specific date, perhaps 
around 2045 in most regions, for shutting off local gas distribution 
will give customers time to switch to electricity when their gas heaters 
need replacement; setting a clear time frame will also prevent gas util-
ities from building assets that will soon be stranded. For older homes, 
incentives could help low-income homeowners disconnect from gas 
and switch to electric heat pumps and stoves, cutting their bills and 
improving the air they breathe. New homes should be built without 
gas hookups at all, enabling them to be fully electrified from the  
start with the most efficient devices possible and sparing the costs of 
expanding gas infrastructure.

With its goal to reach net zero by 2045, California has become a 
testbed for transitioning away from local gas. Dozens of cities have 
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followed a decision made by Berkeley in 2019 to ban new gas hookups, 
and several environmental groups and public-private partnerships 
have issued blueprints for equitable and affordable transitions from 
gas to electricity. Although gas-only utilities have vigorously opposed 
bans on gas for new buildings, persuading legislatures in some states 
to prohibit local bans, California’s largest combined gas and electric 
utility supported the ban in Berkeley.24

The biggest obstacle to an orderly transition away from residential 
gas may come from one of its smallest uses—cooking. Less than 4 
percent of gas use in homes is for cooking, which is outranked even by 
hot tubs. Yet gas cooking has a unique hold on the imagination, keep-
ing consumers hooked on maintaining gas service. “Most people don’t 
care how their water is heated or how their heater works, but the Vi-
king stove in their kitchen, people have this visceral emotional attach-
ment to,” Michael Colvin of the Environmental Defense Fund 
explained to me.25

In fact, many chefs and consumers who have tried electric induc-
tion stoves prefer them. Induction stoves work by using electromag-
nets to transfer heat directly to magnetic cookware rather than 
creating a flame or heating the cooktop itself. That lets them heat 
food and boil water nearly twice as fast as gas, saving time and slashing 
energy use. It also means that induction cooktops don’t stay hot after 
their use, minimizing the risk of accidental burns. Prices of induction 
stoves have been falling, and some models have earned nearly perfect 
scores from Consumer Reports. Traditional electric cooking is less effi-
cient, but it enables electrification with a more familiar technology.26

The challenge is overcoming misperceptions. The notion that gas 
offers superior cooking has been peddled since the 1930s, when the 
American Gas Association (AGA) introduced the advertising slogan 
“Now you’re cooking with gas.” An AGA executive planted the phrase 
with writers for the comedian Bob Hope, and the phrase was soon 
picked up by Jack Benny and even Daffy Duck. AGA continues to 
employ the phrase as a hashtag in promotional videos. “Cooking is the 
hill that the gas industry wants to fight on,” said Nilles. “They’ll say, 
‘Do you want the government to take away your gas stove that makes 
you a great chef?’ ”27
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What the industry does not mention is that gas cooking is a  
leading source of air pollution in homes, including levels of nitrogen 
dioxide that can far exceed EPA limits for outdoor air. A meta-analysis 
found that gas cooking in the home increases the risk of asthma in 
children by 32 percent. Gas appliances have also been associated  
with impaired cognition and attention in preschoolers. This means 
both health and climate are at stake in the transition away from gas. 
“A few decades from now, people will say ‘What were we thinking 
burning fossil fuels in our homes,’ ” said Jacob Corvidae of the Rocky 
Mountain Institute.28

Scheduling end dates for local gas distribution will not be popular. 
The gas industry aggressively promotes its use, sponsoring social me-
dia influencers to promote the “Natural Gas Genius lifestyle” and 
funding astroturf groups to drum up local opposition to gas bans. But 
firm policies beat the alternative. Without them, gas bills will spiral 
higher as a dwindling number of customers bear the costs of aging 
distribution systems that continue to leak methane. By contrast, elec-
tric heat pumps will likely continue becoming cheaper. “Economics is 
going to make electrification make more and more sense,” Colvin 
said. But without policy augmenting economics, burdens will fall 
most heavily on the vulnerable, money will be wasted on soon-to-be-
stranded assets, and methane leaks will persist. Sensible policies, held 
firm in the face of genuine and drummed-up opposition, can ensure a 
more orderly, equitable, and just transition.29

Decarbonizing Industry

Industries burn fossil fuels to provide most of the heat, steam, and 
electricity required to manufacture chemicals, paper, steel, concrete, 
and other products. Since the needs of different industries vary widely, 
there is no one-size-fits-all answer to decarbonizing them. However, 
a few key themes stand out.

First, it takes fossil energy to make fossil energy. About 12 percent 
of all energy use goes to mining, extracting, refining, and transporting 
fossil fuels themselves. Meanwhile, nearly one-third of domestic  
rail tonnage is coal, and about 40 percent of international maritime 
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shipping is devoted to transporting fossil fuels. Therefore, any cuts in 
fossil fuel use beget more cuts in fossil fuel use.30

Second, various manufacturing processes require huge amounts of 
heat, at specific temperatures for each process. Globally, producing all 
that heat results in about 10 percent of all greenhouse gas emissions—
more than cars and planes combined. Manufacturers of steel, cement, 
and glass all require temperatures well above 1,000°C. Other manu-
facturing requires heat at lower temperatures, but still lots of it. For 
now, the vast majority of all this heat comes from burning fossil fuels 
on-site.31

Electricity can replace fossil fuels for even the highest-temperature 
industrial heat needs. For example, electric arc furnaces can supply 
the 2,200°C temperatures needed for steel manufacturing. Across a 
wide range of applications, electricity enables factory operators to 
control heat levels more precisely and thereby reduce fossil fuels and 
the wastes that come from burning them. However, switching to elec-
tric heat requires redesigning systems that had been engineered 
around fossil fuel burning.32

Other low-carbon sources of heat include wood scraps, which are 
widely used at pulp and paper mills. Nuclear, geothermal, and solar 
thermal power can supply heat or steam along with electricity to other 
factories. The California start-up Heliogen, backed by Bill Gates and 
others, is piloting the use of sunlight-reflecting mirrors to generate 
heat above 1,500°C, hot enough to manufacture cement or chemicals.

Hydrogen provides a tantalizing option because it can be produced 
almost anywhere and burned at very high temperatures or serve as a 
chemical feedstock. For example, hydrogen could replace natural gas 
as a feedstock for ammonia-based fertilizers. The trouble is cost. “Hy-
drogen is currently more expensive than natural gas and will require 
lower-cost electrolyzers and renewable electricity to compete,”  
said Mark Ruth of NREL. DOE in 2021 launched Hydrogen Shot 
with an aim of reducing the cost of clean hydrogen 80 percent to $1 
per kilogram within a decade.33

Low-carbon heat could also come from fossil fuels with carbon cap-
ture. Ethanol, ammonia, and cement manufacturing all yield far more 
concentrated streams of carbon dioxide than power plants, simplify-
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ing carbon capture. New pipelines would be needed to move carbon 
dioxide from those factories to geological repositories where it could 
be stored. “If we had the pipelines, we would triple or quadruple the 
number of projects immediately,” Julio Friedmann, an expert on car-
bon capture at Columbia University, told me.34

Unlike electric cars and heat pumps, which may soon outperform 
their fossil rivals, decarbonizing industrial heat is likely to be costly 
and complex. For now, electricity, hydrogen, and carbon capture cost 
at least twice as much as burning natural gas for industrial heat. Man-
ufacturers facing razor-thin margins for commodities such as steel 
and cement will not be able to bear the costs of decarbonization unless 
policy incentivizes or demands it. Climate clubs, border adjustment 
tariffs, clean material standards, or other policies must create an inter-
national playing field that favors clean manufacturing methods.35

Role of Electrification in Decarbonizing Electricity

As vehicles, heating, and industries increasingly electrify, their electri-
fication will reshape the challenge of decarbonizing electricity itself. 
Whether electrification helps or hinders that undertaking will depend 
on how electrification is done. “You could electrify intelligently, or 
you could do it in a more costly manner, or in a way that reduces the 
environmental benefits of electrification,” said Trieu Mai, who leads 
electrification research at NREL.36

First, some historical context. Electricity demand in the United 
States grew roughly 8 percent per year through the 1950s and 1960s as 
industry boomed. It continued to grow 2–4 percent per year until the 
turn of the century, as air conditioning and appliances proliferated in 
ever larger homes and businesses. Since then, growth has ground to a 
halt. Even before the COVID pandemic, electricity demand in 2019 
was slightly less than it had been in 2007. Industries became more  
efficient and moved some operations overseas. Tougher efficiency 
standards for air conditioners, heaters, and appliances held residential 
and commercial electricity demand in check. Efficiency and slow  
population growth could keep electricity demand flat, except for de-
mand from newly electrified products and processes. In NREL’s most 
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ambitious electrification scenario, with most vehicles and heating and 
some industries electrified by 2050, total electricity demand would 
grow just 1.6 percent per year, far slower than its historical pace. 
Growth would be faster in some of Princeton’s net-zero strategies but 
still nowhere near the pace of last century. Thus, electrification will 
spark substantial but not unprecedented growth in electricity demand, 
while shifting when and where it’s needed.37

Electrifying transportation would drive most of that growth and 
would pose distinct challenges. Most charging at home and work is 
done with Level 2 chargers, which consume nearly 20 kilowatts of 
power, comparable to the power use of ten homes. They can recharge 
a car in a few hours. Fast chargers need up to 350 kilowatts to recharge 
a car in fifteen minutes. Megachargers for big rig trucks could draw 
more than 1,000 kilowatts, comparable to an entire neighborhood. 
This would mean parking garages, truck stops, and fleet charging  
depots could all become huge consumers of electricity, with wide  
volatility in use rates. Power distribution systems must be scaled up to 
handle that demand.38

Charging will likely peak at offices in the morning when commuters 
arrive and at homes in the evenings when they return from work. Un-
fortunately, sunshine is weak at both of those times. Demand at service 
stations could peak in summer for family road trips and in winter when 
cold weather impairs battery performance. That could coincide with 
customary summer and winter peaks in demand from other sectors.  
As a result, vehicle charging poses both daily and seasonal challenges, 
especially as solar power grows and more heating is electrified.

To mitigate these difficulties, homes and offices can deploy “smart” 
chargers that schedule charging to occur when clean power is abun-
dant. Plugging in a car overnight or throughout a workday provides 
plenty of time for such scheduling. Service stations and truck stops 
could vary the pricing displayed on their towering signs to attract cus-
tomers when power is cheap.

Electrifying heating poses its own challenges. Even with efficient 
heat pumps, electrified heating would intensify winter peaks in elec-
tricity demand, when solar output is scarce. Like smart car chargers, 
smart water heaters can mitigate peaks by modulating when they heat 
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water in the tank. Smart thermostats could pre-heat or pre-cool 
rooms when power is most abundant. An intriguing feature of heat 
pumps is that they operate most efficiently when temperatures are 
mild—so pre-cooling a well-insulated room on a mild summer morn-
ing could be a smart way to reduce demand during hot afternoons.39

Industrial electrification may pose fewer timing challenges. Factory 
managers are adept at modulating power use to avoid peak prices, so 
long as markets reward flexibility via variable prices or other means. 
Still, growth in industrial power demand, much of it for continuous 
processes, will heighten the importance of reliable power supply. Af-
ter Winter Storm Uri triggered blackouts across Texas in 2021, some 
petrochemical plants struggled for weeks to ramp back up their pro-
duction processes, straining supplies of some chemicals.40

Hydrogen

As we’ve seen, hydrogen has many potential uses, including electricity 
storage, trucking, chemical production, and industrial heat—which 
means options for producing and distributing hydrogen deserve a 
closer look. “Hydrogen is hard to make, hard to move, and hard to 
store, but once you’ve got it, it is a brilliant ingredient,” Webber told 
me.41

“Grey hydrogen,” made from methane and steam, dominates the 
market today. It is used mainly to produce fertilizers and other chemi-
cals. Despite such narrow use, grey hydrogen production consumes 6 
percent of natural gas and 2 percent of coal globally.42

“Blue hydrogen” is also made from methane and steam, but with 
the carbon dioxide captured. Syzygy Plasmonics is piloting a related 
approach that uses light and catalysts to convert methane to hydro-
gen, reducing energy use (disclosure: Syzygy funded a research proj-
ect by my group). Either approach averts carbon dioxide emissions 
but requires obtaining methane, sending it through leaky pipelines, 
and finding somewhere to store the carbon dioxide. Critics argue that 
those steps keep blue hydrogen from being a truly clean option like 
“green hydrogen,” produced by splitting water with clean electricity. 
However, boosters see blue hydrogen as a bridge to broader uses of 
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hydrogen. “You can make blue hydrogen today at the largest possible 
scale you want at a fraction of the cost of the most attractive green 
hydrogen options,” said Friedmann, the carbon capture expert at Co-
lumbia University. As of 2020, green hydrogen cost 1.3 to 5.5 times as 
much to produce as blue hydrogen, which itself was roughly 50 per-
cent costlier than grey hydrogen, according to Goldman Sachs.43

“Green hydrogen” from clean electricity electrolyzing water could 
close those gaps if clean electricity and electrolyzers become cheaper 
or if natural gas becomes costlier or taxed. “With reasonable assump-
tions for cost curves for wind, solar, and electrolysis, we are finding 
that if you deploy it at scale, then renewable hydrogen can get pretty 
cheap,” said Brouwer, the hydrogen expert at the University of Cali-
fornia, Irvine. “Eventually, if hydrogen is going to become a major 
energy vector, the vast majority of it must come from sun and wind 
power.” Plunging solar costs could make that vision a reality. “The 
next generation of solar technologies could be extraordinarily cheap, 
which would unlock a range of applications like green hydrogen,” so-
lar expert Sivaram told me.44

Green hydrogen could be produced anywhere on the power grid by 
electrolyzers of any size. By contrast, blue hydrogen production re-
quires separate pipelines to bring in the natural gas, deliver the hydro-
gen, and dispose of the carbon dioxide. Thus, green hydrogen can be 
sited and scaled more flexibly to serve a variety of purposes. Truck 
stops could operate their own electrolyzers to produce green hydro-
gen on site or truck it in from a nearby producer. Wind and solar 
farms could produce green hydrogen from surplus power and then 
use it in fuel cells to produce power when needed most, treating hy-
drogen as a form of on-site energy storage.

Flexible scales and siting of green hydrogen production can limit 
the need for new pipelines. The United States has just 2,600 kilome-
ters of hydrogen pipelines, mostly serving Gulf Coast refineries and 
chemical plants, compared to 5 million kilometers of natural gas pipe-
lines. Hydrogen can be blended into natural gas at concentrations of 5 
to 15 percent by volume, but moving to higher percentages or pure 
hydrogen would require repurposing old gas lines or building new hy-
drogen ones. Even with those pipelines, hydrogen’s lower energy den-
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sity per volume means that more energy would be needed to compress 
and pump it. That would make long-distance transport of hydrogen 
uneconomic, but fortunately it is not necessary. “We don’t need such 
long-distance pipelines because the sources of green hydrogen are al-
ready naturally distributed, like wind in the Midwest and solar in sunny 
regions,” Brouwer told me. Tanker trucks could be complemented by 
a local network of hydrogen distribution lines, perhaps repurposed 
from existing gas systems, to distribute hydrogen locally.45

Synthetic Fuels

Despite its many merits, hydrogen has shortcomings. It doesn’t pack 
much energy per volume. It’s tough to transport. And it can’t be used 
in most existing engines. However, hydrogen can be transformed into 
denser synthetic fuels that are more readily transported and used.

Synthetic hydrocarbons could take their hydrogen from electrolysis 
and their carbon from carbon capture or biomass, making them nearly 
net-zero fuels. Green hydrogen and the synthetic fuels made from it 
are collectively known as “electrofuels,” or the “X” of “Power to X,” 
since their production is powered by electricity.

Synthetic fuels can be designed for “drop-in” use in engines that 
would normally burn petroleum-based fuels. For example, synthetic 
n-octane could replace jet fuel, and other synthetic fuels could replace 
diesel or marine fuel. Synthetic methanol or ammonia could be used 
in fuel cells or engines. All these fuels pack much more energy per 
volume than gaseous hydrogen, enabling them to power heavy modes 
of transportation.46

Rather than using it to synthesize liquid fuels, hydrogen could in-
stead be reacted with carbon dioxide and carbon monoxide to form 
methane gas in a process known as methanation. That would enable it 
to be distributed and used in traditional gas systems. However, the 
inefficiencies of electrolysis and methanation mean that over half  
of the energy is lost in the conversions. “Methanation is so expensive 
energy-wise,” Webber said. Yet based on his experience at Engie, a 
utility that provides both gas and electricity, Webber advocates syn-
thetic methane in locations where heating cannot be easily electrified. 
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“It’s going to be a lot cheaper to leverage what we’ve already invested 
in natural gas systems rather than replace them with hydrogen,” said 
Webber. “If we go to hydrogen, the pipelines, compressors, storage 
tanks, appliances—everything is more expensive.” Still, given the  
inefficiency of producing it, the leaks from transporting it, and the 
pollution from burning it, synthetic methane is a poor substitute for 
electric heating in all but the coldest regions.47

Biofuels

Biomass provides about 5 percent of the U.S. energy supply today, 
about half of it in the form of liquid biofuels, mainly ethanol and 
biodiesel. Most of the rest comes from wood and related materials 
burned for heat and electricity, and biogas captured from landfills, 
wastewater treatment plants, and dairy farms.48

Because the carbon in biofuels was recently captured from the air 
by photosynthesis, burning it represents a net-zero carbon cycle. 
However, that does not count greenhouse gases emitted along the 
way. Adding up the nitrous oxide released from fertilized soils, the gas 
used to make fertilizers, the diesel used in farming and delivery, and 
the gas and electricity used to run the biorefinery, many analysts find 
that traditional ethanol and biodiesel are little cleaner than gasoline or 
diesel. Destroying forests to create fields for bioenergy crops com-
pounds the problem. Furthermore, powering cars and trucks with 
biofuels rather than electricity or hydrogen means that their tailpipes 
release air pollution near where pedestrians breathe it most.49

Roughly 40 percent of corn and 30 percent of soybean oil in the 
United States are already devoted to making ethanol and biodiesel, 
which are then blended into gasoline and diesel. That leaves little 
room to scale up, unless new biofuels are made not from food crops 
but from algae, grasses, or residues from agriculture or forestry. Such 
materials could triple bioenergy without curtailing demand for food, 
feed, fiber, or timber, according to DOE. However, given its huge 
land and water needs and the challenges of gathering materials with 
low energy density, bioenergy production will ultimately be limited. 
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Thus, bioenergy should be targeted toward items that are difficult to 
electrify, such as airplanes and ships.50

The federal Renewable Fuel Standard enacted by Congress in 2005 
and expanded in 2007 called for quadrupling biofuel use in vehicles by 
2022. Most of the growth came from corn ethanol at first, but any 
growth beyond 2015 was supposed to come from non-food biomass. 
Congress expected advanced biofuels to be made from feedstocks like 
cellulose. However, as advanced biofuels have so far failed to scale up, 
EPA has repeatedly weakened the standard to avoid disruptions in fuel 
markets. That undermines the “demand pull” that the policy was ex-
pected to provide and raises doubts about the future of advanced bio-
fuel technologies.

The quest for advanced biofuels continues. Audi is cultivating mi-
croorganisms that use sunlight to produce e-diesel and e-ethanol 
from carbon dioxide and water. DOE and companies such as Exxon-
Mobil are investing in RD&D for producing biofuels from algae, 
which would avert most of the land, water, and fertilizers needed for 
crop-based biofuels. None of these can yet match the price or scale of 
petroleum-based fuels or traditional biofuels. However, prices are 
getting close enough that a revitalized demand pull could drive a vir-
tuous cycle of improving technologies, performance, and cost.51

Biogas can be captured from decomposing waste at landfills, waste-
water treatment plants, and dairy farms. Thousands of such facilities 
already capture biogas, with much of it burned on-site for electricity 
rather than injected into pipelines. Since biogas is mostly methane, 
capturing it not only provides energy but also keeps a potent green-
house gas out of the air.

Even if all waste facilities captured their biogas, that would provide 
only one percent of the current U.S. gas supply. Cellulosic material 
from cropland, forests, and specially grown energy crops could theo-
retically yield ten times as much biogas. However, that would take 
cellulose away from other biofuel production and require costly tech-
nologies. Thus, biogas is unlikely to substitute for more than a sliver 
of natural gas.52

Bioenergy could in theory be paired with carbon capture as a nega-
tive emissions technology, since the carbon was recently fixed from 
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the air by photosynthesis. This concept, known as biomass energy 
with carbon capture and storage (BECCS), has already been demon-
strated at ethanol plants in the United States and Canada, but only at 
small scales. I will consider BECCS alongside other negative emis-
sions technologies in Chapter 7.53

America’s Role

How could the pursuit of electrification and fuel switching in the 
United States inform and accelerate parallel pursuits abroad?

The United States is blessed with natural resources that ease our 
pursuits. Abundant farmland and forests and a relatively low popula-
tion density provide more biomass per person than in most of the 
world. An exceptionally large proportion of the country sits atop geol-
ogy well-suited for carbon storage. Thus, biofuels and blue hydrogen 
will be easier to produce in the United States than in much of the 
world. Abundant wind and sunshine can power the production of 
green hydrogen and synthetic fuels derived from it. In fact, Elizabeth 
Connelly, who researched hydrogen at NREL, foresees an opportu-
nity for the United States to export hydrogen or synthetic fuels to in-
dustrialized countries like Japan, where winds and sunshine are 
weaker.54

The United States lags in some key technologies. China has pushed 
far ahead in electric cars and buses and the lithium-ion batteries that 
power them, producing more of each than the rest of the world com-
bined. Europe leads the world in expanding the use of hydrogen.55

Where the United States excels is in making clean technologies 
seem cool, from Tesla cars to Nest thermostats. Furthermore, our in-
novation ecosystem, from universities to national laboratories to in-
dustry to venture capitalists and other funders, is second to none. 
Dedicating that ecosystem to making electrification more affordable 
and attractive could catalyze decarbonization beyond our borders. 
“By far the highest leverage things we can do are develop technologies 
and demonstrate how you actually decarbonize,” Sivaram told me. 
That will require a massive scale-up in funding for clean energy 
RD&D, prioritizing projects such as Hydrogen Shot and electric ve-
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hicle development that could make decarbonization more affordable 
and attractive abroad. With emissions growing most rapidly in India, 
Africa, and Southeast Asia, it will be crucial to develop products that 
perform well in hot climates and that are affordable to low-income 
households.56

As the world’s largest consumer market, the United States also has 
leverage to drive a push toward decarbonization around the world. 
American purchases of electric vehicles, heat pumps, and other elec-
trified items could create a demand pull that would influence manu-
facturing decisions worldwide. Through climate clubs and trade deals, 
the United States can work with other countries to ensure that low-
carbon manufacturing methods are favored rather than disadvantaged 
in the marketplace, and it can make clean energy technologies avail-
able in poorer countries.

The more these approaches can drive down emissions, the less bur-
den will be placed on the remaining pillar of decarbonization, nega-
tive emissions technologies.
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However deeply we cut emissions, they won’t reach zero. Airplanes, 
ships, and some industries will be difficult to decarbonize. Not all 
buildings or equipment will be retrofitted or replaced. Some green-
house gases like nitrous oxide don’t have engineered sinks. Thus, get-
ting to net-zero greenhouse gases—as we must to stabilize the climate, 
and as the Paris Agreement committed the world to do within this 
century—will require new sinks to offset the emissions that remain. In 
other words, we will need to remove carbon dioxide from the atmo-
sphere via negative emissions technologies or other means. That 
raises thorny questions about which approaches to pursue and the  
impacts of using them.

Decarbonizing energy and averting emissions are often a win-win 
situation. Energy efficiency and clean energy reduce not just climate-
warming emissions but also the water and air pollution and ecosystem 
degradation that come from extracting, refining, transporting, and 
burning fossil fuels. Efficiency saves more money than it costs. Clean 
electricity and electrification can save money too, as renewable elec-
tricity, electric cars and buses, and heat pumps become cheaper than 
their rivals. Preventing leaks of methane and accompanying light hy-
drocarbons improves air quality. Averting nitrous oxide and CFC 
emissions protects the ozone layer.

By contrast, apart from forestry and agriculture, negative emissions 
technologies can be expensive or environmentally damaging, yielding 
little benefit beyond the carbon removal itself. Most would require 
grinding, burning, processing, and transporting massive amounts of 
materials, using vast resources of energy, land, and water to do so. 
Such capital-intensive activities may create few jobs and damage the 
environment locally for the sake of the global climate, raising con-
cerns for environmental justice and local opposition.

Consequently, hopes of soaking up emissions later should not 
dampen the urgency of cutting them now. But there is a real risk that 

seven GOING NEGATIVE
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we will do just that. It is easier to wish for future silver bullets than to 
take action today. If negative emission technologies fail to scale up and 
emissions remain unabated, warming will continue apace.1

Nevertheless, carbon dioxide removal will be essential to stabilizing 
the climate. Net zero requires sinks to balance sources. Most scenarios 
for holding warming inside the Paris Agreement limits rely on mas-
sive removal of carbon dioxide. How much we’ll need depends on how 
much we emit and the still uncertain sensitivity of climate to those 
emissions. For a 1.5°C warming limit, the “middle-of-the-road” path-
way highlighted by IPCC’s influential 2018 special report relied on 50 
gigatons (1 gigaton = 1 billion metric tons) of carbon dioxide removal 
cumulatively by 2050 and a bit over 500 gigatons by 2100. For a sense 
of scale, 50 gigatons is about as much carbon dioxide as is emitted by 
fossil fuel burning worldwide every eighteen months, and 500 giga-
tons is enough to warm the world by about 0.25°C. For 2°C, IPCC 
scenarios included similar amounts of carbon removal, with the laxer 
temperature target allowing emissions to remain higher. This means 
the global needs for carbon dioxide removal in most scenarios start 
small and scale up to roughly 10 gigatons per year later this century.2

Apportioning those targets by nation is tricky. The Paris Agree-
ment states that net-zero greenhouse gases globally should be reached 
with “equity and common but differentiated responsibilities and re-
spective capabilities, in the light of different national circumstances.” 
As the source of 13 percent of global emissions today and 25 percent  
of cumulative emissions historically, the United States would be  
“responsible” for around 20 percent of carbon dioxide removal.  
“National circumstances” make the United States capable of shoul-
dering an even larger share, given the country’s technological and fi-
nancial prowess and its vast forests and farmland and geological 
formations where carbon could be stored. Therefore, scaling up car-
bon dioxide removal to around 2 gigatons per year, as the U.S. share 
of a 10 gigaton per year global target, is within the realm of what may 
be needed for net zero.3

Natural sinks pull about 12 gigatons of carbon dioxide into vegeta-
tion and soils, 9 gigatons into oceans, and 1 gigaton into rock weather-
ing each year. That doesn’t count toward the new sinks we need, but it 
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provides a sense of scale. The vast land and ocean sinks have long in-
spired ideas for expanding them through agriculture, forestry, ocean 
fertilization, or other means. More recent technologies aim to radi-
cally accelerate rock weathering or suck carbon dioxide from thin air. 
This chapter explores these options before turning to a more radical 
option—geoengineering incoming sunlight to reset the planet’s ther-
mostat.4

Forestry and Agriculture

American forests already soak up 0.8 gigatons of carbon dioxide each 
year, mostly from the growth of trees in existing forests. Rising levels 
of carbon dioxide—the airborne “food” that plants “eat” via photo-
synthesis—are accelerating that growth. American forests are also ex-
panding across the map, reclaiming former cropland and grassland 
faster than they are destroyed by swelling cities.5

Forestry could accelerate carbon uptake to provide some of the new 
sinks that are needed. A panel of leading experts convened by the Na-
tional Academies of Sciences, Engineering, and Medicine estimated 
that it would be feasible to sequester an additional 0.15 gigatons of 
carbon dioxide per year by planting more trees in the United States 
(Table 1). However, doing so would require converting lands the size 
of New Jersey and Connecticut combined into forests. An additional 
0.1 gigatons per year could be sequestered in existing U.S. forests by 
improving forest management practices, such as protecting trees from 
insects and disease and waiting longer to harvest timber. That could 
improve local habitats beyond the benefits to global climate. How-
ever, carbon sequestered by forests is also at risk of going up in smoke 
as wildfires intensify.6

Soils contain far more carbon than the atmosphere and vegetation 
combined. Although some carbon stays in the soil for centuries, car-
bon near the surface can return to the atmosphere within only months 
or years. Like forests, soils may provide only temporary storage of 
carbon.

Agriculture can help soils store more carbon and retain it longer. 
Cover crops such as grasses or legumes, planted during the off-season 
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when fields would normally be bare, can photosynthesize carbon di-
oxide from the air while protecting the soil from erosion. Less than  
5 percent of American farmers plant cover crops today, since they may 
not yield much added profit relative to the extra work involved. So 
there is plenty of room to expand cover crops, but incentives may be 
needed. Farmers could also rotate longer-lasting crops such as  
hay with shorter-lived crops such as corn to accelerate carbon uptake. 
Reducing how often fields are tilled can help carbon stay in the soil 
longer. Taken together, these farming practices could boost carbon 
dioxide uptake by about 0.25 gigatons per year, according to the Na-
tional Academies panel. Better management of grazing lands could 
sequester additional carbon, but the panel deemed this too uncertain 
to quantify.7

Another option for farmers is to apply biochar to their soils. Bio-
char is a charcoal-like substance that can be made by charring crop 
residues in the absence of oxygen, a process known as pyrolysis. That 
can lock up carbon far longer than if the residues were merely left to 
decompose. Biochar can provide a triple win by sequestering carbon, 
boosting crop yields, and reducing the need for fertilizers. Fertilizers 
are made mostly from natural gas and are the leading source of nitrate 
runoff to streams and ammonia and nitrous oxide emissions to the air. 

Table 1. Safe potential rate of carbon dioxide removal (in gigatons/year) in 
the United States with current technology at costs under $100/ton

Negative Emissions Technology Potential (Gt/year)

Afforestation and reforestation 0.15
Forest management 0.10
Agricultural soils 0.25
Bioenergy with carbon capture and storage  0.50 
 (including biochar)
Weathering Unknown
Direct air capture 0.00
 Total of quantified options 1.00

Source: National Academies of Sciences, Engineering, and Medicine, Negative 
Emissions Technologies and Reliable Sequestration, Table S.1
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Reducing their use would therefore benefit the water, air, and climate. 
The longevity of carbon sequestered by biochar remains uncertain, 
but much of it can remain in the soils for centuries.8

Scaling up any of these agricultural measures will not be easy, since 
they depend on actions by hundreds of thousands of farmers. Gains in 
crop yields may be too small to motivate farmers to change their prac-
tices, so farmers may need to be paid for the carbon capture. That will 
require better methods to measure carbon capture and its longevity in 
soils.

Bioenergy with Carbon Capture and Storage

Bioenergy with carbon capture and storage (BECCS) involves pro-
ducing electricity or other energy from biomass while sequestering 
the carbon. Because carbon in biomass was recently photosynthesized 
from the air, capturing it would provide a net sink. Climate modelers 
in the early 2000s began relying on BECCS as the dominant engi-
neered sink or “savior technology” in their scenarios, imagining that 
it would somehow be scaled up to balance or even exceed remaining 
emissions. “In little more than a decade, BECCS had gone from being 
a highly theoretical proposal for Sweden’s paper mills to earn carbon 
credits to being a key negative emissions technology underpinning 
the modeling, promoted by the IPCC, showing how the world could 
avoid dangerous climate change this century,” wrote Leo Hickman in 
chronicling the curious rise of BECCS to savior status. Lacking more 
realistic means for achieving temperature targets amid rising emis-
sions, climate modelers have more recently added other untested but 
less land-intensive sinks such as direct air capture as placeholders for 
imagined carbon dioxide removal.9

Despite its imagined savior role, BECCS so far operates only at a 
handful of ethanol plants, capturing modest amounts of carbon diox-
ide. A few other deployments are planned at biomass and waste-to-
energy power plants. Even if those pilot projects prove viable, any 
scale up of BECCS will ultimately be limited by the amount of bio-
mass that can be gathered affordably without constricting land needed 
for food, fiber, timber, and wildlife. The National Academies panel 
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estimated that 0.5 gigatons of carbon dioxide per year could be se-
questered via byproducts from U.S. agriculture and forestry, such as 
corn stover and sawmill waste. Cultivating bioenergy crops such as 
switchgrass or miscanthus could more than double that potential, but 
with far more use of land, irrigation, fertilizers, and farm equipment. 
Burning the biomass for electricity while capturing the carbon could 
provide a flexible power source to balance variable wind and solar. 
However, since most forests and farms lie atop geology that is ill-
suited for underground storage, pipelines would be needed to pump 
carbon dioxide to repositories such as saline aquifers or depleted oil 
reservoirs.10

The appeal of BECCS power plants has diminished as renewable 
electricity has grown cheaper, although such facilities could garner 
premium prices by filling in gaps between demand and variable wind 
and solar supply. “Power plant BECCS doesn’t make sense now that 
renewable electricity is so cheap, because it’s no longer a strategic use 
of limited biomass resources,” said Jim Williams, who models deep 
decarbonization scenarios. Biomass may be more valuable as a feed-
stock for fuels for aviation or shipping, which are difficult to electrify. 
Capturing carbon dioxide from biofuel manufacturing processes as is 
done at the ethanol plants with BECCS can reduce the carbon foot-
print of biofuels.11

Strengthening the Ocean Sink

As seawater warms, its ability to hold carbon dioxide diminishes, like a 
warm Coke losing its carbonated fizz. Although seawater is naturally 
alkaline thanks to dissolved minerals, absorbing carbon dioxide re-
duces that alkalinity, acidifying seawater and impairing its ability to 
absorb carbon dioxide. Warming and acidification also imperil shell-
fish and corals, which can survive only narrow ranges of temperature 
and acidity.

Restoring the alkalinity of surface seawater would rejuvenate its up-
take of carbon dioxide from the air. Scientists have proposed spraying 
materials such as lime onto oceans to boost alkalinity. However, kilns 
need 900°C heat to make lime from limestone, an energy-intensive 



G O I N G  N E G A T I V E

132

process that pushes overall sequestration costs to around $100 per 
ton. Grinding mine tailings, steel slag, or silicate rocks may offer 
cheaper and less energy-intensive options. Calcium and magnesium 
in those materials would lock up carbon in compounds like calcium 
carbonate, the building blocks of shells and coral. Meanwhile, their 
silica and iron could fertilize photosynthesis by phytoplankton. To-
gether, that could sequester about two tons of carbon dioxide per ton 
of silicate rock that is pulverized and sprayed on seawater. A gigaton 
per year sink would thus require grinding up around 500 million tons 
of rocks, nearly the scale of U.S. coal mining today, plus hundreds of 
ships to spread the powder at sea.12

Whereas these alkalinity-based approaches deserve further re-
search, fertilizing the ocean by instead applying iron, nitrogen, or 
other nutrients is more problematic. Such fertilization aims to stimu-
late photosynthesis by phytoplankton. When phytoplankton and the 
animals that eat them die and fall to the ocean floor, they take the 
carbon with them. However, when they decompose closer to the sur-
face, the carbon can quickly return to the air. More worrisome, algal 
blooms from excess fertilization can release toxins and consume oxy-
gen as they decay, devastating nearby ecosystems.

A critical review of carbon sink strategies concluded that ocean fer-
tilization with iron or nitrogen is “not a viable” option due to sustain-
ability concerns. Other scientists have argued that earlier tests of iron 
fertilization were so damaging that even pilot studies should be 
avoided. Concerns about ocean fertilization have prompted moves to 
restrict testing of all carbon removal strategies at sea under the Lon-
don Protocol on Marine Pollution. That could stymie field testing of 
the alkalinity-based approaches that, unlike iron or nitrogen fertiliza-
tion, counteract ocean acidification, potentially providing a win-win 
for marine ecosystems and climate.13

Engineered Weathering on Land

Rather than spraying mineral-rich powder on the oceans, some scien-
tists have suggested spreading it across cropland. That would counter-
act soil acidification and supply nutrients to crops, thereby boosting 
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crop yields while reducing nitrogen fertilizer use and all the damage 
that comes with it. As the calcium and magnesium react with carbon 
dioxide from the air, they would bind it up as carbonates that would 
remain in the soil or flow to the oceans. Scientists estimate that apply-
ing this approach across 10 percent of U.S. croplands could remove 
0.1 gigatons of carbon dioxide per year at a cost of $160 per ton, before 
accounting for the benefits to farmers. That’s a hefty price, and it’s 
probably a stretch to imagine that so many farmers would adopt an 
unfamiliar practice unless incentives or other benefits are substantial.14

Another option is to spread a magnesium oxide powder over barren 
ground rather than cropland, wait for it to react with carbon dioxide 
from the air, and then heat the resulting compound to regenerate the 
magnesium oxide and capture the carbon dioxide. That would allow 
for many cycles of carbon capture from each ton of rock pulverized, at 
a cost of around $50 per ton. Sequestering one gigaton per year by 
this method would require roughly 7,500 square kilometers, most of it 
covered by 10 centimeters or so of the powder and the rest by solar 
panels to power the heating. That is an enormous amount of land, but 
just half the size of the Nevada Test and Training Range. “All of this 
can be done with existing technologies at current prices,” said Peter 
Kelemen, a geochemist at the Lamont-Doherty Earth Observatory 
who helped develop the concept.15

With so many strategies theorized but none demonstrated at scale, 
and with risks and benefits poorly understood, the prospects for engi-
neered weathering remain unclear. An influential meta-analysis in 
2018 estimated a global potential of 2–4 gigatons of carbon dioxide 
per year, at costs of $50–$200 per ton. The National Academies panel 
in 2019 declined to quantify opportunities in the United States but 
concluded that they “could have very large capacity if their costs and 
environmental impacts could be sufficiently reduced”—big ifs for 
novel techniques. The panel proposed an ambitious agenda to boost 
scientific understanding and fund pilot projects. “We know these re-
actions are occurring spontaneously in nature on geological time-
scales and removing carbon dioxide for free, but what we don’t know 
yet is if our ideas will work to scale this up on human time scales,” 
Kelemen told me.16
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Direct Air Carbon Capture and Storage

Direct air carbon capture and storage (DACCS) aims to suck carbon 
dioxide out of thin air. That’s akin to separating a needle from a hay-
stack or a few drops of food coloring from a pitcher of water, since air 
contains just one carbon dioxide molecule for every 2,400 molecules 
of everything else. To begin the process, fans push air across a solid 
sorbent or a liquid solvent that locks up the carbon. Heat is applied to 
release the carbon dioxide, which must then be compressed, trans-
ported, and stored. All of this requires electricity and heat, negating 
much of the carbon capture unless the electricity and heat are pro-
duced cleanly. Unfortunately, some proposals for DACCS would use 
natural gas or even coal with carbon capture to supply the energy, in-
creasing the need for fracking or mining and transport of fossil fuels. 
Even with cleaner energy sources, it’s unclear whether DACCS is a 
wise use of that energy and associated resources. Only if electricity 
and heat become exceptionally clean, cheap, and abundant will 
DACCS be worth considering.17

As doubts have emerged about the viability of BECCS and its im-
pacts on ecosystems and cropland, DACCS has supplanted it as a pre-
sumed savior technology in models and the public imagination. In 
practice, though, pilot projects have so far been tiny and expensive, 
and their benefits are not clear-cut. Climeworks opened the world’s 
first commercial direct air capture plant in Switzerland in 2017, rely-
ing on power and heat from an adjacent waste incinerator. Its iconic 
array of fans captures just a few hundred tons of carbon dioxide per 
year for use by a nearby greenhouse. Another Climeworks facility in 
Switzerland converts carbon dioxide into methane to be burned. Only 
its facility in Iceland yields a durable sink for carbon dioxide, convert-
ing it into rock. Costs for carbon dioxide capture by Climeworks 
plants have been reported at $600 per ton, and the company charges 
$1,100 per ton to subscribers who crowd-fund its efforts.18

Another company, Carbon Engineering, is building its first pilot 
facility in Squamish, Canada. It expects costs comparable to those of 
the Climeworks plants at first. However, Carbon Engineering offi-
cials estimate that their liquid solvent-based design could eventually 
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scale up to capture carbon dioxide for $113 per ton in the configuration 
that the National Academies panel deemed most plausible. Each  
million-ton-per-year facility would use as much gas as 80,000 gas-
heated homes, plus the electricity output of a 500-hectare solar farm 
(a hectare is about the size of two-and-a-half football fields). We 
would need 1,000 such plants to capture 1 gigaton per year, gobbling 
up 10 percent of current U.S. energy consumption without serving a 
useful purpose beyond the carbon capture itself.19

Summing Up the Sinks

With dozens of approaches theorized and none yet deployed at scale, 
it is hard to predict which options will prove most effective or what 
the ultimate costs of carbon removal will be. Some approaches that 
seem promising in pilot projects will ultimately fizzle, while others 
that seem far-fetched today may prove viable with clever tweaks and 
innovations. Predicting winners today is as wise as predicting Nobel 
laureates from today’s graduate students. Nevertheless, some broader 
points should be noted.

First, win-win opportunities should be pursued post-haste. Planting 
trees on contaminated brownfields, sowing cover crops on eroding 
farmland, and adding carefully designed biochar to nutrient-deficient 
soils would enhance ecosystems, slow erosion, and boost crop yields 
while cutting fertilizer use and soaking up carbon. In all these cases, 
ancillary benefits could outweigh costs, even if carbon sequestration 
goes unrewarded. Climate benefits are icing on the cake.

Unfortunately, many potential carbon sinks could do more harm 
than good beyond their climate impacts. Enhanced weathering would 
require enormous amounts of mining and grinding and could spread 
toxic metals across soils or oceans. BECCS may be benign if the bio-
mass is grown on barren or marginal lands but problematic if homo-
genous fields of energy crops replace farmland or diverse ecosystems. 
BECCS would also require machinery to move biomass to power 
plants plus pipelines and repositories for the captured carbon dioxide. 
DACCS would consume enormous amounts of energy and other re-
sources while yielding little benefit beyond the carbon capture itself.
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At $100 per ton, in line with the costs targeted by some negative 
emissions technologies, a U.S. goal of 2 gigatons per year would cost 
$200 billion per year. That is about 1 percent of U.S. gross domestic 
product, or around 4 percent of the federal budget—not unfathom-
able, but still an onerous expense. By comparison, President Biden’s 
budget proposal for 2022 sought to scale up federal climate-related 
investments to $36 billion, including $10 billion for nondefense clean 
energy innovation. Unlike carbon sinks, efficiency and clean energy 
can pay for themselves over time and yield benefits beyond climate, 
warranting immediate investment. Negative emissions technologies 
belong more in the realm of R&D for now, to expand options and 
bring down their costs ahead of widespread deployment.20

Pilot deployment of carbon sequestration in the United States is 
being driven by tax credits established under Section 45Q of the In-
ternal Revenue Code. Such credits create a “demand pull” to stimu-
late innovations but can also result in perverse outcomes. For example, 
plans to replace a coal power plant in New Mexico with solar were put 
on hold while the plant’s owner sought 45Q tax credits plus a DOE 
grant to install carbon capture instead. Solar power is far cleaner and 
cheaper than keeping the coal plant running, but it does not qualify 
for 45Q tax credits or a DOE grant. Policies should be redesigned to 
not favor capturing emissions over avoiding them in the first place.21

Voluntary efforts can create their own demand pull. Hundreds of 
companies, ranging from Amazon to JetBlue to BP and Shell, have set 
net-zero mandates for their operations. Microsoft has gone even fur-
ther, pledging to offset prior emissions with new sinks. Numerous 
cities, universities, and other entities have set net-zero targets too. 
Sinks should be verified to ensure that net reductions are achieved 
without harming local communities or ecosystems.

Environmental justice must not be neglected. Some carbon sinks 
require intense activities such as chopping and burning biomass, 
grinding rocks, sucking carbon from the air, and pumping it to under-
ground repositories. Too often, activities like this that impose local 
burden for the greater good have been sited in vulnerable communi-
ties, with too little done to mitigate local harms. Landfills, metal recy-
clers, and wastewater treatment plants fit that unjust pattern. Stringent 
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regulations will be needed to ensure that carbon capture is conducted 
away from sensitive communities, with local harms minimized.

Above all, hopes for negative emissions technologies in the future 
should not forestall actions to mitigate emissions now, a moral hazard 
known as “mitigation deterrence.” Substituting emissions removal for 
emissions mitigation would mean missing out on the health, environ-
mental, energy security, and other benefits that accompany shifting 
away from fossil fuels. If mitigation is deterred and alternative inter-
ventions don’t materialize, society could be locked in to dangerous 
amounts of warming.22

Solar Geoengineering

The moral hazard of mitigation deterrence—of inaction in hopes of a 
future silver bullet—looms even larger for solar geoengineering. Nev-
ertheless, the daunting scales needed for carbon sinks and the failure 
of mankind to rein in emissions have left some scientists searching for 
shortcuts to slow warming. The option considered most is solar geo-
engineering—reflecting sunlight away from Earth.

Solar geoengineering would reset the thermostat on a warming 
planet. Accumulating greenhouse gases are trapping in ever more of 
Earth’s warmth. Injecting particles into the stratosphere would coun-
teract some of that greenhouse warming by reflecting away some sun-
light. Injection into the stratosphere lets particles remain above the 
highest rain clouds for a year or two before settling out, similar to 
what occurs after major volcanic eruptions. The last such eruption, of 
Mount Pinatubo in the Philippines in 1991, raised stratospheric par-
ticle levels enough to cool temperatures by more than half a degree 
Celsius for a little over a year.23

Scientists estimate that just a few billion dollars per year could be 
enough for specially designed high-altitude tanker planes to inject 
enough material into the stratosphere to offset half of new warming. 
That price tag is trivial compared to the trillions of dollars likely to be 
needed globally to slash fossil fuel use and capture the emissions that 
remain. That makes solar geoengineering an appealing shortcut to 
reduce the need for costlier emissions mitigation or removal.24
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However, extreme caution is needed before we consider this get-
out-of-jail-free card. Solar geoengineering might be able to offset 
global warming, but it would create global weirding instead. Stabiliz-
ing the thermostat would require injecting ever more particles into 
the stratosphere each year, because particles settle out annually while 
carbon dioxide accumulates for centuries. Any pause in the injections 
would immediately jolt the climate warmer, rocking societies that 
have adjusted to the climate’s geoengineered norms.

On the other hand, if stratospheric injections of particles continue 
to grow to keep pace with ever more carbon dioxide below, more and 
more sunlight would be reflected off the particles into space while 
more and more of Earth’s infrared radiation would be held in the tro-
posphere. That might hold the global thermostat steady, but it would 
warp everything else about our climate. Skies would be dimmer, albeit 
with more brilliant sunsets. Output from solar panels would fade with 
diminished sunshine. Concentrated solar power would become im-
practical, as less sunlight would arrive in the direct beam reflected by 
mirrors. Evaporation depends not only on temperature but also sun-
light, so it would slow. What goes up must come down, so rainfall 
would slow too. Some places would get wetter and others drier, as jet 
streams shift in unpredictable ways. Those shifts along with changes 
in ocean circulation would make some areas cooler and others warmer, 
even if geoengineering stabilizes temperatures on a global average ba-
sis. Oceans would continue to acidify as carbon dioxide levels climb.

Some climate models predict that solar geoengineering would actu-
ally moderate climate hazards, because slower evaporation would al-
leviate droughts and diminished rainfall would alleviate flooding and 
lessen the severity of tropical cyclones. Maybe so. But modern society 
has been built around the climate of recent decades. No matter how 
numerous the winners, the losers from global weirding will have 
strong grounds for anger or retaliation. It’s impossible to predict who 
the losers will be and how badly they will be hurt—whether by dimin-
ished rainfall or damaged habitats or anything else—and how they 
will respond to the damage. Behavioral economics teaches that losses 
are experienced more acutely than gains. Thus, fervent opposition is 
sure to arise from those who perceive themselves to be harmed.25
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All of these complications make the low cost of solar geoengineer-
ing as much a curse as a blessing. A few billion dollars a year to operate 
a fleet of stratospheric planes is well within the means of dozens of 
countries and even some multi-billionaires. Who is to say who gets to 
reset the thermostat and transform the weather for the entire planet? 
Perhaps heat-stricken countries or island nations would want to make 
Earth cooler than today, while colder countries might welcome more 
warming. Some countries would get wetter and others drier. The 
world has not begun to fathom how to govern such capabilities.

Even if solar geoengineering is never deployed, the sheer prospect 
of it on the horizon raises serious concerns about mitigation deter-
rence. Will we act to cut emissions and create carbon sinks as urgently 
if we imagine a shortcut to a cooler planet? Will we invest trillions of 
dollars in clean energy and carbon sinks, when mere billions could 
throttle the thermostat?26

No mirage of a panacea should distract us from slashing emissions 
as quickly and deeply as possible and offsetting what’s left with new 
sinks. What policies are needed to make that happen?
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Breakthroughs in diplomacy and technology have brought us closer 
than ever to confronting climate gridlock. But policy has lagged. 
Without bold policy, the opportunities opened by diplomacy and 
technology will go unseized. A net-zero future and clean energy econ-
omy will fall further out of reach.

The Paris Agreement together with emerging ideas for climate 
clubs can leverage each country’s actions to jump-start progress 
abroad. But there will be nothing to leverage if a country does not act. 
Without policy, diplomacy is not credible. Once a country does act, 
embedding its policies in its Paris commitment and climate club obli-
gations can make them more durable and encourage others to act too. 
With its market size, technological prowess, and clout, the United 
States has an unparalleled ability to drive the creation of climate clubs 
and spur other nations to do more.

Clean energy and negative emissions technologies are undergoing 
rapid innovations, but they are not being deployed at anywhere near 
the rates needed to reach net zero. Fossil fuels continue to power most 
of the economy in the United States and globally, much as they have 
for the past century. Without new policies, energy forecasters project 
that fossil fuels will continue to dominate, and emissions will plateau 
for decades to come.1

Optimists may hope clean technologies will mimic the most abrupt 
transitions of the past. Cars replaced horses, color televisions replaced 
black-and-white ones, and smart phones replaced flip phones within a 
decade or two, driven more by market forces than policy. Each tracked 
an S-shaped adoption curve, with slow early adoption followed by a 
leap to dominance and then ultimately market saturation.2

Unfortunately, most clean energy and negative emissions technolo-
gies will not attract such rapid adoption via consumer appeal alone; 
policy will be imperative. More efficient lightbulbs, appliances, vehi-
cles, and buildings all provide lifetime savings, but cost more upfront. 

eight CONFRONTING POLICY GRIDLOCK
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Technologies for avoiding methane leaks, replacing HFCs, and miti-
gating nitrous oxide are all readily available, but without policy there is 
little self-interest in deploying them. Wind and solar are the cheapest 
new sources of electricity, but they must compete with legacy coal and 
gas plants whose capital costs are paid. Electric vehicles are reaching 
cost parity with fossil-fueled ones, but they struggle with customer and 
dealer wariness and lack of charging infrastructure. Electrification of 
heating and industry proceeds far too slowly in the absence of ade-
quate policies. Green hydrogen could provide a versatile feedstock and 
fuel, but for now it suffers from high costs and lack of distribution in-
frastructure. Negative emissions technologies remain in their infancy 
and are unlikely to be deployed without incentives or mandates. Across 
these and other technologies needed to mitigate climate change, the 
International Energy Agency has concluded that the vast majority are 
emerging far too slowly to achieve Paris Agreement targets.3

Policies can push and pull technologies toward faster diffusion. The 
“technology push” comes from research and development that drives 
innovations, and the “market pull” comes from policies that boost de-
mand for those technologies. Push and pull policies are inherently 
synergistic, driving technologies along their learning curves toward 
better performance and lower costs with broader adoption.4

Diplomacy, technology, and policy together can create a virtuous 
cycle. The Paris Agreement and climate clubs motivate domestic pol-
icies to meet the expectations of other countries and leverage domes-
tic advances beyond them. Those policies drive a push for technology 
R&D and a market pull to adopt those technologies, reducing their 
costs. Technological gains in turn make it feasible to pursue more vig-
orous policies and diplomacy. Although inadequate policies histori-
cally have failed to complete such a cycle, emerging conditions open 
promising pathways ahead.

History of U.S. Climate Policy

Faced with the grandest environmental challenge of our times,  
the U.S. Congress has repeatedly failed to enact comprehensive  
legislation confronting climate change. Congress has instead passed 
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piecemeal measures promoting energy efficiency, funding RD&D, 
and providing tax credits for renewable energy, electric cars, and car-
bon capture. EPA has shoehorned climate-oriented regulations into 
landmark acts that Congress passed decades ago for other purposes, 
before global warming became a top concern. Those acts include the 
National Environmental Policy Act of 1969, which did not incorpo-
rate climate impacts into environmental assessments until the 1990s; 
the 1972 Clean Water Act, which considers climate change only tan-
gentially and neglects the effects of carbon dioxide on ocean acidifica-
tion; and, most importantly, the Clean Air Act.5

Passed in 1963 and extended with major amendments in 1970 and 
1990, the Clean Air Act provides the foundation for air pollution pol-
icy in the United States. The act was traditionally assumed to apply 
only to conventional air pollutants such as sulfur dioxide, carbon 
monoxide, particulate matter, and airborne toxics that directly endan-
ger public health and welfare locally. Greenhouse gases, which warm 
climate globally but are not toxic to breathe, were mostly neglected. 
Through regulations on vehicles and industry, standards for ambient 
air quality, cap-and-trade programs for power plants, and other mea-
sures, the Clean Air Act helped drive down air pollutant emissions by 
77 percent from 1970 to 2019, even as carbon dioxide emissions rose.6

Regulation of greenhouse gases through the Clean Air Act took root 
in 2007, when the Supreme Court ruled 5–4 in Massachusetts v. EPA that 
the act obligates EPA to regulate greenhouse gases if it determines  
that they endanger public health and welfare. EPA soon determined 
that they do. That finding paved the way for EPA to impose carbon di-
oxide emissions standards on vehicles and to regulate methane leaks.7

Despite that ruling, EPA has struggled to shoehorn greenhouse gas 
regulations into the decades-old Clean Air Act. Under President 
Obama, EPA issued the Clean Power Plan, setting state-by-state limits 
on power plant emissions. However, the regulations never took effect 
due to litigation, and the limits were so weak that they were achieved 
without the plan itself. The Trump administration repealed and re-
placed the Clean Power Plan with a toothless rule, which itself was 
blocked by litigation. Rules on vehicle emissions and methane leaks 
have been similarly plagued by litigation and reversals. A ban on some 
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HFC refrigerants was overturned in 2017 by soon-to-be Supreme Court 
justice Brett Kavanaugh, who acknowledged the merits of banning 
these potent greenhouse gases but objected to how the rule was 
squeezed in to the Clean Air Act. Restrictions on those refrigerants 
arose instead from new legislation passed by Congress in 2020.8

In sum, shoehorning regulations into decades-old legislation has 
proven to be inadequate both for combating climate change and for 
giving businesses and consumers the clarity they need to make pru-
dent decisions. Yet Congress has for decades failed to pass compre-
hensive climate legislation, despite coming close on two occasions.

The first near miss came in 1993, after newly elected President Bill 
Clinton implored Congress to enact a tax on energy. Technically, this 
was not a climate proposal, as Clinton never even uttered the word 
“climate” in his address. Instead, he pitched the tax as a way to reduce 
the budget deficit, pollution, and dependence on foreign oil. The ini-
tial tax would have been small, but it could have been escalated over 
time and set a precedent for taxing fossil fuels. “Had that passed, it 
would have put the United States in a very strong position interna-
tionally, and it would have put the right incentives in place for emis-
sion reductions with the most efficient mechanism you can have,” 
recalls Rafe Pomerance, who that year became Clinton’s deputy as-
sistant secretary of state for environment and development. Known as 
the “Btu tax” for taxing the British thermal unit energy content of  
fuels, the bill squeaked through the House but died in the Senate 
without receiving a vote. The National Association of Manufacturers 
spearheaded an anti-tax alliance that grew to be the largest coalition 
of businesses ever to oppose a single bill. The debacle contributed to 
the Republican takeover of the House in midterm elections the fol-
lowing year, thwarting any hopes for passing major climate legislation 
for the remainder of the Clinton presidency. “Getting Btu’d” became 
synonymous with getting voted out of office after a futile vote.9

Opportunity seemed to strike a second time in 2009, when a popular 
young Democrat once again replaced a President Bush in the White 
House. Over the previous few years, leaders of environmental organiza-
tions, utilities, and other groups had been meeting behind the scenes to 
build consensus for a cap-and-trade system to limit carbon emissions, 
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hoping that it would win broader appeal than an energy tax. During the 
2008 presidential campaign, both the Democratic and Republican 
nominees, Senators Barack Obama and John McCain, advocated for 
caps on carbon dioxide emissions. Appearing beside House Speaker 
Nancy Pelosi in front of the Capitol dome for a television ad, former 
speaker Newt Gingrich said, “We do agree our country must take ac-
tion to address climate change.” In his first presidential address, Presi-
dent Obama implored Congress to send him “legislation that places a 
market-based cap on carbon pollution” in order to “save our planet 
from the ravages of climate change.” Congressmen Henry Waxman 
(D-California) and Edward Markey (D-Massachusetts) obliged, intro-
ducing a bill to slash U.S. emissions 83 percent by 2050. Beyond its cap-
and-trade provisions, the bill would have provided hundreds of billions 
of dollars for clean energy technologies, boosted efficiency standards, 
and subsidized low-income families and energy sector workers.10

The Waxman-Markey bill suffered the same fate as Clinton’s en-
ergy tax, squeaking through the House before dying without a vote in 
the Senate. Despite the years of behind-the-scenes coalition building 
by environmental and industry elites, little was done on the left to 
rally activist support for the bill. “We didn’t have strong grassroots, 
vocal support to counterbalance the artificial megaphones and astro-
turf that the Koch brothers and others were creating to oppose  
Waxman-Markey,” recalls Eric Pooley, who chronicled the period in 
his book The Climate War. Republican congressional support for what 
had been envisioned as bipartisan legislation withered in the face of 
the recession, fears of Tea Party-backed primary challengers, and blis-
tering attacks from the fossil fuel industry and ideological groups. 
“The climate denial machine kicked into a higher gear than ever, with 
a heady brew of fear-mongering,” said Edward Maibach, who directs 
George Mason University’s Center for Climate Change Communica-
tion. Public opinion shifted too, as acceptance of climate science be-
came more partisan. “There was a dramatic collapse of belief in 
climate change—an exceptional change in opinion,” Maibach told 
me. Democrats again suffered a wave of defeats in the midterm elec-
tions, and hopes for major federal climate legislation entered another 
period of hibernation.11
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Why Policy Breakthroughs Are Achievable

Despite those historical failures, emerging conditions are opening un-
precedented opportunities for policy breakthroughs. The interna-
tional landscape reshaped by the Paris Agreement provides fertile 
ground for leveraging domestic advances into stronger commitments 
abroad. Technologies are making it more feasible and affordable than 
ever to transition away from fossil fuels.

Trends in public opinion are favorable too. Surveys show that re-
cord percentages of Americans accept that global warming is happen-
ing and that humans are causing it. Global warming has moved from 
the realm of polar bears in the future to devastating hurricanes, floods, 
and wildfires in the here and now. “Public opinion has grown more 
stable now that people see the impacts in their own communities,” 
Maibach said. Overwhelming majorities of Americans support renew-
able energy, planting trees, and cutting fossil fuel use. Oddly, even 
more Americans support restricting carbon dioxide than accept that it 
warms the climate, suggesting legislation need not wait for education 
or acceptance of climate science.12

However, public opinion is not sufficient to pass legislation. “Let’s 
not kid ourselves that what the average American thinks is what drives 
policy,” said Anthony Leiserowitz, who directs the Yale Program on 
Climate Change Communication. Research by Matto Mildenberger 
and Leah Stokes, political scientists at the University of California, 
Santa Barbara, revealed that Republican politicians and their staffs tend 
to underestimate their constituents’ support for climate action. Those 
misperceptions are no accident. “Threatened interest groups spend an 
enormous amount of time and energy shaping perceptions of public 
opinion,” Mildenberger told me. “Many of the social movements and 
climate advocacy groups are working in opposition to that.”13

Long-established climate advocacy groups such as the Environ-
mental Defense Fund, Sierra Club, and the Natural Resources De-
fense Council are now joined by upstarts across the political spectrum. 
On the left, the youth-led Sunrise Movement rallied support for a 
Green New Deal, rising to prominence with a sit-in in Rep. Nancy 
Pelosi’s (D-California) office soon after the 2018 midterm elections. 
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Their website vows to “stop climate change by transforming our 
whole economy,” casting that fight “alongside the fight against white 
supremacy and colonialism.” Rather than sponsoring sit-ins, the cen-
trist Citizens’ Climate Lobby emphasizes its “consistently respectful, 
non-partisan approach,” with more than four hundred local chapters 
advocating for carbon fees and dividends. “The way democracy 
should work is as a partnership between citizens and elected officials,” 
the group’s executive director, Mark Reynolds, told me. On the right, 
RepublicEn casts itself as a “balance to the Environmental Left” while 
also advocating for a fee-and-dividend approach. Its executive direc-
tor, former congressman Bob Inglis, told me that he hopes 15 Repub-
licans in the Senate and 25 in the House can be persuaded to support 
carbon dividends.14

After corporate-funded opposition helped sink the Btu tax and the 
Waxman-Markey bill, corporations including ExxonMobil have with-
drawn support from groups such as the Heartland Institute, which is-
sues climate denialist messaging, and the American Legislative 
Exchange Council, which crafts anti-environmental legislation. In 
2017, big oil and gas companies such as Shell and BP, utility companies 
such as Exelon and Calpine, and automakers Ford and GM joined 
major environmental organizations as founding members of the Cli-
mate Leadership Council. The Council calls for carbon fees and divi-
dends, gradually rising from a rate of $40 per ton, under a plan written 
by former secretaries of state James Baker and George Shultz.15

In addition to advocating for climate policy, businesses are increas-
ingly “walking the walk” on climate action. Whereas 100 percent 
clean electricity once set the bar for green pledges, a growing number 
of businesses are pledging to achieve net-zero carbon emissions not 
just from electricity but across their operations. As of July 2020, the 
UNFCCC-backed Race to Zero campaign tallied 995 businesses 
along with over a thousand other entities that had pledged to go net-
zero by 2050. It is remarkable that reaching net zero by 2050 has now 
become a minimal expectation for corporate and political pledges; in 
2016, President Obama’s blueprint for an 80 percent cut in net green-
house gas emissions by 2050 was called “breathtaking” and “hugely 
ambitious.”16
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Whether these changes in corporate stances pave the way to 
broader policy remains to be seen. “I don’t think large corporations 
determine what happens in congressional politics,” said Theda 
Skocpol, a sociologist at Harvard University who wrote an influential 
post-mortem on Waxman-Markey. In the past, public proclamations 
by corporations have been undermined by behind-the-scenes lobby-
ing by their executives or trade associations. “Unless and until the 
Chamber of Commerce, National Association of Manufacturers, and 
Business Roundtable change their stances, Republicans are skeptical 
about what they hear from oil companies,” Jerry Taylor, president of 
the Niskanen Center, told me in May 2019. Since then, the U.S. 
Chamber of Commerce has swung around to supporting the Paris 
Agreement and announced that it “supports a market-based approach 
to accelerate greenhouse gas emissions reductions across the U.S. 
economy”; the National Association of Manufacturers called for Con-
gress to act on climate; and the Business Roundtable and American 
Petroleum Institute announced their support for carbon pricing. 
Greg Bertelsen, executive vice president of the Climate Leadership 
Council, told me that their corporate members are matching their 
public stances with political engagement. “I’ve personally been in  
the room with energy executives on Capitol Hill directly pushing for 
carbon pricing and climate legislation,” he told me.17

Beyond the lobbying of traditional energy giants, renewable energy 
producers and their trade associations could gain clout as their busi-
nesses grow. Historically, these entities have failed to muster anything 
close to the political influence of electric and gas utilities. “Utilities and 
their trade associations put a lot of money into lobbying and build up 
long-term relationships with legislators and regulators,” said Stokes, 
whose book Short Circuiting Policy chronicles battles over energy policy 
at the state level. Renewable energy trade associations are “fledgling 
and underfunded,” she told me in 2018, and they are fragmented across 
different types of energy such as wind, utility-scale solar, and rooftop 
solar. Danny Cullenward and David Victor, in their 2020 book Making 
Climate Policy Work, dismissed low-carbon industry groups as “small, 
poorly organized, and politically weak,” writing that “powerful coali-
tions of low-carbon industries are a topic for the future, not today.”18
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That future is arriving fast. In 2020, dozens of companies, including 
vehicle manufacturers, electric utilities, Uber, and charging providers, 
teamed up to form the Zero Emission Transportation Association, 
which advocates for 100 percent of vehicle sales to be electric by 2030. 
In 2021, trade groups for solar, storage, wind, and transmission com-
panies allied with utilities and corporate purchasers of clean energy to 
launch the American Clean Power Association, which aims to “unit[e] 
the renewable power sector to speak with a unified voice.” These 
groups are “a classic example of what policy folks would call policy 
feedback,” Mildenberger told The Atlantic. “You create a new industry 
that creates a new set of interests that creates new bedfellows, and as 
that industry becomes more successful, it feeds back and increases the 
strength of the policy.” The clout of low-carbon industries could con-
tinue to grow alongside their revenues as they seek to lock in or ex-
pand any advantages that policies may bestow upon them.19

Given all these changes in the political landscape, there is reason to 
hope fossil fuel corporations and their trade organizations will no lon-
ger obstruct climate legislation and clean energy rivals can more  
effectively advocate for progress. Still, like Frankenstein, the monster 
of climate denialism the fossil fuel industry created, through decep-
tions chronicled by Naomi Oreskes and Erik Conway in Merchants of 
Doubt, has taken on a life of its own. Reactionary politicians continue 
to oppose climate action, even as corporate interest groups have 
swung around to support it. The right-wing echo chamber of Fox 
News and Newsmax, Sinclair-owned local television stations, and 
conservative talk radio continues to distort climate science. Especially 
strident vitriol has been directed at women such as Rep. Alexandria 
Ocasio-Cortez (D-New York) and Greta Thunberg who champion 
climate action. When Rep. Matt Gaetz (R-Florida) issued a mild 
“Green Real Deal” as a conservative alternative to the Green New 
Deal, right-wing groups pounced, denouncing him as a “weak-
minded congressional Republican” who had “fall[en] for the climate-
baiting guilt-trip.” One group sent a 16-page pamphlet to every 
Republican in Congress titled The Plan is . . . No Plan! Why the GOP 
shouldn’t do anything on climate. “The Competitive Enterprise Institute 
and Heartland beat up on Gaetz like he’s Al Gore, to make an example 
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out of him,” Taylor told me. “They essentially act as prison guards in 
the denialist penitentiary. Their job isn’t to change anyone’s mind, but 
to instill fear that if you change your mind, you’ll be treated harshly.” 
That’s a powerful strategy in an era of gerrymandering, when Repub-
lican legislators fear primary challengers from the right more than 
Democratic opponents in the general election. Still, as public support 
for climate action grows and corporations withdraw funding from de-
nialist groups, the effectiveness of this strategy could dwindle.20

Policy Pathways

With so many promising trends in diplomacy, technology, public opin-
ion, and interest groups clearing away obstacles from policy pathways, 
which pathways should be pursued? No single pathway will suffice. 
Forging ahead toward a clean energy economy will require many ac-
tors pursuing various paths at once. Where advances are made, policies 
can mutually reinforce diplomacy and technology, making diplomacy 
more credible and technologies more affordable. Policy successes can 
also galvanize support from voters and interest groups, reshaping pub-
lic opinion and fortifying ongoing pursuits in what political scientists 
call “policy feedback.” As Jacob Hacker and Paul Pierson have written, 
“major public policies . . . can have substantial political impacts, en-
gendering support that helps those policies to endure.” Successes of 
initial policies strengthen the standing of clean energy industries and 
associated groups and build support to lock in and extend initial gains.21

Given the context of a Democratic administration and a closely di-
vided Congress, I’ll focus first on executive branch options before 
turning to legislation and then actions beyond the Beltway.

Regulations

Economists may dismiss regulations as less flexible and efficient than 
market-based approaches. But regulations get the job done. “Regula-
tory programs have generally delivered more change than markets, 
even though in theory markets could be more cost-efficient,” Cullen-
ward told me.22
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The greatest opportunities to regulate greenhouse gases under ex-
isting law come from the Clean Air Act. “Without legislation, you’re 
going to have to go through the keyhole of the Clean Air Act,” said 
Joseph Goffman, who helped develop the Clean Power Plan before 
leading Harvard Law School’s Environmental and Energy Law Pro-
gram and then returning to EPA in the Biden administration. The 
simplest way to squeeze through that keyhole is to strengthen existing 
rules for emissions rates from vehicles, oil and gas operations, power 
plants, and other industries. Vehicle emission standards can be 
strengthened more readily now that many manufacturers are commit-
ting to produce electric cars. For industrial emitters, EPA can toughen 
its permitting and compliance efforts and file enforcement actions 
when violations are found. More vigorous enforcement or tightening 
of ambient air quality standards would inevitably lead to cuts in green-
house gases that are co-emitted with other air pollutants. That would 
force states that have violated ozone smog or particulate matter stan-
dards with little consequence for decades to regulate polluting indus-
tries more stringently.23

For power plants, new source performance standards could be up-
dated to mandate performance in line with the latest technologies. 
For example, the Allam cycle with carbon capture pioneered by NET 
Power can reset the benchmark for emissions from natural gas–fired 
electricity. Requiring old coal plants to install sulfur scrubbers, as has 
been required at all new plants since the early 1980s, would prompt 
many of them to close to avoid costly investments. Either the Obama-
era Clean Power Plan or Trump-era Affordable Clean Energy rule 
could be reissued with much tougher emissions caps, made achievable 
by technological advances.

Section 115 of the Clean Air Act offers an untested path to regulat-
ing greenhouse gases. That section empowers EPA to regulate pollut-
ants that endanger health or welfare in other countries, as greenhouse 
gases clearly do. For Section 115 to be applicable, the EPA administra-
tor must determine that other countries are acting with reciprocity in 
controlling their own emissions. Paris Agreement commitments 
could satisfy that test. EPA could then order states to issue plans for 
curtailing their emissions, and it could issue a federal plan for states 
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that do not comply. “This unutilized but potent source of federal au-
thority provides an avenue to achieve significant greenhouse gas emis-
sions reductions,” one study of Section 115 concluded.24

However, this or other untested regulatory approaches risk being 
overturned by skeptical judges. As of 2021, Trump appointees occupy 
nearly one-third of appellate judgeships and three seats on the Su-
preme Court. Only one justice from the 5–4 majority in Massachusetts 
v. EPA and three of the dissenters, including Chief Justice John Rob-
erts, remain on the Supreme Court. Justice Amy Coney Barrett 
clerked for Justice Antonin Scalia, who authored the scathing dissent 
in Massachusetts v. EPA. Even without an outright repeal by the courts, 
the years of delay for judicial review can give a new administration 
time to roll back a regulation, as the Trump administration did with 
the Clean Power Plan and other Obama-era rules. Thus, novelty is 
not a virtue for seeking urgently needed reductions in emissions.

Emissions Pricing

No climate policy has attracted more attention, enthusiasm, and deri-
sion than putting a price on emissions. The Waxman-Markey bill 
would have established such a price through a cap-and-trade system, 
with markets for emissions allowances. More recent bills have focused 
instead on taxing emissions. At least seven bills for carbon taxes were 
proposed in the 2019–2020 session of Congress, sponsored solely by 
Democrats and a lone retiring Republican. Each would have set a 
steadily rising, economy-wide tax on emissions, though the proposed 
rates varied widely. Most would have set a border adjustment tax on 
the carbon content of imports. Some would have suspended EPA reg-
ulations for stationary emission sources that are covered by the tax, to 
protect the competitiveness of American manufacturers against for-
eign rivals. Some of the bills would have returned most of the revenue 
to Americans as dividends or tax reductions, whereas others would 
have invested some of it in infrastructure, RD&D, or adaptation to 
climate change.25

The economic logic of emissions taxes is compelling. In fact, more 
than three thousand U.S. economists, including twenty-eight Nobel 
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laureates, have endorsed the Climate Leadership Council’s carbon tax 
and dividend plan. A National Academies panel on accelerating decar-
bonization recommended a similar tax rate, gradually rising from $40 
per ton, but with revenue targeted to fund clean energy and address 
equity concerns rather than rebated entirely as a flat dividend. How-
ever the revenue is spent, taxing emissions addresses what economists 
call “externalities”—the health, climate, and other impacts borne by 
society rather than the consumers and producers of fossil fuels. Taxes 
shift some of that burden onto consumers or producers, motivating 
them to reduce emissions to avoid those taxes. Taxes on fossil fuels 
provide a market demand “pull” for everything from efficiency to 
clean energy to negative emissions technologies that avert taxation. 
“You’ll see more technological progress than you expect,” predicts 
Noah Kaufman, a carbon pricing expert serving on President Biden’s 
Council of Economic Advisers.26

Designers of carbon taxes must decide what gets taxed and at 
 what rate. Many economists prefer a uniform economy-wide tax, re-
flecting the uniform harm of carbon dioxide per ton. That would pro-
vide a broad and level playing field for anything that cuts emissions. 
Narrower policies may be criticized for favoring some options over 
others.

However, a tax rate that could drive meaningful change in one sec-
tor may do little in others. In the electric sector, for example, the $40 
per ton starting point of the Climate Leadership Council plan would 
suffice to wipe out coal power plants, whose operating costs would 
more than double, and help renewables outcompete gas. Electricity 
consumers would see little change in their rates, now that renewables 
and their complements can affordably displace fossil electricity. For 
transportation, on the other hand, that same $40 per ton would add 
just 9 cents per liter (35 cents per gallon) to the cost of gasoline. That 
would barely influence decisions regarding which car to buy or how 
far to drive it. It could, however, trigger the visceral opposition that 
typically accompanies hikes in fuel prices, which are so prominently 
displayed at every fueling station. Opposition from drivers could sink 
the viability of an economy-wide carbon tax, negating the benefits it 
could achieve in other sectors.27
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A uniform carbon tax would also fail to target the local harms that 
accompany emissions. Air pollution, water pollution, and drilling and 
mining wastes from fossil fuels all impose burdens that are not pro-
portional to carbon dioxide and fall most heavily on vulnerable com-
munities. A uniform tax also gives equal value to reducing emissions 
via efficiency, which averts all the harms of fossil fuels, and carbon 
capture, which addresses only the carbon dioxide.28

Beyond the scope of a tax comes the question of what to do with the 
revenue. Returning carbon tax revenue as dividends has been advo-
cated mainly on the premise that it would win political support, both 
for the initial passage of a bill and for keeping it durable. “Once that 
system gets in place and people start getting checks, it will become a 
third rail of American politics to stop it,” Leiserowitz told me, com-
paring carbon dividends to Social Security and the checks that Alas-
kans receive from oil and gas tax revenue. Dividends are seen as crucial 
by pro-climate Republicans such as Bob Inglis, the former congress-
man and executive director of RepublicEn, and Secretary Baker. 
“You’re not ever going to get anything done if you don’t bring Repub-
licans to the table, and you do that by saying it’s not going to grow 
government,” Baker told me. Other dividend advocates point out the 
simplicity of avoiding battles among competing interests. “Once you 
start using revenue for other purposes, you open a Pandora’s box,” 
said Bertelsen of the Climate Leadership Council. Dividends also 
make a carbon tax progressive, with uniform dividends per person but 
more taxes paid by wealthy Americans with large homes and frequent 
air travel. Carbon taxes can be made even more progressive by means-
testing dividends or using revenue to reduce payroll taxes, as some 
bills proposed to do.29

However, it is not clear that a dividend is the most effective or most 
popular use of carbon tax revenue. Rebating carbon tax revenue ren-
ders it unavailable to invest in RD&D or build out the transmission 
lines, vehicle chargers, green hydrogen facilities, carbon dioxide pipe-
lines, and other infrastructure needed for decarbonization. It also fails 
to remedy environmental injustices in communities burdened by the 
legacy of fossil fuels. Surveys yield mixed results about voter prefer-
ences for carbon tax revenue, with most showing a preference for 
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spending at least some revenue on clean energy RD&D, not just divi-
dends. In Washington state, a revenue-neutral carbon tax and divi-
dend ballot initiative was rejected by voters in 2016 by an even larger 
margin than a 2018 initiative that would have used the money to tackle 
climate change.30

All of these considerations about how to design a carbon tax are 
pointless if one cannot be passed. “Given the massive headwinds fac-
ing U.S. carbon taxes, debating their design kind of feels like debating 
what to have for lunch after we colonize Saturn,” journalist Ben Ge-
man has written. For all the talk from retired and retiring Republicans 
about dividends as the key to bipartisan support, few Republicans re-
maining in Congress have shown any willingness to accept carbon 
taxes, perhaps fearing attacks like those leveled at Representative 
Gaetz. A bipartisan group of centrist House lawmakers in 2021 floated 
the idea of hiking gas taxes rather than corporate taxes to fund infra-
structure, but they faced opposition from colleagues in both parties. 
Tax-and-dividend has received only a mixed reception among con-
gressional Democrats, appearing in some climate bills but not others.31

The United States is not alone in its failure to pass a carbon tax. But 
even in countries that have enacted carbon taxes, most are too low or too 
limited in scope to cut emissions deeply. That raises serious doubt 
whether a carbon tax can serve as the centerpiece of a push toward net 
zero.32

Social Cost of Greenhouse Gases

If robust emissions taxes can’t be passed, the externalities of emissions 
can be considered administratively by setting social costs for carbon 
dioxide and other greenhouse gases. During the Obama era, an inter-
agency working group recommended a valuation of roughly $50 per 
ton for carbon dioxide and much higher values for more potent green-
house gases. The Trump administration disbanded that group, and it 
reset the value to just $1 to $6 for carbon dioxide by sharply discount-
ing future effects and ignoring effects beyond U.S. borders. Just hours 
after taking office, President Biden issued an executive order that re-
established the working group. He ordered it not only to reassess so-
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cial costs but also to recommend how these costs should be considered 
in decision-making, budgeting, and procurement across the federal 
government.33

Taken seriously, Biden’s order could have profound implications. A 
social cost near $100 per ton, as some experts consider appropriate, 
would radically shift government purchasing decisions for vehicles, 
equipment, construction, and materials. This would create a powerful 
demand pull for decarbonization, especially if some state and local gov-
ernments and corporations follow suit. The resulting learning by doing 
and technology diffusion curves could drive down costs for everyone else.

Beyond procurements, considering social costs in government  
decision-making could make it more difficult to justify approving 
mines, drilling sites, export terminals, and oil and gas pipelines that 
expand the use of fossil fuels. Projects like wind and solar farms, trans-
mission lines, and hydrogen and carbon dioxide pipelines that avert 
emissions would be favored. Any state or local governments that fol-
low suit would have their decision-making reshaped as well. Many 
corporations already consider an internal carbon price in their plan-
ning and investment decisions. Activist investors and interest groups 
can push for more to do so. Actions taken voluntarily beyond the fed-
eral government could stay durable as administrations come and go, 
all without a carbon tax to rally opposition.34

Green New Deal

Although a carbon tax has won the minds of economists, retired Re-
publicans, and corporate coalitions, the Green New Deal has won the 
hearts of liberal activists. The idea of linking environmental protec-
tion with New Deal–scale job creation dates back at least to 2009, 
when Van Jones called for creating “green collar” jobs amid the Great 
Recession. The idea then leapt to prominence after the 2018 midterm 
elections, with the activism of groups like the Sunrise Movement and 
a resolution introduced by Representative Alexandria Ocasio-Cortez 
and Senator Edward Markey.35

As a mere 14-page resolution rather than detailed legislation,  
the Green New Deal would have enacted no binding policies, but its 
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ambition was unfathomably broad. The bill set an overall aim of net-
zero emissions along with specific calls for 100 percent clean electric-
ity, efficiency upgrades for all buildings, “overhauling transportation 
systems,” and collaborations with farmers and ranchers. Then, in a 
sweeping final clause, the resolution moved beyond climate policy to 
call for “providing all people of the United States with high-quality 
health care; affordable, safe, and adequate housing; economic secu-
rity; and clean water, clean air, healthy and affordable food, and access 
to nature.”36

With ambitions so broad and specifics so short, observers inevitably 
filled in the blanks to suit their agendas. The Sunrise Movement 
praised the Green New Deal as “the only plan put forward to address 
the interwoven crises of climate catastrophe, economic inequality, and 
racism at the scale that science and justice demand.” President Trump 
warned that Democrats would “completely take over American en-
ergy and completely destroy America’s economy through their new 
$100 trillion Green New Deal.” Trump appeared to be rounding up 
from an unpublished estimate of a 10-year, $93 trillion cost, the vast 
majority of which would go to universal health care and guaranteed 
jobs, not climate. Seeking to score political points, Majority Leader 
Mitch McConnell (R-Kentucky) brought the Green New Deal up for 
a vote in the Senate, where it was rejected 57 to 0, with most Demo-
crats abstaining. “The danger is that the Democratic party becomes 
so militant and uncompromising on the matter that Republicans de-
cide they don’t need to compromise, and they can just run against it,” 
Taylor told me. Indeed, Republicans railed against the Green New 
Deal in the 2020 elections, and Joe Biden distanced himself from it 
while touting his own climate plan.37

It’s easy to dismiss a resolution that failed so soundly and included 
no binding rules or funding. Yet the political insight behind the Green 
New Deal, and the reason it continues to inspire so many on the left 
and outpoll carbon taxes even among Republicans, is that it leads with 
the ends rather than the means. We all want clean air, clean water, a 
stable climate, and green jobs, even if we are not sure about the tax 
policy to achieve those goals. After decades of environmental wrongs, 
it is time to frame the climate battle in the context of environmental 
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justice. Leading with what we want, rather than our means of getting 
it, inspires support beyond the realm of economists and policy wonks. 
“The key path forward to decarbonization is to move beyond discuss-
ing carbon and focus on the reasons to do it—health, resilience, diver-
sification, security, jobs, competitiveness, and trade,” environmental 
policy scholar Benjamin Sovacool told me.38

Infrastructure Investments

To transition from fossil fuels to clean energy and carbon sinks, we will 
need to build a lot of stuff. After years of partisan gridlock, the United 
States must regain its ability to build infrastructure. The American So-
ciety of Civil Engineers’ 2021 Infrastructure Report Card rated the na-
tion’s energy systems a C− and noted a need for more transmission 
capacity to integrate renewable electricity. A National Academies panel 
on energy decarbonization in 2021 estimated that we will need $2 tril-
lion of incremental capital investments in the next decade alone to get 
on track for net zero by 2050. Those are investments, not net costs, as 
most will pay for themselves with savings over time. Still, it’s a lot  
of capital to mobilize very quickly. Most of the investments will  
come from the private sector to build wind and solar farms, buy zero-
emissions vehicles and heat pumps, and improve the efficiency of build-
ings and industry. However, we will need big investments in shared 
infrastructure too—roughly $170 billion for electricity transmission and 
distribution, $80 billion for carbon dioxide pipelines and storage, and 
$6 billion for electric car chargers, above and beyond what would be 
spent in the status quo. The sooner those investments are made, the 
lower overall costs of decarbonization can be, since they become the 
framework into which other investments connect and avert expenses 
for fossil assets that are incompatible with a net-zero future.39

The challenges of building adequate infrastructure extend beyond 
cost. Transmission lines and carbon dioxide and hydrogen pipelines are 
all likely to face not-in-my-backyard opposition, mitigated somewhat by 
building them underground or along existing transportation and utility 
corridors to the extent possible. Government must streamline approval 
processes and ensure that infrastructure is built in a cost-effective, just, 
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and timely manner. Incentives, low-interest loans, and other financing 
mechanisms can reduce the costs of construction.

Research, Development, and Deployment

Investments in research and development provide the technology 
“push” to make decarbonization affordable in the United States  
and around the world. “Every mandate, every policy should be  
tested against how is it driving technology, not just how is it  
moving emissions,” said Severin Borenstein, an economist at the  
University of California, Berkeley. With the U.S. share of global 
emissions now at 13 percent and falling, making decarbonization  
more affordable and appealing beyond our borders is crucial. Unlike a 
border adjustment tax that burdens poor countries, technologies 
pushed by American RD&D and shared worldwide provide benefits 
for all.40

The United States is home to the most dynamic ecosystem for en-
ergy research through its national laboratories, universities, and other 
institutions and the talent they attract. The country also hosts the 
broadest array of public and private sources for funding the develop-
ment and deployment of innovations that emerge. “Everything  
suggests that the U.S. economy is the crucible in which technologies 
are going to get forged and driven down in costs such that they’re  
accessible to poor countries,” said Adele Morris, an economist  
who studies climate policy at the Brookings Institution. “And that’s  
how you solve climate change—you have to have cheap, low-emissions 
technologies so that the Chinas and Indias of the world can adopt 
them.”41

Clean energy RD&D has for too long been underfunded, receiving 
just a tiny fraction of 1 percent of the federal budget. The National 
Academies panel on accelerating decarbonization has recommended 
tripling that funding, as have other experts. President Biden’s climate 
plan calls for a $400-billion investment in clean energy research and 
innovation over a ten-year span.42

A balanced research portfolio should contain a mix of high-risk, 
high-reward pursuits in the style of ARPA-E programs, as well as 
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cleantech incubator labs and funding to help developers bring their 
innovations to market. Priority should go to pivotal technologies 
where the United States is positioned to lead. Those include next-
generation solar technologies like perovskites and solar organics;  
advanced biofuels; storage technologies; and methods to enhance the 
reliability of electricity supply and the flexibility of demand. The 
United States is especially well positioned to lead in advanced  
geothermal technologies, given its leadership in horizontal drilling 
technologies and pilot projects underway. Idled equipment and exper-
tise from the oil and gas industries can be redirected toward geother-
mal and carbon capture. The United States has lagged Europe in 
pursuing clean hydrogen, but could boost its efforts if DOE’s Hydro-
gen Shot initiative is adequately funded.43

The United States should also take the lead in RD&D for certain 
carbon sinks. Abundant agricultural land and expertise from land-
grant colleges position the United States to pioneer better methods 
for sequestering carbon in soils and reducing nitrogen emissions from 
agriculture. Our extensive pipeline networks and depleted oil and gas 
reservoirs can be repurposed for carbon capture and storage. Geo-
logical conditions in portions of the western United States allow for 
testing of accelerated weathering and alkalinity-based approaches to 
removing carbon from the air.

Supply-Side Policies

Restrictions on fossil fuel supply do not attract nearly as much schol-
arly attention as carbon pricing, but they excite more passion from 
activists. Keep-it-in-the-ground protests against coal mines, oil fields, 
and pipelines shift the window of policy possibilities. “The anti–fossil 
fuel movement has shifted the politics and discourse leftward, which 
increases the salience of carbon tax discussions and makes a tax look 
more reasonable,” said Fergus Green, a political scientist at Utrecht 
University.44

President Obama applied a keep-it-in-the-ground rationale to block 
the Keystone XL pipeline and set a moratorium for new coal mining 
leases on federal land. Both policies were reversed by President Trump 
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and then reinstated by President Biden. Accounting for the social costs 
of greenhouse gases could make it easier to block leases for fossil fuel 
extraction on federal land and permits for oil and gas pipelines and coal 
export terminals.45

Whether to ban hydraulic fracturing (fracking) for oil and gas was a 
hot button topic in the 2020 presidential debates. However, most of 
the damage related to oil and gas comes from other steps in the ex-
traction process, along with transporting, refining, and burning the 
fuels, not from fracking itself. Thus, while it is important to reduce 
supply and demand of all fossil fuels, singling out one particular ex-
traction method is not the most prudent approach.

One danger of supply-side activism is that it can overreach into 
NIMBY (not in my backyard) or even BANANA (build absolutely 
nothing anywhere near anyone) opposition to all energy infrastructure. 
Decarbonizing energy will require building many things—wind and 
solar farms, geothermal wells, transmission lines, electric vehicle charg-
ing stations, hydrogen and carbon dioxide pipelines, carbon dioxide 
removal sites, and so on. Wind farms and transmission lines have too 
often been stalled or blocked by NIMBY or BANANA objections. Ac-
counting for social costs of greenhouse gases can help distinguish what 
projects should be built.

Litigation

While supply-side policies draw skepticism from some climate policy 
scholars and economists, litigation can draw outright scorn. However, 
it was lawsuits that held the tobacco industry accountable for the haz-
ards of smoking, and pharmaceutical companies accountable for the 
opioid epidemic. Books such as Merchants of Doubt have described the 
parallel historical deceptions of the fossil fuel and tobacco industries.

At the time of this writing, no lawsuit has won a major payout from 
an energy company for climate damage, although a Dutch court in 
2021 ordered Shell to cut its emissions. That record makes it easy to 
dismiss the importance of the hundreds of cases that have been filed 
on behalf of youths, local governments, and others. Still, fear of litiga-
tion may be motivating corporate support for climate legislation, with 
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hopes that it would be paired with legal indemnification. In fact, the 
industry-backed Climate Leadership Council’s carbon dividends plan 
argues that “robust carbon taxes would also make possible an end to 
federal and state tort liability for emitters.” Although some environ-
mentalists oppose a liability shield, if it takes a shield to smooth the 
path toward robust legislation, preferably stronger than the Council’s 
plan, that’s a deal worth taking.46

State and Local Policies

Federal progress on climate policies ground to a halt, or in some cases 
fell backward, during the Trump era. Yet those four years saw an un-
precedented flowering of activity by states and cities. Before President 
Trump took office, only Hawaii had committed to 100 percent clean 
electricity. By late 2019, ten other states plus the District of Columbia 
and Puerto Rico had done so too. The Sierra Club tracks more than 
160 cities that have committed to 100 percent clean energy. The We 
Are Still In coalition tallies 10 states and 190 cities and counties that 
signed a declaration to uphold the aims of the Paris Agreement after 
President Trump announced plans to withdraw.47

State-level ambition has tended to swing as a counterweight to fed-
eral efforts. Republicans gained hundreds of seats in state legislatures 
amid a Tea Party backlash to President Obama. State-level progress 
slowed, and state attorneys general sued to block Obama administra-
tion regulations such as the Clean Power Plan. Democrats won back 
hundreds of seats in the 2018 midterm elections amid a backlash to 
President Trump. The number of states with Democratic “trifec-
tas”—Democrats controlling the governor’s office and both houses of 
the legislature—jumped from nine to fifteen, while Republicans lost 
four of their trifectas that year.48

Democratic trifecta states have pioneered the most ambitious state-
level policies. For example, New York has enacted ambitious policies to 
improve building efficiency, electrify heating, and reduce vehicle emis-
sions. Washington has created its own Clean Energy Fund to sponsor 
clean technology R&D. California has implemented an astounding ar-
ray of policies including emissions trading markets, net-zero electricity 
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building codes, and low-carbon fuels standards, and it will require all 
new heavy-duty trucks to be zero-emissions by 2045. These states and 
others are serving as laboratories of innovation, experimenting with 
new approaches in what some scholars describe as “experimentalist 
governance.” It will be important to objectively evaluate the outcomes 
of those experiments so that successes can become the basis for adop-
tion elsewhere. To foster this process, the National Academies panel 
recommended funding for policy evaluation studies and regional inno-
vation hubs.49

Still, state and local actions are no substitute for a coordinated fed-
eral response. For diplomacy, only the federal government can issue a 
national commitment under the Paris Agreement or drive the cre-
ation of climate clubs. For technology, research motivated by state-
level electricity and vehicle mandates has nowhere near the firepower 
that would come with federal mandates and investments. State-level 
zero-emissions vehicle requirements may not lead to the build-out of 
electric charging or hydrogen refueling infrastructure needed for in-
terstate driving, especially if truckers buy their trucks in states with 
laxer rules. State policies are also vulnerable to “leakage,” if tough 
regulations or carbon prices in one state lead industries to move their 
manufacturing to others.

Putting It All Together

With a more promising political landscape than ever before and so 
many policy pathways branching ahead, which ones should be pur-
sued?

Net zero by 2050 sets a framing for other pursuits. That target 
should be enshrined in our national commitment under the Paris 
Agreement, replacing our initial aim for an 80 percent reduction in 
greenhouse gases. The European Union and a growing list of coun-
tries have already set such targets, and an American commitment can 
help encourage others to follow suit.

More specific commitments will be needed for key sectors, includ-
ing targets for clean electricity, zero-emissions vehicles, net-zero 
emissions new buildings, and carbon dioxide removal. Clean electric-
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ity should be pursued most rapidly, since it is pivotal to enhancing ef-
ficiency, making electrification worthwhile, and powering negative 
emissions technologies. Setting a standard along the lines of 90 per-
cent clean electricity by 2035 would ensure a rapid transformation 
while keeping electricity affordable and reliable as other sectors con-
tinue to electrify. Regulators should streamline approvals of the trans-
mission lines, onshore and offshore wind and solar sites, geothermal 
drilling, and nuclear permit extensions needed to achieve that elec-
tricity standard. Congress and states should issue a mix of regulations 
and incentives to accelerate the electrification of vehicles, heating, 
and industries to use that clean electricity.

All these policies and associated investments to decarbonize energy 
should be pursued as quickly as possible. By contrast, carbon dioxide re-
moval from the atmosphere, which depends on clean electricity and still 
unproven techniques, merits more research than deployment for now.

Ideally, a steadily rising emissions tax would provide a market signal 
to stimulate the pursuit of net zero. It would incentivize both emis-
sions abatement and removal, and it would help companies plan pru-
dently for investments and retirements of assets. Such a tax should 
extend beyond carbon dioxide to cover other greenhouse gases and air 
pollutants, enhancing air quality alongside climate. If it were up to 
me, some of the revenue would be devoted to means-tested dividends 
for progressivity, some to communities affected by climate change 
and the energy transition, and some to clean energy RD&D and  
infrastructure.

But economists, policy wonks, retired Republicans, and I do not 
make policy. At the time of this writing, even with a Democratic ad-
ministration, it is hard to imagine sixty senators supporting a carbon 
tax at a level sufficient to drive decarbonization. A tax is so hard to pass 
because it sets controversial means, rather than widely sought ends, at 
the heart of the policy. Targets for clean electricity, mandates for effi-
ciency, and investments in RD&D and infrastructure all set the ends 
ahead of the means, even if they are not as theoretically optimal. We 
don’t have time to wait for perfect policies.

As the old adage from Otto von Bismarck puts it, “Politics is the  
art of the possible, the attainable—the art of the next best.” If a  
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sufficiently high carbon price cannot pass, a strategy must be patched 
together from what can.

Mandates will play a role. When we have truly wanted to get rid of 
things—ozone-depleting CFCs, leaded gasoline, uncontrolled mercury 
emissions—we have not done it by taxing them; we have banned them. 
Coal-fired electricity, petroleum-fueled vehicles, and HFCs all have sub-
stitutes that can allow for similar phase-outs. A growing number of cities, 
states, and countries are already mandating phase-outs for each of those 
items. Major utilities and automobile manufacturers are setting their 
own timetables for phase-outs of fossil fueled electricity and vehicles.

Policies for reducing fossil fuel demand and emissions should be 
accompanied by constraints on supply too. That includes banning 
new coal mines and the export of coal, restricting oil and gas drilling 
near populated areas and sensitive ecosystems, and rejecting new oil 
and gas pipelines except where needed to avert methane leaks and 
flaring. Vigorous provisions should be enacted to avoid methane 
leaks, oil spills, and environmental damage from the oil and gas ex-
traction and transport that remain. Litigation should provide a back-
stop to ensure adherence to these and other regulations.

In the international arena, the United States should incorporate its 
policies into its Paris commitment and push hard diplomatically to 
persuade other countries to ratchet up their own commitments. That 
push should be bolstered by climate clubs, offering membership and 
trading privileges only to countries that issue and remain on track for 
ambitious commitments. International cooperation should facilitate 
RD&D of clean energy technologies and ensure that they are readily 
shared to drive down costs around the world.

Of course, not all of this will be achieved. Duplication and redun-
dancy will be a feature, not a bug, of climate policies, so that the push 
toward decarbonization can power forward even if a few policies are 
reversed. Actions by states, cities, and companies provide crucial 
backstops if federal action lags, and multiple arenas of action offer the 
experimentation needed for best practices to emerge. Success will 
come not from a single piece of legislation but from a continual ratch-
eting up of efforts to stimulate new technologies, invest in infrastruc-
ture, and leverage U.S. actions via diplomacy.
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Time is of the essence. The longer it takes the world to reach net 
zero, the hotter our climate will become. The United States has a 
pivotal role to play in that pursuit. We are already too late to avert 
substantial warming, and perhaps even to hold warming below 1.5°C. 
But with concerted and persistent efforts, we can indeed confront cli-
mate gridlock, unlock a clean energy future, and help our children and 
grandchildren inherit a more hospitable Earth.
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