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Learning Objectives
. Summarize the basic concepts and the urgency of climate
mitigation.
You will learn why immediate action to mitigate emissions of climate
pollutants is needed if we are to avoid severe impacts on human and
natural systems Central to these mitigation eǘorts is a transition
away from CO-emitting fossil fuels as well as drastic reductions

of short-lived climate pollutants (SLCPs). You will also learn why
actions on these pollutants must be scaled up rapidly over the next
few years to avoid dangerous levels of warming.
. Describe the multidimensional scope of climate change
mitigation.
You will see that a wide range of societal sectors will feel the impacts
of climate change. Moreover, solutions to climate change require
expertise from a range of Ǚelds and must be addressed through
interdisciplinary collaborations including both experts and ordinary
citizens. It’s also important to keep in mind that some of the most
severe impacts will be felt by future generations and by the global
poor, whose emissions are very low. Thus, both intergenerational
and intragenerational equity must be considered in the development and evaluation of climate solutions.
. Explain why we need to organize mitigation under six clusters
and ten solutions.
Because climate change solutions cover so many sectors and require
knowledge from so many Ǚelds, we need a framework to help us
organize and evaluate solutions. In , an interdisciplinary group
of experts came together to develop broad strategies to mitigate
emissions and the impacts of climate change. They distilled these
strategies into a list of ten solutions, grouped into six clusters. This
structure of ten solutions in six clusters provides the core organizing
principle for this book.
. Provide examples of mitigation actions already underway.
Finally, you will get a Ǚrst look at how cities, states, businesses, universities, and other institutions have already begun to serve as “living
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laboratories,” implementing and testing climate solutions and forming
networks to coordinate their eǘorts and share lessons learned.

Overview
In Chapter , we looked at the science of climate change. :e saw the
strong scientiǙc consensus that human emissions of climate pollutants
are causing warming of our planet on a scale not experienced in over
, years. Continuing on a “business as usual” pathway could lead
to dangerous and even catastrophic changes in the Earth’s climate, with
severe adverse impacts on human and natural systems. :e have at most
a few decades to change this trajectory and bend the curve of warming.
In this chapter, we will take an initial look at strategies to mitigate future
climate change.
The challenges presented by climate change cannot be solved by
technological innovations alone. Dealing with this problem will require
changes in our attitudes toward each other and toward nature, as well
as changes in our behavior. :e will need a broad-based eǘort, with
active involvement by individuals from a wide range of Ǚelds, including
researchers, academics, engineers, community leaders, and ordinary
citizens.
This book is organized around a set of ten solutions designed to
bend the curve—to reverse the trend of increasing human greenhouse
gas emissions and keep the planet below dangerous levels of warming.
Until  it was generally assumed that warming above rC would
represent the threshold for danger. More recently, we have come to
understand that the dangerous warming level is lower .rC. :arming limits, such as the .rC goal, should be viewed as broad planning
tools and not confused with a well-deǙned geophysical threshold for the
onset of dangerous changes. $s you learned in Chapter , dangerous
impacts of climate changes have already begun at local levels in the form
of intensiǙed droughts, wildǙres, hurricanes, and ǚoods, among other
extreme weather-related disasters. Such impacts are already being felt
by several tens of millions when the warming reaches .rC to rC, 
billion to  billion people could be aǘected adversely—at which stage,
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global warming may have to be renamed global heating, and climate
change renamed climate disruption.
The ten solutions to climate change are organized under six solutions clusters. This set of six clusters and ten solutions was developed
by a multidisciplinary group of over  experts from across the University of California system who came together in the summer of  to
discuss a comprehensive approach to combating global warming and
climate change. Their Ǚndings and recommendations are included in the
report %ending the &urYe  6FaOaEOe 6oOutions Ior &arEon 1eutraOit\ and
&OiPate 6taEiOit\
Although the time to act is short, the good news is that we are not
starting from zero. International agreements, including the Montreal Protocol on Substances that Deplete the Ozone Layer (Montreal Protocol),
signed in , and especially the Paris Agreement, signed in , have
laid the groundwork on which we can build future actions. The Montreal
Protocol’s original focus was on banning emission of chloroǚuorocarbons (CFCs) that damage the ozone layer. :hile damage to the ozone
layer is a separate problem from climate change, those same CFCs have
powerful climate-warming eǘects per ton of emissions, the warming effects of CFCs are about , times stronger than the eǘect of carbon
dioxide. If they had not been banned, current global warming would
have been even greater. Moreover, the Montreal Protocol itself has been
expanded to include climate change. The  .igali Amendment to the
Montreal Protocol calls for the phaseout of hydroǚuorocarbons (+FCs),
which do not damage the ozone layer but have very signiǙcant warming
eǘects (Box .. in Chapter ). The Montreal Protocol and the .igali
Amendment are discussed in more detail in Chapter .
The Paris Agreement represents a historic advance because it is the
Ǚrst international agreement on climate change to include commitments
(albeit voluntary) from all nations on the planet. This agreement has its
drawbacks as we will see in Chapter , current national commitments
under the Paris Agreement are not suǛcient to keep warming below
rC, and many issues remain regarding monitoring and reporting of
reductions in emissions. +owever, as the Ǚrst truly global agreement on
climate change that commits countries to speciǙc mitigation actions,
the Paris Agreement provides a foundation for future progress.
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Beyond these international agreements, signiǙcant eǘorts to mitigate emissions and combat climate change have already begun at a
wide range of institutions, cities, states, and regions, which can act as
living laboratories to test societal, governance, economic, and technical
solutions. Lessons learned from these models can help guide the implementation of mitigation eǘorts at national and global scales.
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 Setting the Stage for Mitigation

In this section, we will look at two key questions:
. :hy should we mitigate climate change"
. +ow much time do we have to begin mitigation eǘorts"

Why should we mitigate climate change?
The scientiǙc Ǚndings presented in Chapter  make a compelling case for
mitigation of climate pollutants. Unmitigated warming along a businessas-usual pathway presents serious and possibly existential threats to
human society and natural ecosystems. +uman societies have already
experienced signiǙcant impacts from the rC of warming that has occurred since the Industrial Revolution, including increases in extreme
weather events such as heat waves, droughts, and ǚooding a  loss
of summer sea ice in the Arctic; and major episodes of coral reef bleaching. Future warming could cause major population displacements due
to sea level rise and extreme weather, as well as massive disruption and
extinction of natural species. These impacts could become catastrophic
and pose existential threats if warming were to exceed rC. The long
lifetime of carbon dioxide in the atmosphere means that the eǘects
would linger for centuries to millennia, aǘecting our children, grandchildren, and generations still unborn.
The impacts of climate change will be felt in almost every aspect of
human society and social systems and in natural ecosystems as well. Sea
level rise, ǚoods, and forest Ǚres will threaten residential and commercial buildings, as well as the insurance companies that could face rising
liability costs as damage to insured properties increases. Employment
in the energy sector will be aǘected by major shiǞs as the industry
transitions from fossil fuels to renewables and other low-carbon energy
sources. Agriculture will be heavily aǘected by shiǞs in growing zones;
in particular, millions of agricultural workers in the subtropics could
&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH



be displaced by drought and heat waves. Even recreation will be affected. For example, increasing snowmelt is already beginning to aǘect
the ski industry, migration of species can aǘect recreational Ǚshing, and
increasing temperatures and more frequent heat waves will aǘect your
opportunities and ability to enjoy outdoor sports.
As you will read in the coming chapters, mitigation of climate change
will require a shiǞ away from fossil fuels (coal, oil, and natural gas) as
our primary energy source. Fossil fuels currently supply about  of
the energy used worldwide, and they are by far the largest source of
carbon dioxide emissions.
There are many co-beneǙts to moving away from fossil fuels. Beyond their warming eǘects, emissions associated with the use of fossil
fuels are also a major health hazard. Aside from the future warming
avoided, signiǙcant health co-beneǙts will result from phasing out fossil
fuels. Fossil fuel combustion generates black carbon, which can cause
heart disease and lung cancer, and ozone, which aggravates respiratory
conditions and inhibits growth of agricultural crops. Air pollution (outdoors and indoors) is estimated to cause  million premature deaths
each year, with about half of those deaths attributed to pollutants associated with fossil fuel burning. Full implementation of the short-lived
climate pollutant (SLCP) mitigation measures discussed in this chapter
and in Chapter  could save . million lives that would have been lost
to outdoor pollution and  million lives otherwise lost to indoor pollution each year, and it could save up to  million tons of staple crops
(maize, rice, soybean, and wheat) that would have been destroyed by
ozone exposure.
A shiǞ from fossil fuels to low-carbon energy sources would have
other co-beneǙts as well. :hile there would be job losses in traditional
fossil fuel industries, there would also be signiǙcant new employment
opportunities in sectors such as renewables and energy storage. In light
of the rapid advances in energy storage technology and dramatic decreases in the price of wind and solar energy over the past decade,
renewables have the potential to provide abundant, aǘordable energy
for all people and dramatically improve the lives of the  billion global
poor.
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How much time do we have to begin mitigation?
The short answer is: not much. +umanity has reached a crossroads; the
consequences of our actions over the next decade or so will aǘect our
descendants and the planet for centuries and millennia to come. Given
the scope and scale of transformations that will be required, it’s clear
that we must begin mitigation eǘorts now and bring them up to full
speed by the middle of this century. :e can see this more clearly by
focusing on two approximate time periods: between now and , and
between  and .
Since the beginning of the Industrial Revolution, humans have emitted approximately  triOOion metric tons (actually . trillion tons as of
) of CO into the Earth’s atmosphere. About  of these  trillion

tons still remain in the atmosphere (the rest has been taken up by the
oceans, land plants, and soil organisms). By , under a businessas-usual scenario we will have added another  trillion tons, bringing
cumulative emissions to  trillion tons, and by  they will reach 
trillion tons. In short, unchecked emissions would lead to a warming of
.rC by  and more than ŌC by .
In Table .. we show the actual or projected warming that would
be realized in a given year, as well as a quantity called “committed warming,” a term that has diǘerent meanings depending on the context. +ere,
we deǙne the term FoPPitted ZarPing as follows: it is the warming that
will ultimately happen even if CO concentrations stay at current levels.

The warming continues to increase even aǞer the concentrations have

stopped increasing because Earth takes roughly a decade or two to
adjust to increased CO in the atmosphere. Currently, the Earth’s surface

temperature is constantly playing catch-up as we continue to increase
concentrations of CO and other super pollutant greenhouse gases.

Figure .. shows possible future temperature trajectories. The pur-

ple line represents measured global temperatures from  to about
, and the labeled lines represent future temperature projections
under diǘerent scenarios. The business-as-usual scenario is represented
by the gray line that borders the colored zones. The other labeled lines
represent mitigation pathways that we’ll discuss later in this chapter and
in Chapter  (a stylized version of this curve can be seen on the title
page of the book).
&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH



ȃȆȄȒȏȂ 3URMHFWLRQV
RIIXWXUHZDUPLQJVKRZLQJ
EXVLQHVVDVXVXDODQGSDWKZD\V
IRU&2PLWLJDWLRQRQO\6/&3
PLWLJDWLRQRQO\DQGPLWLJDWLRQ
RIERWK&2DQG6/&3V7KH
SXUSOHOLQHUHSUHVHQWVWKH
KLVWRULFDOWHPSHUDWXUHUHFRUG
)URPb5DPDQDWKDQHWDO

If unmitigated emissions continue, we will emit another trillion tons
between  and , making the total emissions  trillion tons. At
that point we will be committed to rC warming, well into the “danger
zone” of severe impacts on climate, not all of which can be foreseen at
the present. In that case, we would actually reach rC warming around
.
If we do not mitigate emissions during this century, the temperature
of the Earth will increase by at least rC by . More speciǙcally, climate models show a  in  chance ( probability) that temperatures
by  will be at least rC warmer than the preindustrial era, with a 
in  chance ( probability) that warming will be rC or greater. As
we saw in Section ., warming exceeding rC could represent an existential threat to human society and natural systems. Although the risk of
this level of warming is “only”  in  based on current projections, most
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HǘHFWVRI6/&3VDQGFRROLQJDHURVROV)LJXUHVDUHDSSUR[LPDWH

people would Ǚnd this an unacceptable level of risk for a possibility with
such serious consequences. As pointed out in Chapter , few people
would choose to board a plane if there was a  in  chance that it
would crash.
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 The Six Clusters

Although the time to act is limited, you and the million other climate
champions still have a range of solutions you can employ to avoid dangerous warming of the planet. So, how do you go about bending the
warming curve"
Major emission sources will need to be addressed in all sectors,
including electricity generation, residential and commercial buildings,
transportation, and industrial processes. Solutions will require collaborative eǘorts on unprecedented scales, not only by scientists and
engineers, but also by civic, business, and religious leaders, as well as
community members. Given the wide range of impacts, emitting sectors, and areas of expertise required, you need some sort of organizing
principle to sort through potential solutions, rank them, and identify the
groups or institutions best qualiǙed to carry them out. The approach
outlined in Bending the Curve’s executive summary and used in this book
is to lay out ten broad solutions, organized into six major solutions
clusters.

Development of the six clusters
The  interdisciplinary University of California experts who came together in the summer of  quickly concluded that a comprehensive
approach requires solutions from a wide range of sectors and areas
of expertise. They developed a set of ten broad solutions but found
there was no single category that would cover them all. In the end, they
grouped the ten solutions into six solutions clusters. The ten solutions
represent ten actions that, taken together, can bend the curve and avoid
dangerous warming of the planet. The six clusters represent the sectors
and areas of expertise that will be needed to implement these solutions.
The six solutions clusters, listed in rough order of importance, are
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. Science Pathways Solutions
. Societal Transformation Solutions
. Governance Solutions
. Market- and Regulation-Based Solutions
. Technology-Based Solutions
. Natural and Managed Ecosystem Solutions
This ranking does not mean that any of these clusters are optional; all
will be needed in order to avoid dangerous warming. +owever, clusters
ranked higher on the list are generally considered more IundaPentaO;
solutions clusters that appear lower on the list tend to be in some way
dependent on the higher clusters. For example, science pathways solutions are placed Ǚrst because without a scientiǙc understanding of the
causes of warming and the most eǘective emissions pathways for bending the warming curve, we would be unable to take meaningful actions.
In particular, Bending the Curve was the Ǚrst report to rank societal transformation solutions so highly, listing it as the second solutions
cluster. There were several motivations for this high ranking. :ithout
broad-based societal understanding of the risks and potential impacts of
climate change, there will not be suǛcient public support to implement
governance, economic, and technological solutions. Social movements
can energize individuals by bringing them together to act for broader
interests. Moreover, some of the individuals and groups most vulnerable to climate change typically have little voice in global governance and
economic mechanisms. Social movements and collective action can help
ensure their concerns are heard and addressed. Finally, many of the solutions we will examine are dependent on the collective impact of individual
actions and choices. Realizing these solutions will require a transformation of our societal attitudes toward each other and toward nature.

Intragenerational and intergenerational equity
There is one more important issue that we need to consider before we
look at our ten solutions. Fundamental to the development and evaluation of climate solutions is consideration of eTuit\: whether the distribution of beneǙts and harm caused by our actions is fundamentally fair.
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Note that eTuit\ is not the same as eTuaOit\: for example, distributing an
equal amount of food to everyone in a group might not be seen as equitable if some have overǚowing refrigerators while others are starving.
Discussions of equity are ultimately based in ethics and personal values,
and diǘerent observers might reach diǘerent conclusions as to whether
a particular situation is equitable or not. +owever, most people seem to
believe that it is fundamentally unfair for those who did not share in the
beneǙts of an activity to be burdened with its costs or other negative
impacts.
In the context of climate change, there are two important aspects
of equity to consider: intergenerational equity and intragenerational
equity.
Intergenerational equity refers to equity between diǘerent generations, for example, between us and our grandchildren or their descendants. It essentially considers equity between groups of people who are
separated in tiPe. The impacts of our current emissions will not be felt
only in this century. A large fraction of the carbon dioxide we emit now
by burning fossil fuels will remain in the atmosphere for hundreds and
even thousands of years, meaning that unborn generations will have to
deal with its impacts even though current generations received the beneǙts of the energy produced. If warming pushes the Earth’s climate past
one or more tipping points, it could well become impossible to return
our planet to the temperatures of the relatively stable +olocene climate
in which human civilizations developed and ǚourished (Section .).
Intragenerational equity refers to equity between individuals who
are alive now but separated by location (for example, living in diǘerent
countries) or social factors (for example, belonging to diǘerent economic classes). Among those alive on Earth today, there are billions who
have largely been leǞ behind by the technological advances of the past
few centuries. :e can divide the roughly . billion people living on
Earth into three broad groups:
³

The top  billion are the most economically well oǘ. Their consumption of fossil fuels contributes roughly  of global CO pollution.

³

The bottom  billion have very limited access to fossil fuels and the
energy they produce. This group contributes only  of global CO

pollution. :e refer to these as the “bottom”  billion, not in any
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ȃȆȄȒȏȂ 5LFKDQGSRRUFRPPXQLWLHVOLYLQJVLGHE\VLGHLQ0XPEDL,QGLD
3KRWRJUDSKUHSURGXFHGZLWKSHUPLVVLRQIURP-RKQQ\0LOOHU

pejorative sense, but because they represent the least aǜuent of the
Earth’s population and are at the bottom of the economic and energy pyramids. On a per-person basis, they emit about one-thirtieth
as much as individuals in the top  billion, but they are oǞen the
most vulnerable to the impacts of climate change.
³

The middle . billion are neither the poorest nor the richest; their
situation is intermediate between the top  billion and the bottom 
billion. Their per-person emissions are about ten times higher than
the bottom  billion, but only about one-third of the top  billion.
Consider where you, your family, or your household might be clas-

siǙed among these groups. It will be helpful to keep this rough division
in mind when evaluating the equitability of climate solutions and determining responsibilities for their implementation.
As Pope Francis noted in his  encyclical, /audato 6iŮ, “[w]e are
faced with not two separate crises, one environmental and the other
social, but rather with one complex crisis which is both social and environmental. Strategies for a solution demand an integrated approach to
combating poverty, restoring dignity to the excluded, and at the same
time protecting nature.”
&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH



 The Ten Solutions

In this section, we’ll introduce the ten solutions, show how they Ǚt into
the six solutions clusters, and describe each of them brieǚy. The following chapters will provide in-depth exploration of each of these solutions.
These ten solutions represent an integrated approach to climate
change across a wide range of expertise and sectors. These solutions are
described as scalable solutions because they can Ǚrst be implemented in
local or regional living laboratories. Lessons learned can then be scaled
up to national and global levels.
Figure .. gives a visual overview of the six clusters, ten solutions,
and three levers (discussed under Solution  below). Table .. deǙnes the ten solutions and their relationship to the six solutions clusters.

ȃȆȄȒȏȂ 7KHVL[
FOXVWHUVWKUHHOHYHUV
DQGWHQVROXWLRQV)URP
5DPDQDWKDQHWDO
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ȑǾǿȉȂ 7KHWHQVROXWLRQV
Solutions
,6FLHQFH3DWKZD\V


%HQGWKHZDUPLQJFXUYHLPPHGLDWHO\E\UHGXFLQJVKRUWOLYHGFOLPDWHSROOXWDQWV
6/&3V DQGVXVWDLQDEO\E\UHSODFLQJFXUUHQWIRVVLOIXHOHGHQHUJ\V\VWHPVZLWK
FDUERQQHXWUDOWHFKQRORJLHVDQGE\H[WUDFWLQJFDUERQGLR[LGHIURPWKHDLUDQG
VHTXHVWHULQJLWRUUHSXUSRVLQJLWIRUFRPPHUFLDOXVHV

,,6RFLHWDO7UDQVIRUPDWLRQ


)RVWHUDJOREDOFXOWXUHRIFOLPDWHDFWLRQWKURXJKFRRUGLQDWHGSXEOLFFRPPXQLFD
WLRQDQGHGXFDWLRQDWORFDOWRJOREDOVFDOHV



'HHSHQWKHJOREDOFXOWXUHRIFOLPDWHFROODERUDWLRQ

,,,*RYHUQDQFH


6FDOHXSVXEQDWLRQDOPRGHOVRIJRYHUQDQFHDQGFROODERUDWLRQDURXQGWKHZRUOG
WRHPEROGHQDQGHQHUJL]HQDWLRQDODQGLQWHUQDWLRQDODFWLRQ

,90DUNHWVDQG5HJXODWLRQV


$GRSWPDUNHWEDVHGLQVWUXPHQWVWRFUHDWHHǛFLHQWLQFHQWLYHVIRUEXVLQHVVHVDQG
LQGLYLGXDOVWRUHGXFH&2HPLVVLRQV



1DUURZO\WDUJHWGLUHFWUHJXODWRU\PHDVXUHVŬVXFKDVUHEDWHVDQGHǛFLHQF\DQG
UHQHZDEOHHQHUJ\SRUWIROLRVWDQGDUGVŬDWKLJKHPLVVLRQVVHFWRUVQRWFRYHUHGE\
PDUNHWEDVHGSROLFLHV

97HFKQRORJ\0HDVXUHV


3URPRWHLPPHGLDWHZLGHVSUHDGXVHRIPDWXUHWHFKQRORJLHVVXFKDVSKRWRYROWD
LFVZLQGWXUELQHVEDWWHU\DQGK\GURJHQIXHOFHOOHOHFWULFOLJKWGXW\YHKLFOHVDQG
PRUHHǛFLHQWHQGXVHGHYLFHVHVSHFLDOO\LQOLJKWLQJDLUFRQGLWLRQLQJDSSOLDQFHV
DQGLQGXVWULDOSURFHVVHV



$JJUHVVLYHO\VXSSRUWDQGSURPRWHLQQRYDWLRQVWRDFFHOHUDWHWKHFRPSOHWHHOHFWUL
ǙFDWLRQRIHQHUJ\DQGWUDQVSRUWDWLRQV\VWHPVDQGLPSURYHEXLOGLQJHǛFLHQF\



,PPHGLDWHO\PDNHPD[LPXPXVHRIDYDLODEOHWHFKQRORJLHVFRPELQHGZLWKUHJXOD
WLRQVWRUHGXFHPHWKDQHHPLVVLRQVE\DQGEODFNFDUERQHPLVVLRQVE\

9,(FRV\VWHP0DQDJHPHQW
 5HJHQHUDWHGDPDJHGQDWXUDOHFRV\VWHPVDQGUHVWRUHVRLORUJDQLFFDUERQWRLP
SURYHQDWXUDOVLQNVIRUFDUERQ WKURXJKDǘRUHVWDWLRQUHGXFLQJGHIRUHVWDWLRQDQG
UHVWRUDWLRQRIVRLORUJDQLFFDUERQ ,PSOHPHQWIRRGZDVWHUHGXFWLRQSURJUDPV
DQGHQHUJ\UHFRYHU\V\VWHPVWRPD[LPL]HXWLOL]DWLRQRIIRRGSURGXFHGDQGWR
UHFRYHUHQHUJ\IURPIRRGWKDWLVQRWFRQVXPHG
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I. The science pathways cluster
This cluster describes emission pathways that were derived from climate
science with the primary goal of keeping the warming below perceived
dangerous levels. Until about , the threshold for dangerous warming
was generally perceived to be rC. +owever, recent data on the impacts
of the rC warming that has already taken place (from preindustrial
times to )—for example, on extreme weather and on the melting of
the Greenland and :est Antarctic ice sheets—have led climate scientists
and policymakers to conclude that the threshold for dangerous warming
should be redeǙned to .rC. It should be noted, however, that data
from past climates suggest that even a warming of .rC, if it is allowed
to persist for more than a century, could lead to  to  meters of sea
level rise (Chapter  for a discussion of the Eemian interglacial period
, years ago).
S O L8T , O1  Bend the warming curve immediately
by reducing short-lived climate pollutants (SLCPs) and
sustainably by replacing current fossil-fueled energy
systems with carbon-neutral technologies and by
extracting carbon dioxide from the air and sequestering
it or repurposing it for commercial uses. Achieve the SLCP
reduction targets prescribed in Solution  by  to cut
projected warming by approximately  before . To
limit long-term global warming to .rC, achieve carbon neutrality
by  and in addition extract as much as  billion to  trillion
tons of carbon dioxide from the air by . Solutions  to 
cover technological solutions, and Solution  describes ecosystem
solutions to accomplish these targets.
Frequently used terms with respect to CO emission sources are

deǙned here:
³

Low-carbon refers to energy sources that emit substantially less
CO per unit of energy than conventional fossil fuels. Solar, wind,

hydroelectric, and nuclear power fall under this category because
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fossil fuels are used in the production and transportation of the
products used in solar cells, wind turbines, and nuclear plants.
³

Zero emissions refers to energy sources or systems that truly have
zero associated emissions of CO and other greenhouse gases. This

is an ideal that is not realized by any current energy sources, including solar, wind, hydroelectric, and nuclear, but could be approached
as associated emissions from manufacturing or transportation systems approach zero.

³

Renewables are energy sources that are replenished naturally. Solar,
wind, hydroelectric, and geothermal fall under this category.

³

Carbon-neutral refers to energy sources or systems that absorb as
much CO as they emit. An energy source that is derived from fossil

fuels can still be carbon-neutral as a whole if the carbon released is
captured and stored indeǙnitely.

As discussed in Section ., climate studies and computer model
projections make it clear that the only solutions pathway that sustainably keeps warming below rC is one that combines mitigation of both
SLCP and CO emissions. :e will refer to these diǘerent mechanisms to

reduce warming as levers to bend the warming curve. The Bending the

Curve report, published in , emphasized mainly the carbon andbthe
SLCP levers because its goal was to keep warming below rC. Since
the threshold for dangerous warming has been decreased to .rC,
we need to pull on a third lever, which we refer to as the atmospheric
carbon extraction (ACE) lever. Numerous studies since  have shown
that we may have to extract as much  billion to  trillion tons of
CO by  to keep the warming below .rC. :e have modiǙed the

two-lever strategy of the Bending the Curve report to a three-lever strategy as discussed below and shown in Figure .. and Table ..:
The SLCP lever: take immediate action to cut emissions of
short-lived climate pollutants.
Because SLCPs—methane, black carbon, and hydroǚuorocarbons
(+FCs)—have comparatively short lifetimes in the atmosphere,
their mitigation provides a rapid reduction in temperatures
relative to the business-as-usual path, helping to buy us time for
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carbon dioxide mitigation. In particular, we must reduce methane
emissions by , reduce black carbon emissions by , and
phase out +FCs completely by . Solution  speciǙes the
measures needed to achieve these goals.
The carbon lever: drastically reduce emissions of carbon
dioxide to near-zero levels well before the end of this century.
This lever, as well as the person pulling on it, is intentionally
made larger than the SLCP lever in recognition of the immense
challenges of making the planet carbon-neutral. SpeciǙcally, we will
need to cut CO emissions approximately  by  and  by

, with emissions dropping to as close to zero as possible aǞer
that. Solutions  and  describe the technologies needed to
achieve these reductions in emissions.
The “CO  SLCPs” pathway in Figure .. represents the

combined eǘects of the carbon and SLCP levers. The SLCP lever
should reduce projected warming of the planet by approximately
 by , compared with business-as-usual projections.
The atmospheric carbon extraction (ACE) lever: remove carbon
dioxide from the atmosphere with removal eǘorts ramping up
signiǙcantly over the course of this century.
Because carbon dioxide can remain in the atmosphere for
centuries or millennia, keeping warming below dangerous levels
for the long run requires this third lever. To give an idea of the
enormous magnitude of this eǘort, it should be noted that to
keep warming below .rC throughout this century, as much as 
trillion tons of CO have to be extracted between  and 

(corresponding to a rate of roughly  billion tons per year), in
addition to pulling on the SLCP and carbon levers. Accordingly,

the ACE lever is shown with the person having to bend backward
along with the backward bending of the lever.
A range of technologies can be used to remove carbon dioxide
from the atmosphere, including reforestation and agricultural practices
that restore degraded soils and enhance the ability of soil to store carbon. Solution  focuses on these measures. In addition, CO can be


&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH

%ox  <our *oal :inning the 5ela\ 5ace
$OORIWKLVVRXQGVVXSHUFRPSOLFDWHGVROHWXVRǘHUDPHWDSKRUWKHWKUHHOHYHUV
FDQEHWKRXJKWRIDVWKUHHUXQQHUVLQDUHOD\WHDP6ROYLQJWKHFKDOOHQJHRIFOL
PDWHFKDQJHLVOLNHUXQQLQJDUHOD\UDFHDQGWLPHLVDJDLQVW\RX7KH6/&3UXQQHU
LVWKHVWDUWHUZKRVSULQWVIRUZDUGTXLFNO\WRJDLQVRPHWLPHIRU\RXUWHDP7KH
EDWRQUHSUHVHQWVZDUPLQJRIr&RUOHVV$VVXPLQJ6/&3PLWLJDWLRQVWDUWVE\
DQGLVFRPSOHWHGE\WKH6/&3VWDUWHUFDQWDNHWKHEDWRQ r&RU
OHVV WRWKHGHFDGHRIWR$URXQGWKLVWLPHWKH6/&3UXQQHUKDQGVWKH
EDWRQRYHUWRWKHFDUERQUXQQHU3URYLGHG\RXUWHDPDFKLHYHVFDUERQQHXWUDOLW\
]HUR&2HPLVVLRQV E\WKHFDUERQUXQQHUFDQWDNHWKHEDWRQXQWLO
DWOHDVWZLWKZDUPLQJVWLOOKRYHULQJDURXQGr&%\WKHQGHVSLWHWKHHǘRUWV
RIWKHǙUVWWZRUXQQHUVWREHQGWKHZDUPLQJFXUYHWKHFXPXODWLYHHPLVVLRQVRI
&2 VLQFH ZLOOEHZRUNLQJKDUGWREHQGWKHFXUYHXSZDUG7KLVLVZKHQ
WKHEDWRQLVSDVVHGRYHUWRWKHǙQLVKLQJUXQQHULQ\RXUWHDPWKH$&(UXQQHU
ZKRWDNHVLWWRDQGEH\RQGVWLOONHHSLQJWKHZDUPLQJXQGHUr&

,WŮV LPSRUWDQW QRW WR FRQIXVH WKH WLPHOLQH RI ZKHQ HDFK UXQQHU EHJLQV WR
EHQG WKH FXUYH GRZQZDUG ZLWK WKH WLPH ZKHQ WKDW UXQQHU QHHGV WR JHW LQWR
DFWLRQ )RU WKH FDUERQ UXQQHU WR WDNH WKH EDWRQ DURXQG  FDUERQ PLWLJD
WLRQHǘRUWVPXVWEHJLQLPPHGLDWHO\ E\DWWKHODWHVW DQGDFKLHYHFDUERQ
QHXWUDOLW\E\7KH$&(UXQQHUKDVWREHUHDG\IRUDFWLRQEHJLQQLQJDURXQG
:K\":HPD\KDYHWRWDNHRXWDVPXFKDVWULOOLRQWRQVRI&2EHIRUH
7KLVDPRXQWLVVRODUJHWKDWLWFDQQRWEHGRQHLQDIHZGHFDGHV:HKDYH
WRVWDUWWDNLQJRXWDERXWELOOLRQWRQVRI&2E\DQGFRQWLQXHDWWKLVUDWH
XQWLOWKHHQGRIWKHFHQWXU\
)LJXUHDGDSWHGIURPLPDJHVLQVKXWWHUVWRFNFRP

&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH



extracted from the air by a variety of chemical and biological processes.
These measures are still under experimentation and are not yet scalable
to the hundreds of billions of tons of CO removal that will be required.

Atmospheric carbon extraction technologies are discussed in more detail in Chapter .
Box .. provides perspective on the three levers through the met-

aphor of a relay race.

II. The societal transformation cluster
Science can deǙne the necessary pathways to avoid dangerous warming,
but the pathways will not be realized if there is not broad understanding
of the problem at all levels of society and a willingness to take the measures required. The solutions in this cluster focus on communication,
education, and collaboration strategies to develop a culture of consensus and support for climate action.
S O L8T ,O 1  Foster a global culture of climate action
through coordinated public communication and education
at local to global scales. Combine technology and policy
solutions with innovative approaches to changing social
attitudes and behavior.
Increasing societal awareness of the impacts of climate change
and the beneǙts of climate mitigation is critical to solving the climate
problem. Building support for the actions necessary to combat global
warming will require societal changes in attitudes toward our fellow
human beings and toward nature. Solution  focuses on communication and education needed to foster these societal transformations.
Eǘorts will include communications targeted toward key stakeholders,
including decisionmakers and investors in low-carbon development, but
also broad educational eǘorts at all levels, from kindergarten through
college. :hile it’s important to make the severity and urgency of the
climate problem clear, communications should focus on practical,
achievable soOutions. The goal of climate communication is to motivate
action, not to create a sense that the challenge is too overwhelming to
tackle. This book and its companion course are examples of the type of
educational outreach recommended as part of this solution.
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Communication and educational initiatives should also consider the
diǘerent needs, responsibilities, and abilities to access information of
the world’s top  billion, middle . billion, and bottom  billion.
S O L8T ,O 1  Deepen the global culture of climate
collaboration. Design venues where stakeholders, community,
and religious leaders converge around concrete problems with
researchers and scholars from all academic disciplines, with
the overall goal of initiating collaborative actions to mitigate
climate disruption.
For a global culture of support to really take root, we will need to engage in dialogue at all levels: international, national, city, and neighborhood.
This dialogue will involve a wide range of stakeholders—decisionmakers;
community members; researchers and academics; and business, community, and religious leaders—in collaborative action, developing solutions to
speciǙc, concrete problems. An understanding of the local-scale impacts
of climate change and development of localized mitigation interventions
can help motivate participation by a wide spectrum of citizens.
Note the speciǙc inclusion of religious leaders in the solution statement. Religion is oǞen overlooked as part of the solution to climate
change, but religious leaders and religious communities can play a vital
role. Both religions and climate scientists want to protect nature (or
Freation). Religious spaces can be natural venues to discuss the ethical
issues raised by climate change. In addition, in the United States, where
climate change has become extremely politicized, religious spaces oǘer
scientists and climate solution seekers like you a nonpolitical forum to
discuss the problem and its solutions. Climate change is also an issue
where science, policy, and religion converge. :hile scientists and policymakers talk in terms of intergenerational equity and the protection of
nature, major religious traditions oǞen frame these same concepts in
terms of a duty to care for our fellow human beings and for creation. An
excellent example of the broader framing of climate change impacts in
human terms is Pope Francis’s climate change encyclical, /audato 6iŮ 2n
Care Ior 2ur CoPPon +oPe, published in . Because of the broad and
deep penetration of religious faith across the world, religious settings
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can also facilitate dialogue between members of the top  billion and
the bottom  billion on our planet.
Solutions  and  will be discussed in Chapters , , , and .

III. The governance cluster
In addition to a broad societal consensus for climate action, implementation of the recommended pathways will require support and coordination
at all levels of government, from local neighborhoods to international
coalitions.
SOL8T,O1  Scale up subnational models of governance and collaboration around the world to embolden
and energize national and international action. Use the
California examples to help other state- and city-level jurisdictions become living laboratories for renewable technologies
and for regulatory as well as market-based solutions, and build
cross-sector collaborations among urban stakeholders because creating sustainable cities is a key to global change.
:ith the  Paris Agreement as a framework for international action on climate, this solution focuses on governance models from cities,
states, and regions that can be scaled up to national and global levels.
Cities cover less than  of the Earth’s surface but produce more than
 of global CO emissions. States, cities, and other subnational jurisdictions have the ability to develop innovative solutions that are responsive
to local needs, implement them on a relatively short time scale, and make
adjustments as needed. The C initiative (https:www.c.org) and the
Under Coalition initiated by the governor of California are exceptional
examples of subnational activities that can leverage international agreements at a local scale, as we’ll see in Section .. In short, they can act as
innovative, nimble living laboratories to test, reǙne, and promote governance and other solutions, which can then be adapted and expanded to
strengthen and enhance national and global eǘorts. Actions under way in
California provide particularly relevant examples of subnational models;
we’ll take an initial look at some of these in Section ..
Solution  will be discussed further in Chapters  and .
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IV. The markets and regulations cluster
To make mitigation a reality, policymakers need to send clear signals to
companies and individuals. Appropriate economic and regulatory measures can encourage investment in existing low-emission technologies
and innovation for the future. The next two solutions explore marketbased instruments and direct regulation.
S O L8T ,O 1  Adopt market-based instruments to
create eǛcient incentives for businesses and individuals
to reduce CO emissions. These can include cap and

trade or carbon pricing and should employ mechanisms to
contain costs. Adopt the high-quality emissions inventories,
monitoring, and enforcement mechanisms necessary to make
these approaches work. In settings where these institutions
do not credibly exist, alternative approaches such as direct regulation
may be the better approach—although oǞen at higher costs than
market-based systems.
Both economic theory and real-world experience indicate that the
most economically eǛcient, lowest-cost way to achieve emissions reduction is through market-based incentives. Market-based mechanisms
add a cost to emissions that reǚect the long-term environmental damages they cause. Two major categories of market instruments are a
direct carbon price, such as a carbon tax or fee on emissions, and a
system of cap and trade under which total emissions from large sources
are capped and allocated through a system of tradable permits. Capand-trade systems for carbon dioxide emissions have been implemented
in a variety of markets, including California, the northeastern US, and
the European Union. In , China initiated a national cap-and-trade
market that began with its power sector and will gradually be expanded
to other sectors of the economy.
:hile carbon prices and cap and trade could reduce emissions,
current fossil fuel subsidies support production and consumption and
incentivize CO emissions. Fossil fuel subsidies include tax advantages,

low-interest loan guarantees, and access to public natural resources at
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below-market rates. As estimated by the International Monetary Fund
(IMF), global fossil fuel subsidies are as much as US billion annually.
According to the IMF, when fossil fuel impacts on mortality due to air
pollution (about . million premature deaths a year) are included, the
total subsidy increases to as much as US trillion annually. In comparison, the International Energy Agency estimates that the cost of changing
the entire infrastructure of the world to zero-carbon emissions over a
-year period would only be about US trillion dollars annually, about
one-ǙǞh of the subsidy cost.
A recent study estimated that the net eǘect of continued tax preferences and other subsidies in the US alone would be to increase domestic
oil production by  billion barrels (equivalent to  billion tons of CO
emissions) through , relative to a scenario with no subsidies. Re-

moving these subsidies, as well as providing subsidies for low-emission
sources as appropriate, would create strong economic incentives to
transition to low-carbon sources of energy.
One criticism of market-based initiatives is that added costs (for
example, increases in fuel and energy costs) can be passed on to consumers, with a potentially disproportionate impact on the least aǜuent.
These negative impacts can be reduced if some portion of the revenues
from cap-and-trade or carbon pricing mechanisms are used to reduce
impacts on disadvantaged communities and others who are adversely
aǘected by higher prices.
SO L8T, O 1  Narrowly target direct regulatory
measuresŬsuch as rebates and eǛciency and renewable
energy portfolio standards—at high-emissions sectors
not covered by market-based policies. Create powerful
incentives that continually reward improvements to bring
down emissions while building political coalitions in favor of
climate policy. Terminate subsidies that encourage emissionintensive activities. Expand subsidies that encourage innovation
in low-emission technologies.
Regulatory measures are given lower priority than market-based
incentives on our solutions list because they are generally less
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cost-eǘective. +owever, direct regulations provide an alternative instrument for emissions reduction, particularly where economic measures
may not be technically or politically feasible. :here regulations are
necessary, they should be targeted toward high-emission sectors to
maximize their impact and designed to contain the costs of compliance.
Solutions  and  will be covered detail in Chapters  and .

V. The technology measures cluster
:e have set the stage with broad public support for climate solutions
along with governance, market, and regulatory instruments for their
implementation; this cluster provides the technological means to make
those reductions happen. Both wider use of existing technologies and
future innovations will be required. The three solutions in this cluster
focus on both carbon dioxide and short-lived climate pollutants. These
represent the Ǚrst two levers discussed above: the carbon lever and the
SLCP lever. Solutions  and  represent two stages of pulling the carbon lever. Solution  pulls the carbon lever nearly halfway by , and
Solution  pulls it the rest of the way by . Solution  represents
pulling the SLCP lever by .
To keep warming below dangerous levels, both of these levers will
be required. Fully implemented, the CO reductions in Solutions  and

 could reduce global warming by as much as .rC by , relative

to a business-as-usual scenario. In combination with the SLCP reductions
envisaged in Solution , this solutions cluster gives us a good chance of
keeping warming below rC during this century and beyond.
SO L8T ,O 1  Promote immediate widespread use of
mature technologies, such as photovoltaics, wind turbines,
battery and hydrogen fuel cell electric light-duty vehicles,
and more eǛcient end-use devices, especially in lighting,
air conditioning, appliances, and industrial processes. These
technologies will have even greater impact if they are the target
of market-based or direct regulatory solutions such as those
described in Solutions  and  and have the potential to achieve
a  to  reduction in fossil fuel CO emissions by .
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ȃȆȄȒȏȂ *OREDO&2HPLVVLRQVIURPIRVVLOIXHOVDQGLQGXVWU\7KH
GDUNHUFRORUVLQGLFDWHWKHHPLVVLRQVWKDWDUHPRVWGLǛFXOWWRHOLPLQDWHWKH\
DFFRXQWIRUMXVWRYHUDTXDUWHURIWKHJOREDOWRWDO'DWDIURP'DYLVHWDO

Figure .. shows the major global sources of fossil fuel and industrial carbon dioxide emissions, grouped by sectors. Many of these
emissions can be reduced through expansion of currently available technologies, such as electricity generation by solar photovoltaics and wind
turbines. SigniǙcant technical advances and decreasing costs have led to
a rapid increase in the deployment of renewable electricity over the past
decade, mostly from photovoltaic solar panels and wind turbines. +owever, reducing emissions from some sectors will be more challenging
and will require innovative new technologies. These diǛcult-to-eliminate
emissions, which account for just over a quarter of the global total, are indicated by darker colors in Figure .. and described under Solution .
Nuclear power has the advantage of generating on-demand electricity
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with no direct carbon dioxide emissions, but it is controversial because
of the possibility of nuclear accidents and concerns with storage of
radioactive waste. Some countries, such as China, are expanding their
nuclear power capacity, while others, like Germany, are phasing it out.
In the US, there are currently (as of late ) only two new nuclear reactors under construction. The high cost of building new nuclear plants
means that at present they are generally not economically competitive
with alternatives such as solar or wind. +owever, new designs such as
small modular reactors may provide for lower-cost nuclear power in
the future, with less nuclear waste and a far lower risk of catastrophic
accidents.
In the transportation sector, cars and light-duty trucks with electric
motors powered by lithium ion batteries or hydrogen fuel cells could
drastically reduce emissions if low-carbon sources were used for battery
charging and hydrogen production. Emissions from homes and commercial buildings could be reduced by use of energy-eǛcient heating
and cooling systems, lighting, and appliances. It’s estimated that full
implementation of strategies involving existing technologies has the potential to achieve a ū reduction in fossil fuel emissions by .
:e can think of this as pulling the carbon lever about a third of the
way toward carbon neutrality. A combination of market and regulatory
incentives, as discussed in Solutions  and , could help accelerate
this technological transition.
SO L8T ,O 1  Aggressively support and promote innovations to accelerate the complete electriǙcation of energy
and transportation systems and improve building eǛciency.
Support development of lower-cost energy storage for applications in transportation, resilient large-scale and distributed
micro-scale grids, and residential uses. Support research and
development of a portfolio of new energy storage technologies,
including batteries, supercapacitors, compressed air, hydrogen, and
thermal storage, as well as advances in heat pumps, eǛcient lighting,
fuel cells, smart buildings, and systems integration. These innovative
technologies are essential for meeting the target of  reduction in
CO emissions by  and transitioning to zero emissions soon aǞer.
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Moving away from fossil fuels will require electriǙcation of nearly all
end uses, including transportation and heating systems, with the electricity generated almost exclusively by carbon-neutral energy sources.
Because wind and solar energy production are inherently variable, increasing penetration of renewables depends on aǘordable systems to
store energy during periods of excess power production and to feed
it back into the grid when production falls; energy storage is a crucial
area of innovation needed for the transition to low-carbon energy, as
discussed in Box ...
Power generation systems will also become more widely distributed,
ranging in scale from large-scale utility power plants to rooǞop solar for
individual buildings. This will require the development of “smart” electrical systems that can manage power from sources with variable production and a variety of scales. Microgrids that can function independently
of the main power grid when necessary would further increase the ability of the grid to handle variable electric generation and power outages.
These ideas will be further discussed in Chapters  and .
SOL8T,O1  Immediately make maximum use of
available technologies combined with regulations to reduce
methane emissions by  and black carbon emissions by
. Phase out hydroǚuorocarbons by  by amending the
Montreal Protocol. In addition to the climate and health beneǙts
described under Solution , this solution will provide access to clean
cooking for the poorest  billion people who spend hours each day
collecting solid biomass fuels and burning them indoors for cooking.
As discussed in Chapter , black carbon, methane, ozone, and hydroǚuorocarbons (+FCs) are referred to as short-lived climate pollutants
(SLCPs) because their lifetimes in the atmosphere—from a few weeks to a
few decades—are relatively short compared with that of CO. They are also
super pollutants with warming eǘects tens to thousands of times stronger than CO. This combination of short lifetimes and powerful warming

ability means that targeting SLCPs for reduction can have a signiǙcant and
comparatively rapid impact on global temperatures, as we saw in Section
.. Solution  represents pulling the SLCP lever all the way.
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$VPRUHVHFWRUVDUHHOHFWULǙHGDQGDVDJUHDWHUSRUWLRQRIHOHFWULFLW\
LVSURGXFHGE\LQWHUPLWWHQWUHQHZDEOHHQHUJ\VRXUFHVWKHUHZLOOEH
DQ LQFUHDVLQJ QHHG WR SURYLGH UHOLDEOH ORDGIROORZLQJ HOHFWULF V\V
WHPVWKDWFDQEHUDPSHGXSTXLFNO\WRDFFRPPRGDWHDQ\PLVPDWFK
EHWZHHQHQHUJ\VXSSO\DQGGHPDQG$NH\WHFKQRORJLFDODSSURDFK
LVLPSURYHGHQHUJ\VWRUDJH2QHDOWHUQDWLYHLVWRXVHH[FHVVHOHFWULF
SRZHUWRSURGXFHK\GURJHQZKLFKFDQWKHQEHFRQYHUWHGEDFNWR
HOHFWULFLW\E\XVLQJIXHOFHOOV+\GURJHQIXHOFHOOWHFKQRORJ\LVDOUHDG\
LQXVHWRSRZHUYHKLFOHVEXWWKHEXONRIWKHK\GURJHQLVSURGXFHG
IURP QDWXUDO JDV &2 HPLVVLRQV IURP K\GURJHQ JHQHUDWLRQ FDQ EH
HOLPLQDWHG LI K\GURJHQ LV SURGXFHG E\ HOHFWURO\VLV WKH VSOLWWLQJ RI
ZDWHULQWRK\GURJHQDQGR[\JHQ XVLQJUHQHZDEOHHQHUJ\VRXUFHV
Aviation, shipping, and long-distance road transportation
$GYDQFHVLQEDWWHU\WHFKQRORJ\DQGK\GURJHQIXHOFHOOVKDYHPDGH
VKRUWUDQJH EDWWHU\ HOHFWULF DQG IXHO FHOO YHKLFOHV FRPPHUFLDO UHDO
LWLHV +RZHYHU HOLPLQDWLQJ HPLVVLRQV IURP ORQJGLVWDQFH WUDQVSRU
WDWLRQ ZLOO UHTXLUH QHZ WHFKQRORJLHV ,PSURYHG K\GURJHQ IXHO FHOOV
PD\ SURYH VXLWDEOH IRU ORQJGLVWDQFH URDG WUDQVSRUW EXW DYLDWLRQ
DQGVKLSSLQJZLOOUHTXLUHSRZHUVRXUFHVZLWKJUHDWHUHQHUJ\GHQVLW\
HQHUJ\FRQWHQWSHUXQLWZHLJKW %LRIXHOVDUHSURPLVLQJFDQGLGDWHV
VLQFHWKH\DUHFDUERQQHXWUDOEXWWKH\DUHHQHUJ\LQWHQVLYHWRSUR
GXFHDQGFDQWDNHXSDJULFXOWXUDOO\YDOXDEOHODQG
Cement and steel
&HPHQWDQGVWHHOSURGXFWLRQDUHWKHWZRKLJKHVWHPLVVLRQLQGXVWULDO
SURFHVVHV JHQHUDWLQJ  DQG  RI JOREDO &2 HPLVVLRQV UHVSHF
WLYHO\IURPWKHEXUQLQJRIIRVVLOIXHOVWRSURYLGHWKHKLJKWHPSHUD
WXUHVUHTXLUHGIRUSURGXFWLRQDQGIURPPDWHULDOVXVHGLQSURGXFWLRQ
VXFK DV OLPHVWRQH IRU FHPHQW DQG FRNH IRU VWHHO  5HGXFLQJ &2
HPLVVLRQVIURPFHPHQWDQGVWHHOSURGXFWLRQZLOOUHTXLUHWKHGHYHO
RSPHQW RI QHZ FKHPLFDO DQG LQGXVWULDO SURFHVVHV ,Q WKH FDVH RI
FHPHQWSURGXFWLRQLWPD\DOVREHSRVVLEOHWRFDSWXUHDQGVWRUH&2
GLUHFWO\IURPWKHNLOQŮVH[KDXVWJDVHV
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Another advantage of SLCP mitigation is that SLCP emissions can
generally be reduced more quickly and easily than CO, and reductions

in SLCP emissions translate into a more immediate impact on the cli-

mate than do reductions in CO (Chapter ). Fossil fuels have been used

intensively since the Industrial Revolution and are deeply embedded in
a wide range of human activities. As discussed in Solutions  and ,
phasing out CO emissions will require several decades and new technological innovations. SLCPs, on the other hand, are generated by fewer
sectors of society and can be addressed with existing technologies.
Also, SLCP mitigation is oǞen more easily accepted because many of the
co-beneǙts (to health and agriculture sectors) accrue locally.
The two largest sources of black carbon (up to  of the total) are
diesel vehicles and domestic cooking and heating, with  billion people still relying on eighteenth-century technologies that burn Ǚrewood,
dung, and coal. Black carbon emissions from diesel vehicles can be reduced by about  through adding diesel particulate Ǚlters. Replacing
ineǛcient solid-fuel-burning stoves in India, China, sub-Saharan Africa,
and many countries in South America with less-polluting models can
reduce as much as  of their black carbon emissions. Such measures
not only reduce the warming eǘect of black carbon soot, but also provide signiǙcant health beneǙts by reducing particulates that can cause
respiratory illnesses. :orldwide, roughly  million people die prematurely each year because of indoor smoke from cooking, heating, and
lighting with solid fuels.
Another major SLCP, methane, can be addressed through a variety
of means, including capture and burning of methane emitted by coal
mines, oil wells, gas production and distribution facilities, and landǙlls.
Methane emissions from animal manure and wastewater systems can be
controlled through anaerobic digesters. Mitigation of methane would
avoid .rC warming by .
Ozone in the troposphere (the lowest layer of the Earth’s atmosphere) is another important short-lived climate pollutant. It is not directly referenced in Solution , but decomposition of methane is an
important source of ozone. Measures to mitigate methane would result
in reduced tropospheric ozone as well. Like black carbon, ozone has
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negative health impacts and can cause respiratory illnesses; moreover, it
is a major source of agricultural crop losses.
+FCs are primarily used as refrigerants in air-conditioning systems,
refrigerators, and auto cooling systems. Substitutes with far lower warming potential are already available. LeǞ unchecked, +FC emissions alone
would warm the planet by .rC by  and .rC to .rC by .
Solution  will be covered in more detail in Chapter .

VI. The ecosystem management cluster
The previous Ǚve clusters focus on mitigating our emissions of climatedamaging pollutants. +owever, most projections indicate that for longterm temperature stability we will also need to remove CO from the

atmosphere. This cluster focuses on reducing emissions from managed

ecosystems, particularly agricultural lands and rangelands, and managing
ecosystems to enhance their ability to absorb CO from the atmosphere.
This represents a portion of the third and last of our three levers, the

atmospheric carbon extraction (ACE) lever. It should be noted, Solution
 by itself cannot meet more than a third of the carbon extraction
requirements of  billion to  trillion tons of CO extraction by .

:e will most likely have to resort to direct capture of carbon dioxide
from the air, using some of it for commercial and residential needs and
sequestering the remaining carbon. +owever, thus far only pilot proj-

ects exist for direct capture, and there are yet no clear pathways to scale
these up to the level of carbon capture required. These technologies are
discussed in Chapter .
SOL8T,O1  Regenerate damaged natural ecosystems
and restore soil organic carbon to improve natural sinks
for carbon (through aǘorestation, reducing deforestation,
and restoration of soil organic carbon). Implement food
waste reduction programs and energy recovery systems
to maximize utilization of food produced and recover
energy from food that is not consumed. Global deployment of these
measures has the potential to reduce as much as  of the current
annual emissions of about  billion tons of CO. In addition, Solution

&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH



 will help meet the recently approved sustainable development
goals of the United Nations by creating wealth for the poorest 
billion.
AǞer fossil fuels, the second largest anthropogenic source of CO is

deforestation. Burning or clearing trees for agriculture and croplands is
estimated to release about  billion tons of CO into the atmosphere an-

nually. Reducing deforestation would reduce these emissions; reforestation (restoration of forest cover in deforested areas) and aǘorestation
(the planting of trees in areas that did not previously have forest cover)
would actually rePove CO from the atmosphere. Creating payment

mechanisms for the environmental services provided by forest ecosystems can be an eǘective mechanism to promote reduced deforestation,
while providing an income source for forest-dependent communities
around the world.
Restoration of degraded ecosystems, including wetlands and mangrove swamps, and soil management and restoration can provide another mechanism for CO reduction. Soils contain signiǙcant quantities

of organic carbon in the form of plant matter, microbes, and other

organisms. Intensive agriculture tends to disturb the soil, promoting
CO release. Encouraging alternative agricultural and grazing practices,
including reducing tillage of agricultural Ǚelds and promoting greater
biodiversity, can promote CO absorption and storage in the form of

organic carbon.

One caveat: the capacity of forests and agricultural soils to store
carbon is not unlimited. For example, a  study by the US National
Academies of Sciences, Engineering and Medicine estimated that the
capacity of agricultural soils to store carbon gradually drops to zero
over two to four decades as the soils approach carbon saturation.
Reducing food waste is another key element of Solution  and
one of the most signiǙcant actions we can take in addressing climate
change. Globally, about one-third of food production is wasted; in the
US, this Ǚgure rises to . :hen food is wasted, the energy and associated emissions that went into its production, transportation, and
storage are wasted as well. Further, food waste in landǙlls is a major
source of methane emission.
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It’s estimated that combined, these measures for reduced deforestation, aǘorestation, reforestation, soil carbon restoration, ecosystem
restoration, and reduced food waste could reduce greenhouse emissions by about the equivalent of  billion tons of CO annually, about

 of our current CO emissions. This solution will be explored further

in Chapter .
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 Living Laboratories

As discussed in Solution , cities, states, and regions can serve as living
laboratories to test climate solutions and apply the lessons learned to
scale solutions up to national and international levels. This living laboratory approach applies not only to governance solutions, but also to the
entire range of climate solutions we have discussed.
Mitigation eǘorts are already underway in a range of local and regional jurisdictions worldwide and at a range of major corporations
and universities. As described below, dozens of major cities worldwide
have adopted climate action plans (CAPs), setting targets for mitigation
and describing speciǙc actions they will take to achieve those targets.
Many of these CAPs include emissions reduction targets of ū by
 and ū by , consistent with the targets described in
Solutions , , and .
Cities are well positioned to engage in climate action, as they are
typically more responsive to the needs and demands of their citizens,
and their smaller scale enables them to act relatively quickly, compared
with national governments. Several major cities, including Stockholm,
Oslo, Melbourne, and Seattle, have pledged to become completely
carbon-neutral by . Successful climate solutions can be scaled globally as cities share their solutions and best practices through networks
such as C and the Under Coalition, as discussed below.
State and regional initiatives can provide a bridge between city-scale
actions and national policies. In addition to cities, the Under Coalition
includes both state and regional jurisdictions. Another example of stateled initiatives is the US Climate Alliance of state governors, established
in  in response to the US federal government’s announcement of its
intention to withdraw from the Paris Agreement. Member states have
committed to greenhouse gas reductions consistent with the original
US commitment to cut emissions ū below  levels by .
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:hile the group is still in the early stages of development, its membership has grown to include  governors from both major political
parties, representing roughly one-third of the US population and 
of its economy.
Similarly, major corporations typically have greater autonomy to
act on climate change than most national governments. Several major
corporations have already achieved carbon neutrality or plan to reach
carbon neutrality in the near future. Many of the companies that have
become carbon-neutral or are close to achieving carbon neutrality are
in the technology sector, such as Google, MicrosoǞ, and Adobe; or in
the Ǚnancial sector, such as Goldman Sachs and Swiss Re. +owever,
manufacturers such as Volvo and Siemens have also committed to carbon neutrality by . These plans have impacts beyond the companies themselves; for example, local communities hoping to attract large
companies such as Google may be motivated to invest in renewable
energy to meet their corporate requirements.
In the following sections we’ll look at a few examples of groups and
initiatives that are aimed at testing solutions in local or regional living
laboratories and at sharing their results at national and international
levels.

C
The C Cities Climate Leadership Group (C) is an international organization of cities committed to taking action on climate change. The
group originated when .en Livingstone, then mayor of London, called
together representatives from  diǘerent cities to design an agreement
to mitigate climate pollution. In , the group merged with the Clinton Climate Initiative, increasing the network to  cities. As of ,
the C network included  of the world’s largest cities (Figure ..),
representing over  million citizens and  of the global gross domestic product.
To participate, a city must () set a target for reducing emissions,
() develop a climate plan with concrete initiatives to meet its target,
and () actively share best practices with other cities in the C network. A new condition was added in : by the end of , every
member city must have a comprehensive, measurable climate action
&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH
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&

plan designed to provide low-carbon development that is consistent
with the goal of limiting global warming to no more than .rC above
preindustrial levels, as recommended in the  Paris Agreement. C
indicates that cities have the potential to carry out more than  of the
emissions reductions required to achieve this target.
Through C, city oǛcials are linked to a range of collaborative
networks that share knowledge on best practices and data metrics that
advance climate actions and inspire their city peers. Thirty percent of
all climate actions in C cities are being delivered thanks to city-to-city
collaboration. The networks cover topics of high priority to C cities
and are categorized under Ǚve initiative areas: adaptation implementation; air quality; energy and buildings; food, waste, and water; and
transportation and urban planning. C also provides Ǚnancing for technical assistance to help cities in Africa, Asia, and Latin America develop
climate action plans.

8nder Coalition
Like C, the Under Coalition is a prime example of eǘorts to scale
up local and regional solutions to the national and international levels.
Initiated by California and the German state of Baden-:¿rttemberg in
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late , the coalition grew to  members in  countries by late
, representing more than . billion people and  of the world’s
economy (Figure ..). Members have committed to plan for emissions
reductions of  below  levels by  and have agreed to work
in partnership to learn from each other’s experiences. The coalition has
set a goal of including the most signiǙcant subnational governments
from all parts of the world by , with every member government
actively participating in the coalition’s work.

California as a living laboratory
The state of California is well positioned to act as a living laboratory for
climate solutions. California is a large and diverse state, with a population of nearly  million and the ǙǞh-largest economy in the world. The
state encompasses major urban centers but also large areas dominated
by agriculture and forestry, providing the ability to test a wide range of
climate solutions.
Moreover, California is regarded as a global leader in addressing climate change. The centerpiece of California’s climate policies is Assembly
Bill , the Global :arming Solutions Act, enacted in  and extended
through subsequent legislation.
&KDSWHU2YHUYLHZRIWKH7HQ6ROXWLRQVIRU%HQGLQJbWKH&XUYH
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The policies employed by California to meet its climate goals span
most of the six clusters and ten solutions introduced in the previous sections, including increased building energy eǛciency, renewable power
generation, increased vehicle fuel eǛciency, and low-emission vehicles
(Figure ..). California has adopted the three-lever approach recommended in Solution , targeting emissions of both CO and super-

polluting SLCPs and promoting carbon sequestration in soils. California
has also established a market-based cap-and-trade emissions permit
system (discussed in Chapter ).
As seen in Table .., California has deǙned emissions targets for
three time periods. The Ǚrst target, established by executive order in
, is a return to  emissions levels by , with  of electric power generated from renewables. California is well on the way to
meeting its  goals. Analysis shows that the state achieved its emissions target in ,  years early, and generated  of its electricity
from renewables in .
The state also established a goal of cutting emissions to  below
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 levels. In , new legislation set an intermediate target to cut
emissions to  below  levels by  and to generate  of
electricity from renewables. In , California added a new goal, passing legislation that requires  of its electricity to be generated by renewables by . These targets are ambitious but highlight California’s
strong and ongoing commitment to leadership in climate mitigation.
Fears that California’s ambitious emissions targets might inhibit economic growth have so far proved to be unfounded. Between  and
, California cut its emissions by ū while its gross domestic
product (GDP) grew by over . This example clearly shows that we
can decouple economic growth from CO emissions.

University of California Carbon Neutrality Initiative
Universities typically have access to a wealth of policy and technical
expertise and are well positioned to act as living laboratories. One
particularly noteworthy example is the University of California (UC)
Carbon Neutrality Initiative. Under this initiative, announced in  by
UC president Janet Napolitano, the ten UC campuses have pledged to
become carbon-neutral by , with net zero greenhouse emissions
from their buildings and vehicle ǚeets. Many UC campuses are pursing innovative climate solutions. For example, UC Irvine has adopted a
Campus as a Living Laboratory for Sustainability model and is pursuing
a range of mitigation options, including energy-eǛcient buildings, widescale adoption of solar power, buses powered by hydrogen fuel cells,
and the development of its own microgrid. In addition, UC San Diego
has created its own microgrid, which supplies more than  of campus
power needs.
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