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FROM DOING  
BETTER TO  
DOING ENOUGH
How much action against climate change is enough?

COMBATTING THE CLIMATE CRISIS 
requires us to rapidly transform the systems 
that propel our economy, including power 
generation, buildings, industry, transport, land 

use, and agriculture—as well as the immediate scale-up 
of technological carbon removal. But by how much? And 
how can decision-makers unlock the transformational 
change that is required?

The State of Climate Action 2021, published under the 
Systems Change Lab, answers these fundamental 
questions. The report identifies 40 indicators across 
key sectors that must transform to address the climate 
crisis, and assesses how current trends will impact 
how much work remains to be done by 2030 and 2050 to 
deliver a zero-carbon world in time. It also outlines the 
required shifts in supportive policies, innovations, strong 
institutions, leadership, and social norms to unlock change. 

The encouraging news is that we are seeing a number 
of bright spots. For example, wind and solar power 
have experienced exponential growth over the past 
two decades, and sales of electric vehicles have also 
increased rapidly since 2015. Time and time again, the 
exponential growth of such innovations have outpaced 
analysts’ projections. But these changes didn’t come 
out of nowhere. They were nurtured—by supportive 
policy and regulatory environments, by investments, by 
leadership that came together to improve technologies, 
reduce costs, and ramp up adoption, creating economies 
of scale in which change becomes, we hope, inevitable 
and unstoppable.

At the same time, the hard truth is that for many other 
transformations, action is incremental at best, and 
headed in the wrong direction altogether at worst. In 
fact, none of the 40 indicators this report assessed are 
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on track to reach our 2030 targets. For instance, to meet 
targets that align with limiting warming to 1.5 degrees 
Celsius the world must—among other actions—phase out 
unabated coal electricity generation five times faster 
than current trends, accelerate the increase of annual 
gross tree cover gain three times faster, and boost crop 
productivity nearly two times faster. 

The rapid transformations we need will require 
significant financial investments, technology transfer, 
and capacity-building, especially for developing 
countries. While climate finance continues to increase, 
it remains far from sufficient. The report finds that 
climate finance needs to increase thirteen times faster 
to meet the estimated $5 trillion needed annually 
by 2030. As leaders continue to grapple with the 

COVID-19 pandemic, it is essential, then, that stimulus 
packages not only address the current health and 
economic crises, but also steer trillions of dollars 
toward investments to build a net-zero economy. The 
good news is that the economic and social benefits of 
taking bold climate action are enormous.

The State of Climate Action 2021 arms countries, 
businesses, philanthropy, and others with a clear-
eyed view on the state of systems transformation for 
climate action and what supportive measures, from 
public policies to technological innovations to behavior 
changes, will enable us to get there. We know that 
there is no silver bullet to realizing the change we need; 
instead, we need to put in place the necessary puzzle 
pieces for catalyzing and sustaining change. And while 
the scale of the required transition is unprecedented, 
history has shown that when we all pull together—
governments, corporations, and citizens—the seemingly 
impossible becomes within reach. At COP26 and beyond 
we need leaders to make a true step change in their own 
ambition and accelerate us toward a safer, prosperous 
and more equitable future.  But we must not only do 
better. We must do what it takes.

Ani Dasgupta
President and CEO, World Resources Institute

Bill Hare
CEO, Climate Analytics 

Niklas Höhne
Partner, NewClimate Institute

Naoko Ishii
Executive Vice President, University of Tokyo Center for 
Global Commons

Kelly Levin
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President and CEO, Bezos Earth Fund
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The need for transformational change 
This decade is our make-or-break opportunity to 
limit warming to 1.5°C and steer the world toward a 
net-zero future. The Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC) 
shows that limiting global temperature rise to 1.5°C by 
the end of the century is still possible, but it will require 
rapid, immediate, and economy-wide greenhouse gas 
(GHG) emissions reductions, as well as the removal of 
carbon from the atmosphere. Near-term actions to 
halve GHG emissions by 2030 must be pursued alongside 
longer-term strategies to achieve deep decarbonization 
by 2050. Should we fail to act now and GHG emissions 
continue to rise unabated, warming could climb to 
between 3.3°C and 5.7°C above preindustrial levels by 
the end of the century—temperatures that would bring 
catastrophic and inequitable impacts to communities 
and ecosystems around the world, beyond anything seen 
so far (IPCC 2021). 

The decisions made today will determine the severity 
of climate change impacts that will affect us all for 
decades to come. Many countries have submitted more 
ambitious nationally determined contributions (NDCs), as 
well as long-term low-emissions development strategies. 
An increasing number of nonstate actors, including 
companies, cities, regions, and financial institutions, 
have also pledged to reduce GHG emissions, for example, 
through the Race to Zero campaign of the United 

Nations Framework Convention on Climate Change 
(UNFCCC) High-Level Climate Champions. It is critical 
that, at COP26 and beyond, all decision-makers begin 
transforming these commitments into action. 

At this critical time, decision-makers are also 
grappling with the highly unequal impacts of the 
COVID-19 pandemic. As some countries begin to 
focus on rebuilding their communities and economies, 
their recovery efforts will shape the global economy 
for decades to come. It is essential, then, that these 
stimulus packages not only address the current health 
and economic crises but also disrupt the carbon lock-
in that is common to nearly all economic sectors by 
steering trillions of dollars toward investments in a net 
zero-carbon, just future. Fortunately, a growing body of 
evidence shows that green stimulus investments can 
deliver more jobs and better growth than investing in the 
traditional carbon-intensive economy (IEA 2020j; IFC 2021; 
Jaeger et al. 2021). But an understanding of what different 
sectors can and should contribute to curbing GHG 
emissions through midcentury will be needed to guide this 
transition to a low-carbon, more resilient society. 

We’re not starting from a standstill—recent years have 
witnessed notable progress, despite relatively low 
levels of overall ambition and investments. Already, 
we have seen increasingly dynamic action occur within 

Highlights
• Limiting global warming to 1.5°C requires far-

reaching transformations across power generation, 
buildings, industry, transport, land use, coastal 
zone management, and agriculture, as well as the 
immediate scale-up of technological carbon removal 
and climate finance. This report translates these 
transitions into 40 targets for 2030 and 2050, with 
measurable indicators.

• Transformations, particularly those driven by new 
technology adoption, often unfold slowly before 
accelerating after crossing a tipping point. Nearly 
a quarter of indicators assessed focus on new 
technology adoption, with some already growing 
exponentially. This report considers such nonlinear 
change in its methodology. 

• The transitions required to avoid the worst climate 
impacts are not happening fast enough. Of the  
40 indicators assessed, none are on track to reach 
2030 targets. Change is heading in the right direction 
at a promising but insufficient speed for 8 and in the 
right direction but well below the required pace for 
17. Progress has stagnated for 3, while change for 
another 3 is heading in the wrong direction entirely. 
Data are insufficient to evaluate the remaining 9. 

• This report also identifies underlying conditions that 
enable change—supportive policies, innovations, 
strong institutions, leadership, and shifts in social 
norms. Annual increases in finance for climate 
action, for example, must accelerate 13-fold to meet 
the estimated need in 2030.
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a handful of sectors, across some regions, and from 
individual companies, cities, states, investors, and 
civil society organizations, all proving that faster-than-
expected progress is possible. For example, several low-
emissions technologies, including wind and solar power, 
have grown in a nonlinear fashion over the past two 
decades, and sales of electric vehicles (EVs) have also 
increased rapidly since 2015. These innovations have all 
benefited from supportive measures—early investments 
in research and development, favorable policies, and 
leadership from key public and private sector decision-
makers, for example—that helped drive improvements 
in performance, reductions in price, and subsequently, 
increased adoption. And these bright spots show us 
what’s possible when decision-makers deploy the many 
tools at their disposal to accelerate the transition to a 
net-zero future. 

But much more could be achieved if all decision-
makers around the world gave climate action the 
high priority it is due. Globally, climate action to 
date has largely failed to spur the rapid, far-reaching 
transformations needed across all sectors to avoid the 
worst impacts of global warming. In some industries, 
the technologies, practices, and approaches needed 
to accelerate decarbonization are well understood 
but have not yet seen the levels of investment and 
political support needed to rapidly scale up mitigation 
action. In others, innovations needed to catalyze 
systemwide transitions are still at relatively early stages 
in their development and are not yet ready to displace 
emissions-intensive incumbents. All hands are urgently 
needed on deck to speed up this progress, as well as 
expand it to all sectors and regions. 

Accelerating these transformations to mitigate 
climate change also offers an opportunity to create a 
more equal world. But to realize these benefits, policies 
must be designed with equity and a just transition in 
mind. It will be essential, for example, to tackle the 
challenges faced by workers and communities whose 
livelihoods are tied to high-carbon industries. Promising 
examples of just transition initiatives are emerging 
around the world. These must become widespread 
to ensure that the costs and benefits of these 
transformations are equitably distributed. 

Our ever-shrinking carbon budget does not 
accommodate delay. To reach a net-zero future, we 
must ignite fundamental change across nearly all 

systems, from how we move around the world and build 
cities to how we grow food and power industry. These 
systemwide transitions will depend on the massive 
scale-up of finance, technology, and capacity building 
for countries that need support. 

About this report
This report from the Systems Change Lab is a joint 
effort of the High-Level Climate Champions, Climate 
Action Tracker (CAT, an independent analytic group 
comprising Climate Analytics and the NewClimate 
Institute), ClimateWorks Foundation, the Bezos Earth 
Fund, and World Resources Institute. It provides an 
overview of how we are collectively doing in addressing 
the climate crisis. Taking stock of change to date is 
critical for informing where best to focus our attention 
and change our future course of action. The report 
begins with an explanation of transformational change 
to frame the evaluation of progress. It then assesses 
the pace of action on mitigation to date in key sectors 
and compares it with where we need to go by 2030 and 
by 2050 to help limit global warming to 1.5°C and avoid 
the worst climate impacts. While a similar effort is 
warranted to evaluate the pace of adaptation action, this 
report’s scope is limited to tracking progress on GHG 
emissions reductions and the removal of carbon from 
the atmosphere. 

The report builds upon and updates previous 
assessments (Lebling et al. 2020; CAT 2020b).  
It identifies targets and associated indicators for 
power, buildings, industry, transport, technological 
carbon removal, land and coastal zone management, 
agriculture, and finance that the literature 
suggests are the best available to monitor sectoral 
decarbonization pathways. Designed to be compatible 
with limiting global warming to 1.5°C, these targets for 
each sector were developed by the CAT consortium, 
WRI, and the High-Level Climate Champions based on 
the Marrakesh Partnership Climate Action Pathways 
and the Race to Zero campaign’s 2030 Breakthroughs 
(UNFCCC Secretariat 2021b; Race to Zero 2021a).

This year, we added 18 new targets and indicators to 
Lebling et al. (2020), bringing the total to 40. The report 
also improves upon the methodology from the previous 
assessment to consider the potential of exponential change 
across some sectors and, accordingly, updates the rating 
categories. It also identifies financing needs to support the 
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transformations, and considers how the transitions needed 
can be approached in a just and equitable manner. 

The report aims to support decision-makers in 
government, companies, investing firms, and funding 
institutions who are considering how to accelerate 
climate action. A secondary audience is subject experts 
who support these decision-makers in strengthening 
implementation of existing commitments and 
increasing ambition.

Key findings
While numerous countries, cities, and companies have 
committed to step up mitigation, much greater ambition 
and action is urgently needed if we are to meet the Paris 
Agreement’s objective to pursue efforts to limit warming 
to 1.5°C. Progress on reducing GHG emissions, as well as 
removing carbon dioxide (CO2) from the atmosphere, is 
uneven across indicators in power, buildings, industry, 
transport, technological carbon removal, land use, 
coastal zone management, agriculture, and finance. 

While national progress varies, we assess indicators at 
the global level as follows (Figure ES-1).

 
No indicators assessed exhibit a recent historical rate of change that is at or above the pace required to achieve 
their 2030 targets.

 
For 8 indicators, this rate of change is heading in the right direction at a promising but insufficient pace to be on track 
for their 2030 targets. 

 
For 17 indicators, the rate of change is heading in the right direction at a rate well below the required pace to achieve 
their 2030 targets.

 
For 3 indicators, the rate of change has stagnated.

 
For 3 indicators, the rate of change is heading in the wrong direction entirely.

For 9 indicators, data are insufficient to assess the rate of change relative to the required action.

F IGURE E S -1 .  Assessment of progress toward 2030 targets
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F IGURE E S -1 .  Assessment of progress toward 2030 targets (continued)

2010 2018 2030

POWE R INDUSTRY TR A NSPORT

None

N/A N/A1.1x

1.5x

Increase the share of electric 
vehicles to 75–95% of total annual 
light duty vehicle sales

Increase the share of electricity in 
the industry sector’s final energy 
demand to 35%

Increase the share of renewables in 
electricity generation to 55–90%

100%

TR A NSPORT AG RICULTURE AG RICULTUREN/Aa

Increase ruminant meat productivity 
per hectare by 27%, relative to 2017

Increase crop yields by 18%, 
relative to 2017 

Boost the share of battery and fuel 
cell electric vehicles to reach 75% of 
global annual bus sales by 2025

AG RICULTURE FINANCE

Phase out public financing for fossil fuels, 
including subsidies, by 2030, with G7 
countries and international financial 
institutions achieving this by 2025c

Reduce ruminant meat consumption 
in high-consuming regions to 79 
kcal/capita/day by 2030b

1.1x 

1.8x

1.5x 

Exponential Likely Exponential Unlikely Exponential Possible

Because they track technology 
adoption directly, these indicators 
are most likely to follow an S-curve. 
Our assessment relies on the 
literature and expert judgment.

Note: We use "exponential" as shorthand for various forms of rapid, non-linear change. But not all non-linear change will be perfectly exponential.

Because they indirectly or partially track 
technology adoption, these indicators could 
possibly experience an unknown form of 
rapid, non-linear change. Our assessment 
relies on acceleration factors, but change 
may occur faster than expected.

Because they track activities or practices that are not 
closely related to technology adoption, these indicators 
are unlikely to experience rapid, non-linear change. Our 
assessment relies on acceleration factors—calculations 
of how much the historical linear rate of change must 
accelerate to achieve the 2030 target.  

1.9x 1.6x

ON TRACK: Change is occurring at or above the pace required to achieve the 2030 targets

OFF TRACK: Change is heading in the right direction at a promising, but insufficient pace

55–90%

25.2%

2010 2018 2030

60%

HISTORICAL
DATA

2010 2020 2030

100% 75–95%

4.3%

35%

28.4%

HISTORICAL
DATA

HISTORICAL
DATA

2010 2020 20302025

100%

75%

2010 2019 2030

10 t/ha/yr

HISTORICAL
DATA

39%

HISTORICAL
DATA

7.7

2010 2018 2030

50 kg/ha/yr

HISTORICAL
DATA

33.4

27.1

2010 2018 2030

120 kcal/capita/day

HISTORICAL
DATA

79

2010 2020 2030

$1.2 Trillion US

HISTORICAL
DATA $0

$0.725

93.6

6.6

TRAJECTORY OF CHANGE ACCELERATION FACTOR
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POWE R POWE R BUILDINGS5.2x

Decrease the energy intensity of 
operations in key countries and 
regions by 20–30% in residential 
buildings and by 10–30% in commercial 
buildings, relative to 2015

Reduce carbon intensity of 
electricity generation to 50–125 
gCO2/kWh

Lower the share of unabated coal in 
electricity generation to 0–2.5%

INDUSTRY INDUSTRY TR A NSPORT

Expand the share of electric vehicles 
to account for 20–40% of total light 
duty vehicle fleet

Boost green hydrogen 
production capacity to 0.23–3.5 
Mt (25 GW cumulative 
electrolyzer capacity) by 2026

Build and operate 20 low-carbon 
commercial steel facilities, with 
each producing at least 1 million 
tonnes annually

N/A N/Af

WELL OFF TRACK: Change is heading in the right direction, but well below the required pace

2.7xd3.2x

Ins. datae

TR A NSPORT

Increase sustainable aviation fuel’s 
share of global aviation fuel supply 
to 10%

Increase the share of battery and 
fuel cell electric vehicles to 8% of 
global annual medium- to 
heavy-duty vehicle sales by 2025

N/ATR A NSPORTTR A NSPORT N/A 12x

2010 2018 2030

50%

0–
2.5%

2010 2018 2030

700 gCO2/kWh

50–
125

2010 2019 2030

Indexed to 2015; 2015 = 100

70–90
Commercial

Residential
70–80

HISTORICAL
DATA

38.1%

HISTORICAL
DATA

HISTORICAL
DATA

525.1 98.1

2010 2019 2030

50 low carbon facilities

20

2010 2026 20302018

5 Mt

0.23–3.5 

2010 2020

50%

20–40%

HISTORICAL
DATA

HISTORICAL
DATA 0.55%0

2010 2020 2025

20%

8%

2010 20302030 2018

20%

15%

0.30%

Raise the share of 
low-emissions fuels in the 
transport sector to 15%

4.3%

2010 20302019

20%

10%

0.10%

0.01

HISTORICAL
DATA

F IGURE E S -1 .  Assessment of progress toward 2030 targets (continued)
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TR A NSPORT
L A ND USE A ND 
COA STA L ZONE 
MANAG E ME NT

TECHNOLOG IC A L
C ARBON RE MOVAL

Reforest 259 Mha of land, 
relative to 2018

Scale up technological carbon 
removal to 75 MtCO2 annually

Raise zero-emissions fuel’s share of 
international shipping fuel to 5%

WELL OFF TRACK: Change is heading in the right direction, but well below the required pace

3.2x

Increase total climate finance flows to 
$5 trillion per year

Restore 7 Mha of coastal wetlands, 
relative to 2018

Remove 3.0 GtCO2 annually through 
reforestation

L A ND USE A ND 
COA STA L ZONE 
MANAG E ME NT

4.2x
L A ND USE A ND 
COA STA L ZONE 
MANAG E ME NT

2.7x FINANCE 13x

Raise public climate finance flows to 
at least $1.25 trillion per year

FINANCE 5x

Boost private climate finance flows to 
at least $3.75 trillion per year

FINANCE 23x

N/AN/A

2010 20302020

100 MtCO2

75

2000–2012 2030

400 Mha (cumulative)

259

80.6

2010 2030

20%

5%

0.52

2010 2012 2030

4 GtCO2/yr

2015–2016 2030

10 Mha (cumulative)

7

0.43

2010 2020 2030

$6 Trillion US
$5

HISTORICAL
DATA

HISTORICAL
DATA

$0.64

2010 2020 2030

$1.4 Trillion US $1.25

HISTORICAL
DATA

2010 2020 2030

$4 Trillion US $3.75

HISTORICAL
DATA

$0.30

$0.34

NO 
HISTORICAL
DATA

0.71

3

F IGURE E S -1 .  Assessment of progress toward 2030 targets (continued)
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Ins. dataBUILDINGS BUILDINGS TR A NSPORT

Reduce the carbon intensity of 
land-based passenger transport to 
35–60 gCO2/pkm

Reduce the carbon intensity of operations 
in select regions by 45–65% in residential 
buildings and by 65–75% in commercial 
buildings, relative to 2015 (kgCO2/m2) 

Increase buildings’ retrofitting rate to 
2.5–3.5% annually

STAGNANT: Change is stagnating, and a step change in action is needed

INDUSTRY INDUSTRY FINANCEN/A

Ensure that a carbon price of at least 
$135/tCO2e covers the majority of the 
world’s GHG emissions

Reduce carbon intensity of global 
steel production by 25–30%, 
relative to 2015 

Reduce carbon intensity of 
global cement production by 
40%, relative to 2015

N/AN/A

TR A NSPORT AG RICULTURE

Reduce agricultural production 
emissions by 22%, relative to 2017

Reduce the rate of deforestation by 
70%, relative to 2018

Reduce the percentage of trips made 
by private light duty vehicles to 
between 4% and 14% below BAU levels

N/A

WRONG DIRECTION: Change is heading in the wrong direction, and a U-turn is needed

L A ND USE A ND 
COA STA L ZONE 
MANAG E ME NT

N/AN/A

INSUFFICIENT DATA: Data are insufficient to assess the gap in action required for 2030g

Ins. data Ins. data

2010 2018 2030

800 kgCO2/t

360–370

2010 2019 2030

2,000 kgCO2/t

1,335–1,350

2010 2021 2030

60%
51%

HISTORICAL
DATA

HISTORICAL
DATA

HISTORICAL
DATA 0.08%

635.5
1,830

2010 2020 2030

60%

36–46%

2010 2020 2030

12 Mha/yr

2

2010 2018 2030

7 GtCO2e/yr

4.2

HISTORICAL
DATA

HISTORICAL
DATA

5.3
43.6%

HISTORICAL
DATA

6.8

2010 2019 2030

4%/yr

2010 2018 2030

70 kgCO2/m
2

2010 2014 2030

120 gCO2/pkm

35–60

104

1–2%

60.7
2.5–3.5%

15.2–
21.2

10.4–16.4

29.8

Commercial

Residential

F IGURE E S -1 .  Assessment of progress toward 2030 targets (continued)
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INSUFFICIENT DATA: Data are insufficient to assess the gap in action required for 2030g

Ins. dataAG RICULTURE AG RICULTURE FINANCE

Jurisdictions representing 
three-quarters of global emissions 
mandate TCFD-aligned climate risk 
reporting, and all of the world’s 2,000 
largest public companies report on 
climate risk in line with TCFD 
recommendations 

Reduce per capita food waste by 
50%, relative to 2019 

Reduce share of food loss by 50%, 
relative to 2016

Ins. data

Reduce the conversion of coastal 
wetlands by 70%, relative to 2018 

Restore 22 Mha of peatlands, 
relative to 2018

Reduce degradation and destruction 
of peatlands by 70%, relative to 2018

L A ND USE A ND 
COA STA L ZONE 
MANAG E ME NT

Ins. data
L A ND USE A ND 
COA STA L ZONE 
MANAG E ME NT

Ins. data
L A ND USE A ND 
COA STA L ZONE 
MANAG E ME NT

Ins. data Ins. data

2008 2030

1 Mha/yr

2005 2030

0.7 Mha/yr

0.19

0.63
0.78

0.23

2010 2016 2030

16%
14%

7%

2015–2020 2030

30 Mha (cumulative)

22

NO 
HISTORICAL
DATA

2010 2019 2030

140 kg/capita/yr
121

60.5

Note: BAU = business as usual; n/a = not applicable; EV = electric vehicle; LDV = light-duty vehicle; BEV = battery electric vehicle; FCEV = fuel cell 
electric vehicle; MHDV = medium- and heavy-duty vehicle; BAU = business as usual; kg/ha/yr = kilograms per hectare per year; kcal/capita/day = 
kilocalories per capita per day; gCO2/kWh = grams of carbon dioxide per kilowatt-hour; Mt = million tonnes; GW = gigawatts (billion watts); Mha = million 
hectares; GtCO2/yr = gigatonnes (billion tonnes) of carbon dioxide per year; t/ha/yr = tonnes per hectare per year; kgCO2/t = kilograms of carbon 
dioxide per tonne; tCO2e = tonnes of carbon dioxide equivalent; GtCO2e = gigatonnes (billion tonnes) of carbon dioxide equivalent; kgCO2/m2 = kilograms 
of carbon dioxide per square meter; gCO2/pkm = grams of carbon dioxide per passenger kilometer; TCFD = Task Force on Climate-Related Financial 
Disclosures; G7 = Group of 7 countries.
a  BEV/FCEV buses have grown nonlinearly in China but have not yet taken off elsewhere. They already make up 39 percent of global bus sales due to 

the strong sales in China.
b This indicator is only applicable in regions where ruminant meat consumption is above the 60 kcal/capita/day target for 2050.
c  While consumption subsidies have been declining in recent years, which has led to the overall decrease, production subsidies have continued to 

increase (OECD 2021a). Furthermore, part of the fall in consumption subsidies is due to declining oil prices, which fell substantially as a result of the 
pandemic (IEA 2020h). If oil prices rise again, absent further reforms consumption subsidies are likely to increase.

d  The acceleration factor refers to the full range of the benchmarks across commercial and residential buildings, because historical data are not 
available for the two building types separately.

e  The indicator is marked as “well off track” because while no low-carbon steel facilities are currently in operation, 18 are expected to be operational 
by 2030. Of these 18 projects, data on production capacity are only available for 4, all of which meet the production criteria of at least 1 million 
tonnes annually. However, data are insufficient to calculate an acceleration factor.

f  The nonlinear historical growth in EV stock is coming from a very low base, and is only due to rapid growth in the share of EV sales, with little 
progress on the removal of internal combustion engine vehicles from the road.

g    Although some have one historical data point and/or qualitative research that shows they are not on track, these indicators do not have enough 
information to assess how much recent progress must accelerate to achieve their 2030 targets. Accordingly, we classify them as having 
“insufficient data.” 

F IGURE E S -2 . Assessment of progress toward 2030 targets (continued)
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How we assess different 
trajectories of future change
In evaluating progress of indicators, we consider the 
likelihood that they will experience exponential change in 
the future, and we group indicators into three categories 
that correspond to these expected trajectories. Note 
that we are using the term exponential as shorthand for 
various types of rapid, nonlinear growth. Not all of this 
nonlinear change will be perfectly exponential.

   Exponential change likely. Past transitions, 
particularly those driven by the advent and 
widespread adoption of new technologies (e.g., the 
automobile, radio, and the smartphone), have often 
followed an S-curve trajectory of growth: rates 
of change are initially quite low as entrepreneurs 
develop new technologies, then accelerate as these 
innovations begin to diffuse across society. After 
growth reaches its maximum speed, it eventually 
slows down as it approaches a saturation point. A 
wide range of positive, self-amplifying feedbacks, 
such as achieving economies of scale or the advent 
and adoption of complementary technologies, 
often play a significant role in accelerating such 
transformations (Victor et al. 2019). Nine of the 

indicators in this report directly track the adoption 
of innovative technologies and, therefore, have 
a good chance of following S-curve dynamics. 
Adoption of some of these technologies, such 
as solar and wind power and EVs, has grown 
at a rapid, nonlinear pace in several countries 
already. For others, it’s too early to tell if they will 
experience nonlinear growth, as they are still 
within the emergence phase of their development 
and have limited data (Figure ES-2). All indicators 
have the potential to take off quickly, but following 
an S-curve is not guaranteed for any technology. 
It is critical, then, that decision-makers across 
the private and public sectors provide the right 
support—investments in research and development, 
a regulatory environment that supports adoption, 
and strong institutions to enforce these policies, 
for example—to help these technologies reach the 
diffusion stage, cross positive tipping points, and 
rapidly displace emissions-intensive incumbents. 

   At these initial stages, it is impossible to predict 
the path of an S-curve with any level of certainty, 
but it is also inaccurate to ignore the potential 
for rapid, nonlinear change for some indicators 
assessed in this report. Recognizing this tension, 

F IGURE E S -2 . Illustration of the stages of S-curve progress for low-carbon technologies

EMERGENCE DIFFUSION RECONFIGURATION

Green hydrogen

Medium- and heavy-duty EVs

Sustainable aviation fuel

Zero-emissions shipping fuel

Carbon removal technologies

EVs in LDV fleet

Solar and wind

EVs in LDV sales

Electric buses

Time or cumulative production
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Note: EV = electric vehicle; LDV = light-duty vehicle. These labels include technologies that are directly tracked by our nine indicators that may follow an 
S-curve.
Source: Authors’ judgment, based on Victor et al. (2019) and ETC (2020).
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we use expert judgment informed by the nascent 
literature on low-carbon technology S-curves 
to categorize progress in these nine indicators, 
with the understanding that this is an initial step 
in developing more rigorous methods to assess 
nonlinear change. 

  Exponential change unlikely. Other indicators, 
such as those that focus on deforestation, coastal 
wetlands restoration, or cropland productivity, 
track activities and practices and are not as closely 
related to technology adoption and are unlikely 
to experience rapid, nonlinear change. To assess 
progress for these 22 indicators, we calculate 
the historical linear rate of change over the most 
recent five years of available data (or in some cases 
slightly longer or shorter due to data limitations) 
and compare this current rate of change to the 
linear rate of change required to reach 2030 targets. 
For those with historical rates of change that are 
heading in the right direction but at insufficient 
speeds, we calculate acceleration factors, which 
show how much the historical linear pace of change 
must accelerate to achieve the 2030 target. 

  Exponential change possible. Finally, nine 
indicators do not fall neatly within the first two 
categories. These indicators are dependent on 
some element of technology adoption, albeit in a 
more indirect way than indicators that could follow 
an S-curve. They often depend on both technology 
and other factors, such as activities, practices, 
and demand patterns. For example, reducing the 
carbon intensity of building operations requires 
not only the increased adoption of renewable 
heating and cooling technologies but also energy 
efficiency improvements. For these indicators, we 
calculate the acceleration factors needed, but if 
and when rapid, nonlinear change begins, progress 
may unfold at significantly faster rates than 
expected and the gap between the existing rate of 
change and required action may decline. 

Data gaps
Our assessment also makes data gaps apparent. Nearly 
a quarter of the indicators assessed lack sufficient, 
publicly accessible data to categorize global progress, 
with major gaps in the buildings, land, and agriculture 
sectors (Box ES-1). 

Sectoral takeaways
Power

Share of renewables in electricity generation (%)

Carbon intensity of electricity generation (gCO2/kWh)

Share of unabated coal in electricity generation (%)

• Electricity and heat production account for a third of 
global GHG emissions (ClimateWatch 2021).

• Decarbonization will be achieved by increasing the 
share of renewables, particularly wind and solar, 
in electricity generation, as well as through the 
complete phaseout of coal-fired power and significant 
reduction of gas-fired supply. In addition, power grids 
and storage will need to be extended and adapted to 
sustain the high supply of variable power generation.

• Many countries, particularly advanced economies, 
have already made progress in reducing the carbon 
intensity of electricity generation. However, although 
headed in the right direction, the recent rate of 
decline (of −11 grams of carbon dioxide per kilowatt-
hour [gCO2/kWh] per year in 2014–18) is far from what 
is needed to achieve the 2030 target for this sector. 

Accessible, comprehensive, and high-quality data offer the 
following advantages: 

1. Well-informed decisions. A robust knowledge base that 
makes the status of climate action, as well as its benefits and 
costs, transparent and allows policymakers, companies, and 
investors to make evidence-based decisions. 

2. Clarity regarding the required direction, scale, and pace 
of climate action. Many initiatives, including this report, 
illustrate that progress needs to accelerate rapidly to avoid 
the worst climate impacts. The more accurate the data 
underpinning these analyses, the clearer our understanding 
of where shifts are accelerating, stalling, or lagging behind 
will be, and the better we can highlight good examples of 
what’s working and why. 

3.  An effective and inclusive global stocktake. The global 
stocktake called for in the Paris Agreement is a key tool to 
increase ambition over time. For this process to be effective 
and inclusive, all Parties and observers need access to data. 
Information behind paywalls and data gaps will hinder a 
transparent discussion and make it more difficult to challenge 
countries to ratchet up their climate mitigation targets.

BOX E S -1 .    A call for improved, accessible data
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Current levels of 525 gCO2/kWh (IEA 2020d) should 
fall to 50–125 gCO2/kWh by 2030 and to below zero by 
2050 to align with the Paris Agreement’s 1.5°C goal. 
Achieving those targets will require rates of decline in 
carbon intensity of electricity generation three times 
faster than we currently see.

• Renewable sources of power are now the generation 
technologies of choice, accounting for 82 percent 
of new capacity installed in 2020. The share of 
global electricity generation from solar and wind, in 
particular, has grown at a rate of 15 percent per year 
over the last five years. Building new solar and wind 
energy capacity is now more cost-effective than 
generating electricity from existing coal-fired power 
plants in most places (IRENA 2021b).

• By 2021, 165 countries had set national renewable 
capacity and/or generation targets, and 161 countries 
had adopted policies to achieve these goals, including 
regulatory and pricing instruments such as feed-in 
tariffs, premium payments, renewable portfolio 
standards for utilities, net metering and billing, and 
renewable power tenders and auctions (REN21 2020). 

• Despite very promising signs, it appears that growth 
in renewables must still accelerate. The share of 
renewables in electricity generation is currently 
about 29 percent in 2020 for all renewables and needs 
to reach 55–90 percent by 2030 and 98–100 percent 
by 2050. 

• At the same time, the share of unabated coal in 
electricity generation, currently at 38 percent, must 
fall to 0–2.5 percent by 2030. We are well off track to 
achieve this target. Recent rates of decline in coal 
generation must accelerate by a factor of five if we 
are to achieve our 2030 target.

• Despite progress in some developed countries and 
new commitments to reduce coal capacity, worldwide 
coal buildout has not sufficiently slowed in recent 
years. In 2020, for example, newly installed coal 
capacity still outpaced retirements (Global Energy 
Monitor 2021a). More worryingly, 180 gigawatts (GW) of 
coal-fired capacity is under construction and another 
320 GW has been announced, received a prepermit or 
a permit, for a total of around 500 GW in development 
globally. And even as governments, businesses, and 
banks are committing to accelerating the transition 
to clean energy, coal plants continue to receive 
finance—to the tune of US$332 billion since the Paris 
Agreement was adopted in 2015 (BankTrack 2021).

Buildings 
Energy intensity of building operations  
(% change indexed to 2015, for which 2015 equals 100) 

Carbon intensity of building operations (kgCO2/m2)

Retrofitting rate of buildings (%/yr)

• Buildings are responsible for 5.9 percent of global 
GHG emissions (ClimateWatch 2021).1 

• The building sector is highly diverse; decarbonization 
trends vary greatly among regions and so do the 
required actions to reduce the sector’s emissions. 
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• Although emissions intensities have decreased 
when averaged across the world, the pace of this 
improvement is insufficient to counteract increases 
in floor area and, therefore, reduce total emissions 
to reach the targets for this indicator. Through a 
transition to zero-carbon energy sources and highly 
efficient building envelopes, the carbon intensity 
of residential and commercial building operations 
in select regions needs to decrease quickly—by 
65–75 percent (commercial) and by 45–65 percent 
(residential) below 2015 levels by 2030 and to zero by 
2050—to be aligned with a 1.5°C-compatible pathway. 

• Globally, energy intensity of buildings decreased by  
19 percent from 2000 to 2015 and another 2 percent 
by 2019 (IEA 2020a). But declines in energy intensity 
have slowed in recent years and need to accelerate 
again to fully meet the targets. Recent rates of 
decline need to accelerate by a factor of three in the 
next decade: falling to between 10 and 30 percent 
below 2015 for commercial buildings and between 
20 and 30 percent below 2015 for residential 
buildings by 2030. Reductions in energy demand 
of new buildings can be achieved by improving the 
efficiency of appliances and equipment (e.g., cooking 
stoves, electrical equipment, lighting, and equipment 
for heating and cooling) and by reducing the heating 
and cooling demand of buildings by improving 
the building design and envelope. Smart controls 
further limit energy demand and alleviate the risk of 
wasteful user behavior. 

• Directly related to energy and emissions intensity 
improvements, retrofitting the building stock is a 
major requirement to enable the building sector to get 
on a 1.5°C-compatible pathway. By 2050, all buildings 
should be energy efficient and designed to meet 
zero-carbon standards. To that end, the retrofitting 
rate needs to increase from about 1–2 percent today 
to 2.5–3.5 percent per year in 2030, and to 3.5 percent 
in 2040. Retrofitting is more important where most of 
the building stock that will exist in 2050 has already 
been built; this includes most European countries, 
the United States, Canada, Japan, and Australia, but 
also, and increasingly, China (Liu et al. 2020). 

Industry
 Share of electricity in the industry sector’s final energy 
 demand (%)

Low-carbon steel facilities in operation (# of facilities)

Green hydrogen production (Mt)

Carbon intensity of global cement production (kgCO2/t cement)

Carbon intensity of global steel production (kgCO2/t steel)

• GHG emissions from industry have grown the fastest 
of any sector since 1990 (Ge and Friedrich 2020). 
Direct emissions from industrial processes, as well 
as from manufacturing and construction, account for 
18.5 percent of global GHG emissions (ClimateWatch 
2021). Heavy industry is often characterized as “hard-
to-abate,” but some solutions are readily available 
and can lead to cost savings. 

• As the largest energy-consuming sector, industry 
requires high temperatures for many of its processes 
and so is highly dependent on fossil fuels for its 
energy consumption. For some applications, this 
dependence can be reduced through a shift to 
electric technologies coupled with a decarbonization 
of the power sector. 

• Over the last five decades, the share of electricity in 
the industry sector’s final energy demand has slowly 
increased through the introduction of electricity-
dependent technologies, including digitalization, 
automation, and machine drive (McMillan 2018; IEA 
2017b). Electricity demand rose from 15 percent of 
industry’s energy demand in 1971 to about 28 percent 
in 2018. To follow a 1.5°C-compatible pathway, industry 
needs to adopt electric technologies that can push 
this share to 35 percent in 2030, 40–45 percent in 
2040, and 50–55 percent in 2050. Such a trajectory 
suggests an average annual growth rate of 
0.6 percentage points between 2018 and 2030, and 
0.9 percent between 2030 and 2050, compared to a 
historical average growth rate of 0.5 percent. 

• Two heavy industries—steel and cement production—
account for more than half of direct GHG emissions 
from the industry sector (ClimateWatch 2021). Although 
the cement industry has made improvements over 
time, for example in energy efficiency and increasing 
the share of supplementary cementitious materials, 
the carbon intensity of cement has declined slowly 
and even increased during the last three years. There 
are about nine categories of novel cements under 
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development, with various emissions reduction 
potentials and limitations. Some could only marginally 
reduce carbon intensity, while others actively 
sequester carbon (Material Economics 2019; Lehne 
and Preston 2018). But without investments or large-
scale demonstration projects, most novel cement 
technologies have yet to enter the market. And even 
when they do, carbon capture and storage (CCS) will 
likely still be needed to decarbonize cement production. 
For this industry to follow a 1.5°C-compatible pathway, 
the carbon intensity of cement needs to decrease 
40 percent below 2015 levels by 2030 and 85–91 percent, 
with an aspiration to reach 100 percent, by 2050 
(Jeffery et al. 2020b). 

• For a 1.5°C-compatible pathway, the carbon intensity 
of steel will need to decline 25–30 percent below 
2015 levels by 2030 and 93–100 percent by 2050. 
Between 2010 and 2019, the carbon intensity of 
steel increased slightly, but achieving these targets 
will require a steep drop in the coming years. 
Encouragingly, the number of announced low- and 
zero-carbon steel projects has increased rapidly, 
from 1 in 2016 to 23 in 2020 to 45 as of August 2021. 
By 2030, 18 full-scale projects are planned to be 
operational. Although still uncertain, a maintained 
pace in low- and zero-carbon steel announcements 
could indicate the emergence of a nonlinear trend. 

• In addition to electrification, green hydrogen—a 
zero-carbon fuel produced through water electrolysis 
powered by renewable energy—can help decarbonize 
hard-to-abate industrial sectors by replacing fossil 
fuels. Still in its early phases of development, green 
hydrogen accounts for less than 0.1 percent of 
current production (IEA 2019b). Scenarios aligned 
with limiting global temperature rise to 1.5°C suggest 
that hydrogen will supply 15–20 percent of the world’s 
final energy demand by 2050. Recent analysis from 
the Energy Transitions Commission estimates that 
this equates to a total annual hydrogen demand of 
500–800 million tonnes (Mt)—a massive increase from 
today’s levels (ETC 2021b). Large-scale demonstration 
projects are being developed in the European Union, 
Australia, Saudi Arabia, and South Korea (COAG 
Energy Council 2019; European Commission 2020a; 
Stangarone 2021; Robbins 2020). Multistakeholder 
partnerships, such as HyDeal Ambition and the Green 
Hydrogen Catapult, are also helping to create an 
enabling environment for green hydrogen. 

Transport
Share of EVs in LDV sales (%)

Share of BEVs and FCEVs in bus sales (%)

Share of EVs in the LDV fleet (%)

Share of BEVs and FCEVs in MHDV sales (%)

Share of low-emissions fuels in the transport sector (%)

Share of SAF in global aviation fuel supply (%)

Share of ZEF in international shipping fuel supply (%)

Share of trips made by private LDVs (%)

Carbon intensity of land-based transport (gCO2/pkm)

• Transport accounts for 16.9 percent of global GHG 
emissions (ClimateWatch 2021) and is the fastest 
growing source of emissions after industry (Ge and 
Friedrich 2020).

• Decarbonization will be achieved by avoiding the need to 
travel; shifting travel toward more efficient, less carbon-
intensive modes of travel, such as public transport, 
walking, and cycling; and improving the carbon-intensity 
of the remaining travel modes with new technologies, 
such as EVs and cleaner fuels.

• Historically, due to the preponderance of investments 
and policies that prioritize motor vehicles, the 
percentage of people who use private motor vehicles 
as their primary mode of transportation has increased 
worldwide. To be aligned with the Paris Agreement, the 
percentage of trips by private light-duty vehicles needs 
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to be reduced by up to 8 percent from current levels 
by 2030, whereas projections suggest trends are 
headed in the wrong direction altogether. 

• The carbon intensity of land-based transport needs to 
fall from 104 grams of carbon dioxide per passenger 
kilometer (gCO2/pkm) in recent years to 35–60 gCO2/
pkm by 2030 and near zero by 2050. Achieving this 
benchmark will require different approaches fit for 
purpose in individual countries and their existing 
transport mix.

• EV sales have been growing rapidly, reaching 
4.3 percent of global light-duty vehicle sales in 
2020 and growing at a compound annual growth rate 
of 50 percent from 2015 to 2020. Over 20 countries 
have committed to completely phasing out the sale of 
internal combustion engine (ICE) passenger vehicles 
by or before 2040. And several companies, including 
General Motors, Volkswagen, Volvo, and BMW have 
committed to launching new EV models, investing 
in battery research and development, and limiting 
or eliminating ICE production entirely (Race to Zero 
2021b). These are promising signs, but it does appear 
that growth in EV sales must accelerate. The EV 
share of light-duty vehicle sales is currently about 
4 percent and needs to reach 75–90 percent by 
2030 and 100 percent by 2035. Similarly, the share of 
EVs in the light-duty vehicle fleet is 0.6 percent today 
and needs to grow to 20–40 percent by 2030 and 
85–100 percent by 2050 to be aligned with the Paris 
Agreement’s goals. Key actions for increasing sales 
of EVs include decreasing battery prices, developing 
charging infrastructure, and implementing supply- 
and demand-side policies to incentivize EV adoption. 
Setting ICE phaseout dates, electrifying corporate 
and government fleets, managing electricity 
demand to support increasing numbers of EVs, and 
coordinating the preowned ICE vehicle market will 
prove critical to shifting the overall vehicle stock.

• Regarding electric buses, in 2020, the share of battery 
electric vehicles (BEVs) and fuel cell electric vehicles 
(FCEVs) in global bus sales was 39 percent. This 
strong level of demand comes primarily from China, 
where sales of these types of buses were almost 
50 percent higher than sales of fossil fuel equivalents 
(BloombergNEF 2020a). To be aligned with the Paris 
Agreement’s 1.5°C temperature goal, the share of 
BEVs and FCEVs in global bus sales would need to 
reach 75 percent by 2025, and in leading markets, they 

would need to hit 100 percent by 2030. With no other 
country in the world coming close to China’s advanced 
position in the transition away from fossil fuel buses, 
urgent intervention will be required in other countries, 
particularly in leading markets, such as the European 
Union, Japan, and the United States. 

• In 2020, the share of BEVs and FCEVs in global sales 
of medium- and heavy-duty vehicles (MHDVs)2 was 
0.3 percent (BloombergNEF 2021a). As with buses, 
the bulk of global demand in 2019 came from China, 
which accounted for 60 percent of total sales. Europe 
accounted for 23 percent of sales. To be aligned with 
the Paris Agreement’s 1.5°C temperature goal, the 
share of BEVs and FCEVs in global MHDV sales would 
need to reach 8 percent by 2025, and in leading 
markets, they would need need to hit 100 percent by 
2040. With BEVs constituting such a small percentage 
of total current sales, there is an urgent need to 
bring these technologies to commercial maturity 
and stimulate their adoption across the world if this 
transport subsector is to achieve 1.5°C compatibility.

• In addition to modal shifts and EVs, low-emissions 
fuels will need to start rapidly displacing fossil 
fuels to reach a 15 percent share by 2030, climbing 
to between 70 percent and 95 percent by 2050. 
Low-carbon electricity, which is considered a 
low-emissions fuel, will play a critical role in 
decarbonizing newly purchased passenger vehicles, 
while there is also potential for advanced biofuels 
to reduce emissions from the existing stock of 
fossil fuel vehicles. Over the medium and long term, 
hydrogen and synthetic fuels made with hydrogen are 
likely to be required to decarbonize harder-to-abate 
transport emissions from the shipping, aviation, and 
long-distance land freight sectors.

• Sustainable aviation fuel (SAF)—a well-researched, 
partially developed low-carbon solution—offers 
a viable medium-term contribution to a 
decarbonization pathway for aviation. Today, SAF 
comprises under 0.1 percent of the global aviation 
fuel supply. However, experts project that global SAF 
uptake will need to reach 10 percent by 2030 and 
100 percent by 2050 to drive the decarbonization 
of aviation (Race to Zero 2021b). A diverse portfolio 
of both supply- and demand-side measures will be 
necessary to lower costs, accelerate development, 
and promote widespread uptake of this technology. 
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Technological carbon removal
Rate of technological carbon removal (MtCO2 removed/yr)

• Reducing GHG emissions is essential and should be 
a top priority, but it is not enough to avoid the worst 
impacts of climate change. We will also need to pull 
carbon out of the air to deal with excess CO2 already 
in the atmosphere and to counterbalance emissions 
that will be very difficult to mitigate in coming 
decades (e.g., long-haul aviation).

• Carbon removal includes natural approaches, like tree 
planting or restoring wetlands, as well as technological 
solutions like direct air capture; both will play critical 
roles in a broader carbon removal portfolio. 

• The amount of technological carbon removal needed 
by 2050 depends on the level of decarbonization 
reached by midcentury, as well as the amount of carbon 
removed through natural solutions, among other things. 
Considering the Paris-compatible scenarios assessed 
by the IPCC that meet sustainability criteria set out in 
Fuss et al. (2018), removal of around 4.5 gigatonnes 
(billion tonnes) of carbon dioxide (GtCO2) per year by 
technological methods may be needed by 2050 (roughly 
equivalent to the combined emissions of Japan and 
India), with an interim target of 75 million tonnes of 
carbon dioxide (MtCO2) per year in 2030 (IPCC 2018) 
(roughly equivalent to the GHG emissions of Austria in 
2018) (ClimateWatch 2021).3 The amount of CO2 removed 
and stored through these approaches today is a fraction 
of a percent of what will be needed, but recent project 
announcements and federal and private investment 
point to growing momentum. 

• Government investment in research, development, and 
demonstration (RD&D) is needed to develop entirely 
new carbon removal approaches and refine proposed 
and existing ones to help optimize technologies and 
bring down costs. Bright spots exist: in the United 
States, for example, federal investment in direct air 
capture RD&D has increased from around a total 
of $10 million between 2009 and 2019 to $43 million 
in 2020 alone. Additionally, supportive policies can 
incentivize deployment in a variety of ways: reducing 
investment or operating costs, creating regulation that 
enhances certainty for project development, reducing 
financing costs, or providing incentives to procure 
certain products, among others.

• Corporate commitments and investments in carbon 
removal technology have increased in the past few 

years. Companies like Microsoft and Amazon have 
pledged to reduce their own emissions and have also 
invested in carbon removal projects to help them 
reach net-zero and even net-negative emissions for 
Microsoft. Other companies, like the financial services 
provider Stripe, not only have pledged to purchase 
tonnes of carbon removal but also have provided 
upfront investments to support project development.

• Enabling infrastructure, such as CO2 pipelines, 
geological storage, and abundant renewable and 
zero-carbon energy to power carbon removal 
projects, is also critical to scaling up carbon 
removal technology. 

• While dedicated storage in underground geologic 
formations maximizes net carbon removal, building up 
the market for products made with captured CO2 can 
help compensate for high capture costs in the near term.

• As a nascent suite of approaches, carbon removal 
technologies must be developed in a way that 
acknowledges and minimizes environmental and 
social risks and uncertainties. 

Land use and  
coastal zone management

Reforestation (cumulative Mha)

Rate of carbon removal from reforestation (GtCO2 /yr)

Coastal wetlands restoration (cumulative Mha)

Deforestation rate (Mha/yr)

Peatlands conversion rate (Mha/yr)

Peatlands restoration (cumulative Mha) 

Coastal wetlands conversion rate (Mha/yr)

• Land is both a major source of emissions and a 
major natural carbon sink (Roe et al. 2019; IPCC 
2019; Griscom et al. 2017; Searchinger et al. 2019; 
IPCC 2018). Between 2007 and 2016, annual net CO2 
emissions from land use and land-use change were 
approximately 5.2 ± 2.6 GtCO2 (IPCC 2019). 

• Improved protection, restoration, and sustainable 
management of forests, peatlands, and coastal 
wetlands are essential for limiting warming to  
1.5°C by the end of the century. A top priority is to 
stop the loss of these critical ecosystems and then 
increase restoration.
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• To be aligned with the Paris Agreement, the rate 
of deforestation needs to decline 70 percent by 
2030 and 95 percent by 2050, relative to 2018. Instead, 
it has been heading in the wrong direction: annual 
deforestation and associated emissions have risen 
since 2010. More than 96 percent of deforestation 
since 2001 has occurred in the tropics, where the 
vast majority of forest loss is driven by conversion 
to agriculture, with much of the production destined 
for international markets (WRI 2021c). Some of the 
world’s most important landscapes for biodiversity 
and carbon, humid tropical primary forests 
specifically (Barlow et al. 2007; Gibson et al. 2011; 
Berenguer et al. 2014; Harris et al. 2021), have been 
lost at an alarming rate. The rate of losses within 
these forests has remained around 3 million hectares 
(Mha) per year since record keeping began in 2002, 
and increased by 12 percent between 2019 and 2020 
(WRI 2021d).

• Global reforestation efforts are also falling short—
neither on track to fulfill earlier pledges nor to reach 
the report's target to reforest 259 cumulative Mha. 
On average, just 6.7 Mha of gross tree cover gain 
occurred annually from 2000 to 2012, a rate that 
will need to more than triple in the coming decade. 
Failure to change course this decade would put 
limiting global warming to 1.5°C out of reach. 

• Similarly, although data are largely insufficient to 
assess the gap in required action, efforts to protect 
and restore the world’s carbon-rich peatlands 
are also falling short. An estimated 15 percent 
of peatlands have been drained for agriculture, 
plantation forestry, and other uses, with the most 
recent conversion occurring in tropical regions 
(Griscom et al. 2017). Limiting warming to 1.5°C 
would require reducing annual rates of peatland 
degradation 70 percent by 2030 and 95 percent by 
2050. Additionally, peatlands restoration across 
22 cumulative Mha (roughly the area of Guyana) is 
estimated to be needed by 2030 to align with global 
climate goals (Griscom et al. 2017; Roe et al. 2019). 

• The world loses an estimated 0.63 Mha of coastal 
wetlands annually—an area roughly half the size of 
Vanuatu (Griscom et al. 2017). But achieving Paris-
compatible targets will require this historical rate of 
loss to drop sharply, reaching 0.19 Mha in 2030 and 
0.03 Mha in 2050. Restoration of these highly 
productive, carbon-rich ecosystems, which include 
mangrove forests, salt marshes, and seagrass 

meadows, is also needed to limit global warming 
to 1.5°C. Restoring 7 cumulative Mha of coastal 
wetlands by 2030 could enable these ecosystems 
to begin sequestering 0.2 GtCO2 annually by 2030 
(Roe et al. 2019; Griscom et al. 2017). Protecting 
and restoring mangrove forests, salt marshes, and 
seagrass meadows would also generate a wide range 
of co-benefits: improving water quality protecting 
shorelines from erosion, safeguarding coastal 
communities from sea level rise and storm surges, 
and providing nursery grounds for fisheries.

Agriculture
Crop yields (t/ha/yr)

Ruminant meat productivity (kg/ha/yr)

Ruminant meat consumption in the Americas, Europe, Oceania 
(kcal/capita/day)

Agricultural production GHG emissions (GtCO2e/yr)

Share of food production lost (%)

Food waste (kg/capita/yr)

• The agriculture sector is responsible for 12 percent 
of global GHG emissions, and up to a quarter of global 
GHG emissions when also considering those from 
associated land-use change (IPCC 2019).

• Limiting global warming to 1.5°C will depend, in large 
part, on peaking and then reducing agriculture’s 
global land footprint, even as food demand continues 
to grow. Doing so entails sustainably intensifying 
agricultural production through boosting both crop 
and livestock productivity, as well as changing food 
consumption patterns, including reducing food loss 
and waste and shifting diets high in ruminant meat 
toward plant-based foods.

• The agriculture sector will also need to peak and 
then lower agricultural production emissions—
including those from livestock, fertilizers, rice 
production, and energy use—by 22 percent by 
2030 and 39 percent by 2050. While the emissions 
intensity of agricultural production is steadily falling, 
absolute agricultural production emissions continue 
to rise, pointing to a need to increase funding for 
emissions mitigation in agriculture.
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• Crop yields per hectare need to increase by 18 percent 
by 2030 and 45 percent by 2050 to avoid further 
cropland expansion, necessitating a near-doubling 
of the recent rate of yield growth—even as climate 
impacts intensify. Yet recent global yield growth 
masks wide variation among regions, and yields in 
sub-Saharan Africa remain very low, warranting 
particular attention. Similarly, ruminant meat 
production per hectare of pasture also needs to rise—
by 27 percent by 2030 and 58 percent by 2050—and 
while productivity is growing, progress between 
now and 2030 needs to be 1.6 times faster than in 
recent years. Programs to support productivity 
improvements—whether of cropland or pastureland—
should be linked whenever possible to policies that 
support forest or other ecosystem protection.

• The world’s rate of food loss and waste needs to 
be halved by 2030. Recent estimates suggest that 
14 percent of global food produced was lost between 
the farm and the retail stage of the supply chain in 
2016, while 17 percent of the food available at the 
retail level was wasted (in retail, households, or food 
service) in 2019. While some countries, most notably 
the United Kingdom and the Netherlands, have had 
early success in reducing food loss and waste at the 
national level, data availability needs to improve to 
track progress at the global scale.

• Production of ruminant meats, such as beef, 
goat, and sheep meat, is both land- and GHG-
intensive. If ruminant meat consumption in high-
consuming countries declined by 2050 to the 
equivalent of 1.5 burgers per person per week, it 
would significantly reduce agricultural land demand 
and GHG emissions. Across the Americas, Europe, 
and Oceania, per capita ruminant meat consumption 
has already receded from its peak, declining to about 
2.3 burger-equivalents per person per week in 2018. 
However, to reach 2030 and 2050 targets, the rate of 
decline in consumption across these regions would 
need to accelerate by 1.5 times the rate in recent 
years, allowing room for modest growth in countries 
where meat consumption is currently low. 

Finance
Total public financing for fossil fuels (billion $)

Total climate finance (billion US$)

Public climate finance (billion $)

Private climate finance (billion $)

Share of global emissions covered by a carbon price  
of at least $135/tCO2e (%)

Corporate climate risk disclosure

• Underlying all of these transitions is the availability of 
sufficient finance from both public and private sources. 

• Total global flows of climate finance reached 
$640 billion in 2020, an average increase of 
$33.6 billion per year over the previous five years (CPI 
2021). By comparison, total global investment in fossil 
fuels was estimated at $726 billion in 2020 (IEA 2021f), 
13 percent more than all tracked climate finance. 

• The amount of global climate finance would need to 
increase nearly eightfold to reach the target of at 
least $5 trillion per year by 2030, an average increase 
of $436 billion a year between 2020 and 2030. This 
is 13 times the historical rate of increase. To meet 
such goals, based on available data, annual increases 
in public climate finance would need to accelerate 
fivefold, and yearly gains in private climate finance 
would need to accelerate 23 times faster by 2030 
to meet their respective shares of the total climate 
finance needed.

• Finance must also be aligned with Paris temperature 
goals by phasing out public financing for fossil fuels, 
pricing carbon, and disclosing and managing climate-
related finance risks. 

• Over 250 financial institutions collectively 
responsible for more than $80 trillion in assets have 
committed to interim and long-term goals to reach 
net-zero portfolios no later than 2050 under the 
Glasgow Financial Alliance for Net Zero (Carney 2021). 
Meeting these commitments could help align finance 
flows with climate objectives.

• Many companies and financial institutions have 
endorsed or adopted recommendations related 
to disclosure, but data are currently insufficient 
to assess the extent to which governments’ and 
companies’ risk reporting meets the indicator target.

• In 2021, carbon pricing through a carbon tax or an 
emissions trading scheme (ETS) covered 21.5 percent 
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of global CO2e emissions, a significant increase from 
the 2020 coverage of 15.1 percent, largely due to 
China’s launch of a national ETS (World Bank 2021b). 
However, prices in the majority of schemes remain 
insufficient to fully account for the costs associated 
with rising GHG emissions; nor do they provide the 
right price signal for a 1.5°C pathway. If carbon 
pricing is to make a meaningful contribution to 
climate action, both its scope and level would need to 
be significantly increased. 

• Governments also need to show leadership in 
phasing out public finance for fossil fuels. Fossil fuel 
consumption subsidies have declined in recent years, 
but production subsidies and state-owned entities’ 
investments in fossil fuels have continued to rise.

These systemwide transitions to a net-zero future 
will generally increase equity and improve outcomes 
for vulnerable communities, which are already 
disproportionately impacted by climate change. However, 
they can also create winners and losers. The benefits 
of decarbonization may not always be equitably shared, 
and some transformations that reduce emissions could 
have disproportionate negative impacts on poor or 
disadvantaged populations, or those whose livelihoods 
are tied to a fossil fuel–intensive future (IPCC 2018; 
Markkanen and Anger-Kraavi 2019). Prioritizing equity 
and justice across the required transformations, then, is 
not only a moral imperative but also essential to build and 
sustain public support for climate action, and to make 
those actions more effective (Levin et al. 2012; World 
Bank 2021c). Such efforts to ensure a just transition must 
be part of decarbonization strategies from the start. 

Fortunately, momentum to build a just transition is 
already growing. A relatively small but growing number 
of just transition commissions have been established 
and are dedicated to strengthening inclusive dialogue 
among key stakeholders and supporting affected 
communities and workers, including in Canada, the 
European Union, Scotland, and the U.S. states of 
Colorado and New York (Environment and Climate 
Change Canada 2018; European Commission 2021a; 
Scottish Government 2021; CDLE 2021). Momentum 
toward a just transition is also building across sectors 
and levels of government. Some countries, such as 
Chile, South Africa, and Indonesia, have incorporated 
the just transition into their NDCs or national economic 
development strategies, while in others, notably India 

and Morocco, subnational just transition initiatives and 
grassroots campaigns have emerged to ensure that local 
communities can benefit from large-scale renewable 
energy projects (Athawale et al. 2019; Burton et al. 
2019; Elliott and Setyowati 2020; Swilling et al. 2016; 
Tongia et al. 2020; Zhang and Wang 2018; WRI 2021i). 
This is starting to bring much-needed attention to the 
challenges and opportunities that are prevalent in 
developing country contexts, which may include a lack 
of social safety nets, a higher prevalence of informal 
work, and rising rates of urbanization or industrialization. 
However, across all countries, significant and additional 
effort is need to ensure that the transition to a net-zero 
future is both equitable and just.

Enablers of climate action
For each set of targets, this year’s report also provides 
a snapshot of what conditions would enable us to 
achieve these sector targets and help keep warming 
below 1.5°C. These include supportive policies, 
innovations in technology, strong institutions, leadership 
from key change agents, and shifts in social norms. 
The report highlights priority actions that can support 
transformational change across all systems. It also 
outlines measures that, if implemented, can help make 
these transitions more just and equitable. 

The IPCC’s Sixth Assessment Report is clear that the 
window for staying below 1.5°C of global warming, which 
avoids the most catastrophic levels of warming, is 
closing faster than we had realized. However, we have a 
fighting chance of realizing this safer world. The scale 
and pace of change required can be achieved through 
urgent, concerted, collaborative action.



1SNAPSHOT OF A 
CHANGING CLIMATE



21STATE OF CLIMATE ACTION 2021  | CHAPTER 1. SNApShOT OF A ChANgINg CLIMATE

IN ITS MOST RECENT REPORT, CLIMATE CHANGE 
2021: The Physical Science Basis, the 
Intergovernmental Panel on Climate Change 
(IPCC) finds that the scale of these changes is 

unprecedented in recent history (Figure 1). There is now 
more than a 50 percent chance that 1.5°C will be reached 
or exceeded between 2021 and 2040 (IPCC 2021). 
Whether we limit warming to this level and prevent the 
most severe climate impacts will depend on the actions 
that we take this decade.

While greenhouse gas (GHG) emissions fell significantly 
as governments around the world implemented 
emergency measures to slow the spread of 
COVID-19 (fossil fuel carbon dioxide [CO2] emissions 
in 2020 were 7 percent below 2019 levels), we are now 
witnessing a reversal as some countries begin to lift 
their temporary pandemic restrictions (Le Quéré et al. 
2021). And although COVID-19 recovery packages have 
somewhat increased global investments in clean energy, 
total amounts still fall well below what is needed to meet 
climate goals, and many countries are still channeling 
far too much stimulus spending into the emissions-
intensive, business-as-usual economy (IEA 2020h). New 
policy choices, then, are urgently needed if we are to 
embrace a more sustainable pathway forward and avoid 
the worst impacts of climate change.

To have a good chance of limiting global temperature 
rise to 1.5°C above preindustrial levels with no or limited 
overshoot, the world must halve global GHG emissions 
by 2030 and reach net-zero CO2 by midcentury.5 The 
sooner these emissions peak and the lower they are 
when they peak, the greater the likelihood of reaching 
net zero in time. Achieving these deep emissions 
reductions will require rapid, far-reaching transitions of 
unprecedented scale across nearly all major sectors—
power, buildings, industry, transport, land use, coastal 
zone management, and agriculture—as well as the 
immediate scale-up of technological carbon removal to 

In 2020, global average temperature tied with 2016 for the highest level in the 
modern record: 1.25°C (2.25°F) warmer than preindustrial levels (NASA 2021).4 
Record-high upper ocean temperatures were also reached in 2020 (Cheng et  
al. 2021). And 2021 is shaping up to easily fall within the top 10 warmest years 
in recorded history (NOAA 2021).  

Atmospheric 
Concentrations of 
CO2 unmatched for at 
least 2 million years

Glacial retreat 
unprecedented 
in the last 2,000+ 
years

Last decade 
warmer than any 
period for 
~125,000 years

Sea level rise 
faster than any 
prior century for 
3,000 years

Late Summer Arctic 
ice coverage smaller 
than anytime in last 
1,000 years

Ocean warming 
faster than at any 
time since end of 
the last ice age

Ocean 
acidification at 
highest level of 
last 26,000 years

F IGURE 1 .   Evidence of climate change  
already underway

Note: CO2 = carbon dioxide.
Source: IPCC (2021).
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compensate for the significant proportion of the carbon 
budget that we have already spent down and residual 
emissions that are difficult to eliminate altogether 
(IPCC 2018). More specifically, each of these global 
systems must transform from one that delivers critical, 
yet highly unequal services to society, while releasing 
increasingly dangerous levels of GHGs, to one that 
more equitably provides the same services to a rapidly 
growing population, while rapidly bending our GHG 
emissions trajectories downward (Box 1).

This report highlights a critical set of shifts for 
each system that, together, will help accelerate the 
transformations required to avoid the worst climate 
change impacts. It also outlines key changes needed 

across the global financial sector to fund these 
transitions. In total, 40 required shifts are identified 
within this report, and almost all must happen 
simultaneously to overcome the deep-seated carbon 
lock-in common to these systems (Seto et al. 2016). 
Transforming the global food system from its current 
state to one that can feed nearly 10 billion people 
and reduce GHG emissions, for example, will entail 
significant gains in cropland and livestock productivity, 
substantial reductions in food loss and waste, limits on 
the overconsumption of ruminant meat, and dramatic 
declines in emissions from a wide range of agricultural 
production processes, such as rice cultivation or 
chemical fertilizer application. Similarly, the transition 
to a new, qualitatively different transportation system 

Calls for rapid, far-reaching transformational change have 
gained traction among the global climate change research 
community and policymakers (e.g., IPCC 2018; Sachs et al. 
2019; Steffen et al. 2018; Victor et al. 2019; Otto et al. 2020; 
Future Earth 2020; Sharpe and Lenton 2021; IEA 2021c; Rocky 
Mountain Institute 2019; Mersmann et al. 2014a; Puri 2018; 
Independent Group of Scientists Appointed by the Secretary-
General 2019; ICAT 2020; UNFCCC Secretariat 2021a; WBCSD 
2021), reflecting an emerging consensus that current efforts 
have failed to spur deep emissions reductions at the speed and 
scale required to avoid the worst climate change impacts.

But while most scientists and policymakers broadly agree that 
transformation refers to a fundamental, systemic change, a 
lack of conceptual clarity persists. There is no single, widely 
accepted definition of this term (see Appendix A), which is 
often used interchangeably with transition and systems 
change, nor is there a shared understanding of how this 
process unfolds in practice (Feola 2015; Patterson et al. 2017; 
Few et al. 2017; Hölscher et al. 2018). At what point does large-
scale change become transformational? Do these transitions 
follow the same trajectory? And can they be steered toward 
specific, desirable outcomes? Not only will different answers 
to these questions generate confusion when decision-makers 
begin implementing strategies to catalyze transformational 
change, but this conceptual plurality also risks rendering these 
powerful terms vague buzzwords that can be co-opted to 
describe any shift, including business-as-usual actions (Feola 
2015; Few et al. 2017). 

To avoid diluting these terms’ utility in challenging the status 
quo, this report draws on commonalities across well-cited 
definitions in global environmental change research (see 
Appendix A) to conceptualize transformation, transition, and 
systems change as a single process—the reconfiguration of 
a system, including its component parts and the interactions 
between these elements, such that it leads to the formation 
of a new system that produces a qualitatively different 
outcome. Put simply, all terms describe a shift from one system 
to another—for example, shifting from a shrimp pond that 
degrades nearby coastal ecosystems to a restored mangrove 
forest that sequesters CO2 or from a transportation network of 
horse-drawn carriages to one dominated by automobiles. Such 
systems change entails “breaking down the resilience of the old 
and building the resilience of the new” (Folke et al. 2010).

These transitions are often demarcated from incremental 
changes, defined as adjustments to elements or processes 
within an existing system that do not fundamentally alter its 
essence or integrity (Few et al. 2017; IPCC 2018). New policies 
that increase energy efficiency, for example, can help reduce 
greenhouse gases emitted from the current energy system, 
but efforts to phase out fossil fuels represent a transition 
to an entirely new system that supplies energy without 
releasing carbon dioxide into the atmosphere. Although often 
conceptualized as a binary, these typologies of change are not 
mutually exclusive. Incremental shifts can create an enabling 
environment for future transformations, and in some instances, 
a progressive series of these lower-order changes can come 
together in ways that successfully trigger a transition to a new 
system (Levin et al. 2012; ICAT 2020; Termeer et al. 2017).

BOX 1 .  What is transformational change?
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that moves people and goods around the world without 
increasing atmospheric concentrations of CO2 will 
necessitate shifts to other forms of mobility, such as 
bicycling or walking, to electric vehicles, and to more 
sustainable fuels for shipping and aviation. It must 
also encompass changes in the built environment, for 
example, that reduce the need to travel altogether. 

For each of these key shifts, this report identifies 
global targets, all of which are aligned with limiting 
global temperature rise to 1.5°C. It assesses progress 
toward these targets for 2030 and 2050 by calculating 
the historical rate of change for each target and 
then comparing it to the rate of change required to 
reach these critical targets (see more in chapter 2, 
“Methodology for assessing progress”). Although this 
quantitative analysis does not directly measure 
transformational change from these predominant, 
emissions-intensive systems to qualitatively different 
ones, it does provide a snapshot of progress and allows 
us to take stock of collective efforts, including a wide 
range of supportive measures, to accelerate these 
transitions to a net-zero CO2 world. 

Because many of these systems are interconnected (e.g., 
the expansion of agricultural lands drives deforestation 
or the amount of GHG emissions from buildings depends 
partly on the energy sources that power utilities use 
to generate electricity), small changes within the 
bounds of one system can have wide-ranging impacts. 
These effects can be positive, in some instances 
accelerating transitions to net-zero CO2 emissions in 
other systems, protecting biodiversity, or supporting 
sustainable development. But they can also cause harm, 
creating unwanted and unintended consequences that 
decision-makers must manage. This report considers 
these interconnections in its assessment of progress 
by sector, identifying key co-benefits, dependencies, 
and trade-offs that must be addressed to ensure that 
transformation to a net-zero CO2 future is sustainable. 
Additionally, it outlines essential components of a just 
transition across all systems, as well as highlights 
emerging examples of efforts to more equitably 
distribute the costs and benefits of limiting global 
temperature rise to 1.5°C. 



2METHODOLOGY  
FOR ASSESSING 
PROGRESS The following chapter provides an update on  

the State of Climate Action (Lebling et al. 2020).
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W E H AVE CHO SEN TO AS SE S S 
progress against 2030 and 2050 targets 
to inform near-term action, especially 
in the context of ratcheting up ambition 

and implementing enhanced nationally determined 
contributions (NDCs) during this decade, and to 
indicate the longer-term shifts required to support the 
transformation to a net-zero CO2 world. 

Design of targets  
and selection of indicators
The report assesses progress toward global targets 
in power, buildings, industry, transport, technological 
carbon removal, land use and coastal zone management, 
agriculture, and climate finance for 2030 and 2050. 
These benchmarks were developed by the Climate Action 
Tracker (CAT) consortium, the United Nations Framework 
Convention on Climate Change’s (UNFCCC) High-Level 
Climate Champions based on the Climate Action Pathways 
of the Marrakesh Partnership, and World Resources 
Institute (WRI) to be compatible with limiting warming 
to 1.5°C (see Appendix B, “Target design by institution,” 
for a list of which institution designed each target).6 
All are informed by the 2030 breakthrough outcomes 
and 2050 sector goals outlined in the High-Level Climate 
Champions’ Race to Zero campaign focused on Sector 
Breakthroughs (UNFCCC Secretariat 2021a). 

This report’s targets are not comprehensive but rather 
represent a critical set of actions needed to avoid the 
worst climate impacts. While any choice of mitigation 
pathway is subjective, these indicators and targets 
were selected by assessing their potential contributions 

to GHG emissions reduction, avoidance, and removal. 
Both supply- and demand-side shifts, including those 
that promote greater efficiency, were considered. In 
the transportation sector, for instance, this includes 
transitions that reduce unnecessary vehicle travel, 
encourage shifts to more sustainable forms of mobility, 
and increase adoption of cleaner, more efficient 
technologies to meet remaining transport demand  
(e.g., electric vehicles and sustainable aviation fuels). 

Targets were then established for actions with the greatest 
mitigation potential and with measurable indicators. 
Designed to represent the highest plausible ambition and 
to increase our chances of meeting the Paris Agreement’s 
long-term temperature goals, these targets also take 
into account technology and infrastructure, as well as 
food security, biodiversity, and other safeguards. Finally, 
it is critical to note that the targets are not completely 
independent, since progress toward one could further 
another (or vice versa); for example, penetration of 
renewables on the electric grid would enable significant 
progress in decarbonizing industrial processes. See 
Appendix C, “Methodology for designing targets,” for more  
detailed information.

To track progress toward these targets, indicators 
were selected from those that the literature 
suggests are among the best available to monitor 
these decarbonization pathways. However, as in the 
case of target design, the indicator selection is not 
comprehensive due to practical constraints, such as 
data limitations. 

Since last year’s report (Lebling et al. 2020), we have 
added several new targets and indicators, including 

While the science indicates what is required to limit global temperature rise to 
1.5°C, taking stock of global progress is needed to inform decision-making across 
government, civil society, and the private sector. This report presents a set of global 
targets with indicators that help measure progress toward transforming key sectors 
to lower GHG atmospheric concentrations to a level aligned with the Paris Agreement’s 
goals. It reviews trends in recent years and assesses progress toward—or away from—
sectoral climate mitigation goals established primarily for 2030 and 2050. In doing so, 
this report also considers where zero- and low-carbon technology adoption has the 
potential to experience exponential change and tracks progress accordingly. 
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those related to hard-to-abate sectors (e.g., low-carbon 
steel facilities, hydrogen, aviation, shipping, medium- 
and heavy-duty vehicles and buses), technological 
carbon removal, land use and coastal zone management 
(e.g., peatlands and coastal wetlands), as well as climate 
finance (see Appendix C, “Methodology for designing 
targets”). We have also updated several targets in line 
with the latest, best available science (see Appendix D, 

“Changes in targets and indicators between this and last 
year’s report”).

Assessment of progress  
toward 2030 and 2050 targets
To provide a snapshot of global progress, we first 
collected historical data for each indicator.7 In some cases, 
data limitations prevented us from assessing how the 
current level of effort measures up against a particular 
target, and this has been noted accordingly. The historical 
data sets included in this report are those that are open, 
independent of bias, reliable, and consistent. 

There is often a time lag before data become available 
(between 1 and 3 years for most indicators assessed, 
but a handful lag behind by 5 to 16 years), and as such, 
the year of most recent data varies among indicators. 
Similarly, another lag between implementation of 
climate action and its impacts exists across indicators. 

Trajectories of change:  
The possibility of exponential growth
Although it is difficult to predict the shape of future 
change, it is unlikely that all indicators will follow a linear 
trajectory. Past transformations, particularly those 
driven by the advent and widespread adoption of new 
technologies, have often followed an S-curve, with rates 
of change that are initially quite low as entrepreneurs 
develop new technologies, but then accelerate as 
these innovations begin to diffuse across society. After 
reaching a maximum speed, growth eventually slows 
down again as it approaches a saturation point (Victor et 
al. 2019; CAT 2019) (see Figure 2). 

FIGURE 2. Historical examples of S-curves
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Positive, self-amplifying feedbacks can help accelerate 
these transformations, driving down costs, enhancing 
performance of new low- and zero-emissions 
technologies, and increasing social acceptance 
(Box 2) (Arthur 1989). Learning-by doing in manufacturing, 
for example, can generate progressive advances that lead 
to more efficient production processes, while reaching 
economies of scale enables companies to distribute the 
high costs of improvements across a wider customer base 
(Sharpe and Lenton 2021). Similarly, as complementary 
technologies (e.g., batteries) become increasingly 
available, they can boost functionality and accelerate 
uptake of new entrants (e.g., electric vehicles). These 
gains allow industries for once-radical innovations 
to expand their market share, deepen their political 
influence, and amass the resources needed to 
petition for more favorable policies. More supportive 
policies, in turn, can reshape the financial landscape 
in ways that incentivize investors to channel 
capital back into these new technologies (Butler-Sloss 
et al. 2021). These reinforcing feedbacks spur adoption 
and help niche innovations to supplant existing 
technologies (Victor et al. 2019).

Widespread adoption of new technologies, in turn, 
can have cascading effects, requiring the uptake 
of complementary innovations, the construction of 
supportive infrastructure, the adoption of new policies, 
and the creation of regulatory institutions. It can also 
prompt changes in business models, availability of jobs, 
behaviors, and social norms, thereby creating a new 
community of people who may resist future changes 
(Victor et al. 2019). Meanwhile, incumbent technologies 
may become caught in a vicious spiral, as decreases in 
demand cause overcapacity and lead to lower utilization 
rates. These lower utilization rates, in turn, can increase 
unit costs and lead to stranded assets. 

Thus, for technologies with adoption rates that are 
already growing nonlinearly or could be expected 
to grow at an exponential pace in the future, it is 
unrealistic to assume that future uptake will follow a 
linear trajectory (Abramczyk et al. 2017; Mersmann et al. 
2014b; Trancik 2014). Yet many mainstream assessments 
still use linear assumptions. For example, in its Stated 
Policies Scenarios, the International Energy Agency (IEA) 
has historically assumed that future growth in solar 
photovoltaic (PV) generation would be largely linear, but 
it has had to repeatedly increase these forecasts as 
growth in solar PV has accelerated (Figure 3). In 2012, 

The transition from horse-drawn carriages to gasoline-fueled 
cars across the United States in the late 19th and early 20th 
centuries provides an illustrative example of an S-curve trajectory 
of change. Starting in the 1880s, entrepreneurs began building 

“expensive toys for the rich” by adding internal combustion 
engines to carriages that the wealthy used for speed and long-
distance racing, as well as to travel to their rural estates. In these 
protected niches, learning processes generated improvements 
in performance, particularly in horsepower, speed, power 
transmission, and battery storage. As automobiles’ functionality 
improved, the middle class expanded, and the popularity of racing 
grew, car sales began to increase, and this growing demand 
prompted a decade-long effort to build more affordable, durable 
cars. These initiatives culminated in the advent of Henry Ford’s 
Model T in 1908. Learning-by-doing in manufacturing, this car 
design led to incremental improvements in performance and 
reductions in cost, while new policies designed to improve public 
safety (e.g., licensing, speed limits, and traffic rules) strengthened 
social acceptance. As adoption of the automobile grew, so too did 
the construction of roads and the power of its lobbying group of 
cement, asphalt, and construction businesses, urban planners, 
and highway engineers. Both cities and rural communities were 
built to accommodate travel by cars, and over time, a car-
centric culture took root in America, with automobiles becoming 
embedded in the average household’s daily life. The car industry 
gained economic prominence, political influence, and private 
investment, eventually reconfiguring the U.S. transportation 
system to one dominated by the internal combustion engine 
(Victor et al. 2019; Geels 2005). 

BOX 2 .  From horse-drawn carriages to the internal combustion 
engine: A historical S-curve
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for example, the IEA estimated that global solar energy 
generation would increase to 550 terawatt-hours 
in 2030, but that number was reached by 2018. Other 
institutions have similarly underestimated the path of 
solar and wind, such as the U.S. Energy Administration in 
its Annual Energy Outlook (Saha and Jaeger 2020).

In categorizing indicators for this report, we evaluate 
historical data, as well as the literature on S-curves, 
to assess the likelihood that each one will experience 
exponential change (Table 1). This is a key addition to this 
year’s report, when compared to Lebling et al. (2020).

    Exponential change likely: We first consider 
indicators that directly track the adoption of specific 
technologies, or in some instances a set of closely 
related technologies (e.g., solar and wind power), to 
be prime candidates for following S-curve dynamics. 
These technologies are innovative, often displacing 
incumbent technologies.

   Exponential change unlikely: We then identify 
indicators that we do not expect to follow the 
S-curve dynamics seen in technology diffusion, 
given that they do not track technology adoption in 
a major way. These fall primarily within the land use, 
coastal zone management, and agriculture sectors.

   Exponential change possible: Finally, we identify 
indicators that do not fall neatly within the first 
two categories, with most tracking technology 
adoption indirectly. Several indicators, for example, 
track carbon or emissions intensity of a particular 
industry. While many factors, such as increases in 
resource efficiency, may impact changes in these 
indicators, adoption of zero- or low-emissions 
technologies may also have a considerable impact 
on their future trajectories. These indicators have 
generally experienced linear growth in the past but 
could potentially experience some unknown form 
of nonlinear, exponential growth in the future. The 
following sections explain our methodology for 
evaluating indicators that progress in two different 
ways: first, indicators unlikely to experience 
exponential change or for which exponential is 
possible, given that they are indirectly tracking 
technology adoption, and, second, indicators likely 
to experience exponential change that follows 
S-curve dynamics, which are tracking technology 
adoption (see Appendix E).

F IGURE 3.  The International Energy Agency’s Stated 
Policies Scenarios have not accounted  
for the possibility of rapid, nonlinear 
growth in solar photovoltaic
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Note: tWh = terawatt-hour (1012 watt-hours); WEO = World Energy Outlook.
Source: Author analysis of World Energy Outlook reports from 2012 to 
2020, all of which can be accessed through IEA (2020p).

TA BL E 1 .  Expected trajectories of change for indicators

Expected trajectory of change Reason Method used to evaluate progress Number of  
indicators

Where to find  
evaluations

Exponential change unlikely Less reliant on technology Acceleration factor 22 Table 2

Exponential change possible Indirectly tracks technology adoption 
but also reflects other factors

Acceleration factor 9 Table 2

Exponential change likely Directly tracks technology adoption Expert judgment based on the literature 9 Table 3

Note: We are using the term exponential as shorthand for various types of rapid, nonlinear growth. Not all of this nonlinear change will be perfectly exponential.
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Methodology for tracking progress  
of indicators with acceleration factors
For indicators whose future change is unlikely to be 
exponential or for which some exponential change 
is possible but in an unknown form, we use the same 
methodology as last year’s assessment, based on 
linear extrapolation of historical data (Lebling et 
al. 2020). Accordingly, to assess progress toward 
the 2030 and 2050 targets, we calculate the historical 
linear rate of change for each indicator—over the most 
recent 5 years of available data (or in some cases, 
between 3 and 16 years due to data limitations) to assess 
the current rate of change—and compare that to the 
linear rate of change required to reach the targets 
for 2030 and 2050 (Table 2).8 See Appendix F for changes 
in acceleration factors between Lebling et al. (2020) and 
this report. 

In the majority of cases, the historical rate of change 
needs to increase to reach the targets, and to understand 
how much acceleration is needed, we calculate 

“acceleration factors” for each indicator by dividing the 
rate of change needed by the historical linear rate of 
change, which provides an indication of the gap in effort. 
These acceleration factors show whether the historical 
rate of change needs to increase 2-fold or 20-fold, for 
example, from the historical rate to meet 2030 targets. 

We did not calculate acceleration factors needed to 
reach 2050 targets, primarily because some targets 
for 2030 are “front-loaded,” such that the magnitude 
of change required by 2030 is significantly larger 
than what is needed by 2050 (e.g., deforestation). 
In these instances, the acceleration factors are 

considerably lower if calculated from the 2030 target to 
the 2050 target than if estimated from the most recent 
year of data to 2050. The latter approach would yield 
an acceleration factor that would indicate the pace 
required to achieve midcentury targets from the most 
recent year of data, but if decision-makers focused 
global efforts on achieving this acceleration factor, 
they would fall short of delivering the 2030 targets. 
For a small set of indicators (e.g., coastal wetlands 
restoration), the reverse is also true—the magnitude of 
change required to reach 2050 targets is greater than 
that needed to achieve 2030 targets. In these instances, 
we established these midcentury targets, with the 
assumption that the 2030 targets would be reached 
along the way, and note that progress must accelerate 
from 2030 to 2050 to stay aligned with efforts to limit 
global temperature rise to 1.5°C. This is a key difference 
from last year’s report.

It is also critical to note that, for the nine indicators that 
may experience some unknown form of rapid, nonlinear 
change (i.e., those within the “exponential change 
possible” category), these acceleration factors form a 
baseline. If and when nonlinear change begins, progress 
may unfold at significantly faster rates than expected 
and the gap between the existing rate of change and 
required action may decline. 

We then use these acceleration factors to group 
our indicators into six categories of progress 
toward 2030 targets. Proving another update to Lebling 
et al. (2020), we further differentiate among indicators 
whose historical rates of change are heading in the right 
direction but well below the pace required. These new 
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classifications offer an additional level of detail, allowing 
those in government, the private sector, and civil 
society to distinguish between those indicators whose 
historical rate of change is close to on track from those 
for needing a significant increase in effort. These new 
categories include:

   On track. The recent historical rate of change is 
equal to or above the rate of change needed.

   Off track. The historical rate of change is heading 
in the right direction at a promising yet insufficient 
pace, which we define as those indicators with 
acceleration factors of less than 2.

   Well off track. The historical rate of change is 
heading in the right direction but well-below the 
pace required to achieve the 2030 target. Indicators 
with acceleration factors of greater than or equal 
to 2 fall into this category.

   Stagnant, step change needed. The historical rate 
of change is largely flat. 

   Wrong direction, U-turn needed. The historical rate 
of change is heading in the wrong direction entirely.

   Insufficient data. Limited data make it difficult to 
estimate the historical rate of change relative to the 
required action. 

TA BL E 2 . Summary of progress toward 2030 and 2050 for indicators with acceleration factors

Indicator Most recent 
historical 
data point 
(year)

2030 target 2050 target Trajectory of 
change (Could 
this indicator 
experience 
some type 
of nonlinear 
change in the 
future?)

Average 
annual 
historical 
rate of 
change 
(most recent 
5 years of 
data for most 
indicators)

Average annual 
rate of change 
required to meet 
2030 target 
(estimated  
from the most 
recent year of  
data to 2030)a

Acceleration 
factor (how 
much the 
pace of recent 
average annual 
change needs 
to  accelerate 
to achieve 
2030 target)

Evaluation 
(based on 
acceleration 
factors and, 
in some 
cases, 
expert 
judgment)

POWER

Carbon intensity 
of electricity 
generation 
(gCO2/kWh)

525.11 
(2018)b

50–125 <0c Exponential 
change 
possible

−11.24 
 (2013-2018)

−36.47 3.2x 

Share of 
unabated coal 
in electricity 
generation (%)

38.13  
(2018)b

0–2.50 0 Exponential 
change 
possible 

−0.59  
(2013–18)

−3.07 5.2x 

BUILDINGSe

Carbon intensity 
of building 
operations 
(kgCO2/m2)

60.70 
(commerical 
2017) 

29.79 
(residential 
2017)

15.17-21.24 
(commercial)

0 Exponential 
change 
possible

Insufficient 
data

−3.27  
(commercial)

Insufficient data d

 
10.40-16.38 
(residential)

−1.30  
(residential)

Energy intensity of 
building operations  
(% change indexed 
to 2015, for which 
2015 equals 100)f 

98.14  
(2019)

70–90 
(commercial)

70–80 
(residential)

50–85 
(commercial)

40–80  
(residential)

Exponential 
change unlikely

−0.62  
(2014–19)

−1.65 2.7x 

Retrofitting rate 
of buildings 
 (%/yr)

1–2 
(2019)

2.50-3.50 3.50  
(by 2040)

Exponential 
change unlikely

Insufficient 
data

Insufficient data Insufficient data d

INDUSTRY

Share of 
electricity in the 
industry sector’s 
final energy 
demand (%)

28.35 
(2018)

35 50–55 Exponential 
change 
possible

0.49  
(2013–18)

0.55 1.1x 
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Indicator Most recent 
historical 
data point 
(year)

2030 target 2050 target Trajectory of 
change (Could 
this indicator 
experience 
some type 
of nonlinear 
change in the 
future?)

Average 
annual 
historical 
rate of 
change 
(most recent 
5 years of 
data for most 
indicators)

Average annual 
rate of change 
required to meet 
2030 target 
(estimated  
from the most 
recent year of  
data to 2030)a

Acceleration 
factor (how 
much the 
pace of recent 
average annual 
change needs 
to  accelerate 
to achieve 
2030 target)

Evaluation 
(based on 
acceleration 
factors and, 
in some 
cases, 
expert 
judgment)

INDUSTRY (continued)

Carbon intensity 
of global cement 
production 
(kgCO2/t cement)

635.47 
(2018)

360–370 55–90 Exponential 
change 
possible

2.86  
(2013–18)

−22.54 n/a

Carbon intensity 
of global steel 
production 
(kgCO2/t steel)

1830  
(2019)

1335–1350 0–130 Exponential 
change 
possible

6.0  
(2014–19)

-44.32 n/a

Low-carbon 
steel facilities in 
operation 
 (# of facilities)

0  
(2019)

20 All facilities Exponential 
change 
possible

Insufficient 
data

2 Insufficient data g

TRANSPORT

Share of low-
emissions fuels 
in the transport 
sector (%)

4.26 
(2018)

15 75–95 Exponential 
change 
possible

0.07  
(2013–18)

0.90 12x 

Carbon intensity 
of land-based 
transport 
 (gCO2/pkm)

104 
(2014)

35–60 Near 0 Exponential 
change 
possible

Insufficient 
data

−3.53 Insufficient data

Share of trips 
made by private 
LDVs (%)

43.60  
(2020)

36–46 No target 
established 
(insufficient 
data)

Exponential 
change unlikely

0.86h −0.26 n/a, U-turn 
needed

LAND USE AND COASTAL ZONE MANAGEMENT

Deforestation 
rate  
(Mha/yr)

6.77  
(2020)

2.01 0.33 Exponential 
change unlikely

0.14  
(2015–20)

−0.48 n/a, U-turn 
needed

Reforestation 
(cumulative Mha)

80.60 
(cumulative 
gain, 
2000–2012)

259 678 Exponential 
change unlikely

6.70 (average 
annual rate 
of change, 
2000–2012)i

21.58a 3.2x

Rate of carbon 
removal from 
reforestation 
(GtCO2 /yr)

0.71  
(annual 
sequestration 
rate as of 
2012)

3 7.85 Exponential 
change unlikely

0.06 (average 
annual rate 
of change, 
2000–2012)j

0.25a 4.2x

Peatlands 
conversion rate 
(Mha/yr)

0.78  
(1990–2008  
annual 
average)

0.23 0.04 Exponential 
change unlikely

0.78 (average 
annual rate 
of change, 
1990–2008)k

−0.05a Insufficient data

Peatlands 
restoration 
(cumulative Mha) 

No data 22 46 Exponential 
change unlikely

Insufficient 
data

Insufficient data Insufficient data

TA BL E 2 . Summary of progress toward 2030 and 2050 for indicators with acceleration factors (continued)
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Indicator Most recent 
historical 
data point 
(year)

2030 target 2050 target Trajectory of 
change (Could 
this indicator 
experience 
some type 
of nonlinear 
change in the 
future?)

Average 
annual 
historical 
rate of 
change 
(most recent 
5 years of 
data for most 
indicators)

Average annual 
rate of change 
required to meet 
2030 target 
(estimated  
from the most 
recent year of  
data to 2030)a

Acceleration 
factor (how 
much the 
pace of recent 
average annual 
change needs 
to  accelerate 
to achieve 
2030 target)

Evaluation 
(based on 
acceleration 
factors and, 
in some 
cases, 
expert 
judgment)

LAND USE AND COASTAL ZONE MANAGEMENT (continued)

Coastal wetlands 
conversion rate 
(Mha/yr)

0.63 
 (1990–2005 
 annual 
average)

0.19 0.03 Exponential 
change unlikely

0.63 (average 
annual rate 
of change, 
1990–2005)l

−0.04a Insufficient data

Coastal wetlands 
restoration 
(cumulative Mha)

0.43 
(cumulative 
gain, 
2015–16)

7 29 Exponential 
change unlikely

0.21  
(average 
annual rate 
of change, 
2015–16)m

0.58a 2.7x

AGRICULTURE

Agricultural 
production 
GHG emissions 
(GtCO2e/yr)

5.35  
(2018)

4.17 3.27 Exponential 
change unlikely

0.04 
(2013–18)

−0.09 n/a, U-turn 
needed

Crop yields (t/
ha/yr)

6.64  
(2019)

7.67 9.44 Exponential 
change unlikely

0.05  
(2014–19)

0.09 1.9x

Ruminant meat 
productivity (kg/
ha/yr)

27.07  
(2018)

33.42 41.57 Exponential 
change unlikely

0.35  
(2013–18)

0.55 1.6x

Share of food 
production lost 
(%)

14 
 (2016)

7 7 Exponential 
change unlikely

Insufficient 
data

Insufficient data Insufficient data

Food waste (kg/
capita/yr)

121  
(2019)

60.50 60.50 Exponential 
change unlikely

Insufficient 
data

Insufficient data Insufficient data

Ruminant meat 
consumption in 
the Americas, 
Europe, and 
Oceania (kcal/
capita/day)

93.55  
(2018)

78.98 60 Exponential 
change unlikely

−0.63 
(2013–18)

−0.95 1.5x

FINANCE

Total climate 
finance  
(billion US$)

640 
(2020)

5,000 5,000 Exponential 
change unlikely

33.60 
(2015–2020) 

436 13x

Public climate 
finance 
 (billion $)

300  
(2020)

1,250 1,250 Exponential 
change unlikely

19 
(2015–20)

95 5x

Private climate 
finance  
(billion $)

340  
(2020)

3,750 3,750 Exponential 
change unlikely

14.60 
(2015–20)

341 23x

TA BL E 2 . Summary of progress toward 2030 and 2050 for indicators with acceleration factors (continued)
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Note: n/a = not applicable; gCO2/kWh = grams of carbon dioxide per kilowatt-hour; kgCO2/m
2 = kilograms of carbon dioxide per square meter; kgCO2/t = kilograms of carbon dioxide per 

tonne; gCO2/pkm = grams of carbon dioxide per passenger kilometer; Mha/y = million hectares per year; LDV = light-duty vehicle; GHG = greenhouse gas; kg/ha/yr = kilograms per hectare 
per year; kg/capita/yr = kilograms per capita per year; kcal/capita/day = kilocalories per capita per day; GtCO2/yr = gigatonnes (billion tonnes) of carbon dioxide per year;  
Mha = million hectares; GtCO2e/yr = gigatonnes (billion tonnes) of carbon dioxide equivalent per year; t/ha/yr = tonnes per hectare per year; TCFD = Task Force on Climate-Related 
Financial Disclosures ;tCO2e = tonnes of carbon dioxide equivalent.
a  For indicators with targets defined against a baseline year and with limited data availability, we use the average annual rate of change across the most recently available time period 

(e.g., 2000–2012) to estimate the annual rate of change during the target’s baseline year, and we calculate the future rate of change required to reach the 2030 target against this 
estimated baseline year rather than the most recent year of data. 

b  This data analysis is based on historical data collected before IEA’s most data update, and 2018 was the last available historical year at the time this analysis was conducted. The text 
might refer to newer historical data.

c  Achieving below zero-carbon intensity implies biomass power generation with carbon capture and storage.
d   This indicator has one historical data point that indicates it is not on track and must accelerate action, but we do not have enough information to assess how much it must accelerate 

(so cannot categorize it into the yellow, orange, or red). Thus it is in the “insufficient data” category.
e   The data for buildings refer to the full range of the targets across commercial and residential buildings, because historical data are not available for the two building types separately.
f   Building energy intensity is indexed to 2015 because there are no separate historical data for residential and commercial buildings.
g   The indicator is marked as “well off track” because, while no low-carbon steel facilities are currently in operation, 18 are expected to be operational by 2030. Of these 

18 projects, data on production capacity are only available for 4, all of which meet the production criteria of at least 1 million tonnes annually. However, data are insufficient to 
calculate an acceleration factor.

h   Only two historical data points were available to calculate this historical rate of change.
i   Data for gross tree cover gain over a 12-year time period are available; historical annual rate of change is averaged over this time period.
j   Data for CO2 sequestered from gross tree cover gain rely on data over the same 12-year time period; historical annual rate of change is averaged over this time period.
k   Data are only available as a total rate of change over 18 years, which we divide to find the average rate. Because the annual rate of change is averaged, we cannot calculate an 

acceleration factor (i.e., we don’t know if the rate of change is increasing or decreasing over time). 
l   The historical rate of change is assessed over a 15-year period for mangrove forests (1990–2005) but over significantly longer periods for salt marshes and seagrass meadows. 

Annual data for all three ecosystems are not available. Because annual data for all three ecosystems are not available and the annual rate of change is averaged, we cannot calculate 
an acceleration factor (i.e., we do not know if the rate of change is increasing or decreasing over time).

m   Historical rate of change is assessed as an annual average over two years of available data and, due to data limitations, for mangroves only.
n   The Intergovernmental Panel on Climate Change identified the undiscounted carbon price consistent with achieving 1.5°C as being $135–$6,050/tCO2e in 2030 and $245–$14,300/

tCO2e in 2050, in 2010 US$ (IPCC 2018).
o   Public financing for fossil fuels includes production and consumption subsidies, 81 economies; public fossil fuel finance from multilateral development banks and G20 countries’ 

export credit agencies and development finance institutions; and state-owned entity fossil fuel investment, G20 (see Chapter 10, “Finance”).
p   Data for public fossil fuel finance from multilateral development banks and G20 countries’ export credit agencies and development finance institutions were unavailable for 2019, so 

this figure comprises only production and consumption subsidies for 81 economies and state-owned entity fossil fuel investment for G20 countries.

TA BL E 2 . Summary of progress toward 2030 and 2050 for indicators with acceleration factors (continued)

Indicator Most recent 
historical 
data point 
(year)

2030 target 2050 target Trajectory of 
change (Could 
this indicator 
experience 
some type 
of nonlinear 
change in the 
future?)

Average 
annual 
historical 
rate of 
change 
(most recent 
5 years of 
data for most 
indicators)

Average annual 
rate of change 
required to meet 
2030 target 
(estimated  
from the most 
recent year of  
data to 2030)a

Acceleration 
factor (how 
much the 
pace of recent 
average annual 
change needs 
to  accelerate 
to achieve 
2030 target)

Evaluation 
(based on 
acceleration 
factors and, 
in some 
cases, 
expert 
judgment)

FINANCE (continued)

Corporate 
climate risk 
disclosure

No data Jurisdictions 
representing three-
quarters of global 
emissions mandate 
climate risk 
reporting aligned 
with TCFD, and 
all of the world’s 
2,000 largest public 
companies report 
on climate risk in 
line with TCFD 

No target 
defined

Exponential 
change unlikely

Insufficient 
data

Insufficient data n/a

Share of global 
emissions 
covered by a 
carbon price of at 
least $135/tCO2e

n 
(%)

0.08  
(2021)

51% of global 
emissions at a 
price of at least 
$135/tCO2e

51% of global 
emissions at 
a price of  
at least  
$245/tCO2e

Exponential 
change unlikely

0 
(2015–20)

5.10 n/a

Total public 
financing for 
fossil fuelso 

(billion $) 

725 
(2019)p

0 0 Exponential 
change unlikely

−58.40 
(2014–19)

−65.91 1.1x
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Additionally, for the indicators with targets that are 
defined by a range, we assess progress based on 
the midpoint of that range—that is, we compare the 
historical rates of change to the rates of change 
required to reach the midpoint. Much of this target 
uncertainty stems from the different assumed transition 
speeds across various sectors; when targets are 
presented as a range of values, the lower end of the 
range represents what can be achieved with current 
technologies and strategies. Efforts to reach the lower 
bound of all targets will likely fall short of achieving the 
Paris Agreement’s 1.5°C temperature goal. Consequently, 
only by achieving the upper bound of some targets (e.g., 
phasing out coal even more quickly) will we create room 
for some systems to achieve their lower target bounds 
where decarbonization is difficult and therefore slower. 

Methodology for tracking progress  
of indicators that could possibly follow 
S-curve dynamics
For the remaining nine indicators tracking the adoption 
of new technologies and, therefore, more likely to 
experience change that follows S-curve dynamics, we 
do not assume that future growth will be linear (see 
Appendix E). As such, we do not calculate acceleration 
factors for these indicators, as they would likely 
underestimate the pace of future change, as well as 
overestimate the gap in required action. 

Based on the literature and the data, the majority of 
these indicators track technologies currently in either 
the emergence or early diffusion phases of an S-curve 
(Victor et al. 2019; ETC 2020). S-curves cannot predict 
future trajectories of new technology adoption in such 
early stages of growth with any level of certainty. Any 
small fluctuations in the initial growth rate will create 
statistical noise, which introduces uncertainty into 

predictions that reaches 
orders of magnitude 
(Kucharavy and De 
Guio 2011; Crozier 2020; 
Cherp et al. 2021). It is 
not until growth has 
reached the steepest 
part of the S-curve 
that robust evaluations 
can be made (Cherp 
et al. 2021). Even then, 
additional assumptions 

must be made about the shape of the S-curve and 
the saturation point at which growth rates stabilize. 
For example, whether deceleration at the end of the 
S-curve mirrors the acceleration at the beginning 
significantly impacts the speed at which a technology 
reaches full saturation. Yet no S-curve in the real 
world is perfectly symmetric, and new evidence from 
past transitions suggests that S-curves can be highly 
asymmetric (Cherp et al. 2021). Technologies can also 
encounter obstacles, such as supply chain constraints, 
that alter or limit the shape of the growth, but these 
challenges are similarly difficult to anticipate. 

Given the considerable uncertainty in predicting 
S-curves, this report only uses S-curves to illustrate 
the power of nonlinear change to transform economic 
sectors and to illustrate one possible pathway 
to reach the climate targets. But we neither use 
S-curves to calculate historical rates of change nor 
estimate future rates of change required to reach 
the 2030 and 2050 targets. Instead, we categorize 
indicators based on a review of the literature and 
available data, and we follow the same color categories 
to classify progress (Table 3). 

“We do not use S-curves 

to calculate future rates 

of change required to 

reach our 2030 and 

2050 targets, but rather, 

to illustrate the 

significant acceleration 

needed.
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TA BL E 3.  Summary of progress toward 2030 and 2050 targets for indicators focused on technology adoption that 
could possibly follow an S-curve

Indicator Most recent 
historical 
data point 
(year)

2030 target 2050 target Stage of 
S-curve

Average 
historical 
compound 
annual growth 
rate (over most 
recent 5 years)

Evaluation 
(based 
on expert 
judgment)

Sources informing assessment 
of progress: These sources 
informed expert judgment; in 
some instances, models and 
data were adjusted to meet this 
report’s 2030 target. 

POWER

Share of 
renewables 
in electricity 
generation  
(%)

25.17 for all 
renewables, 
7.03 for solar 
and wind 
(2018)a

55–90 for all 
renewables, 
37 to 72 for  
solar and 
wind

98–100 for all 
renewables, 
80 to 82 for 
solar and wind

Diffusion 14.75% for solar 
and wind 
(2013–18)

IEA (2020n);  
Cherp et al. (2021);  
Grubb et al. (2020)

INDUSTRY

Green hydrogen 
production  
(Mt)

0.07 
(2018)

0.23–3.50 
by 2026

500–800 Emergence Insufficient data ETC (2021b); 
BloombergNEF (2020b)

TRANSPORT

Share of EVs  
in LDV sales 
 (%)

4.26  
(2020)

75–95 100 by 2035 Diffusion 49.58%  
(2015–20)

BloombergNEF (2020g);  
Grubb et al. (2021) 

Share of EVs 
in the LDV fleet  
(%)

0.55  
(2020)

20–40 85–100 Diffusion 59.02% 
(2015–20)

BloombergNEF (2020g);  
Grubb et al. (2021)

Share of BEVs  
and FCEVs  
in MHDV sales 
 (%)

0.30  
(2020)

8  
by 2025

100 in leading 
markets by 
2040

Emergence Insufficient data BloombergNEF (2021a) 

Share of BEVs  
and FCEVs 
in bus sales  
(%)

39 
(2020)

75  
by 2025 

100 in leading 
markets by 
2030

Diffusion Irregular; 
historical 
growth has been 
exponential 
at times, with 
geographic 
variation

BloombergNEF (2020a, 2021a)

Share of SAF  
in global aviation 
fuel supply  
(%)

0.10  
(2019)

10 100 Emergence Insufficient data WEF (2020); ETC (2019d);  
Race to Zero (2021b); 
BloombergNEF (2021d)

Share of ZEF  
in international 
shipping fuel 
supply  
(%)

No data 5 100 Emergence Insufficient data BloombergNEF (2020c);  
CAT (2021); ETC (2019b); 
UNEP and UNEP DTU  
Partnership 2020)

TECH CDR

Rate of 
technological 
carbon removal 
(MtCO2 removed/yr)

0.52 
(2020)

75 4500 Emergence Insufficient data EPA (2020); Doyle (2021);  
IEA (2021a)

Note: Mt = million tonnes; EV = electric vehicle; LDV = light-duty vehicle; BEV = battery electric vehicle; FCEV = fuel cell electric vehicle; MDHV = medium- 
and heavy-duty vehicle; SAF = sustainable aviation fuel; ZEF = zero-emissions fuel; MtCO2/yr = million tonnes of carbon dioxide per year. 
a  This data analysis is based on historical data collected before IEA’s most data update, and 2018 was the last available historical year at the time this 

analysis was conducted. The text might refer to newer historical data.
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Of these nine indicators, we have multiple years of 
historical data for only four: renewables, light-duty electric 
vehicle sales, light-duty electric vehicle stock, and electric 
buses. All have experienced some form of nonlinear growth 
in recent years, although in some cases the growth rates 
have fluctuated. We categorize these indicators’ progress 
by expert judgment, interpreting the data and the relatively 
small amount of literature on S-curves in these sectors 
(Cherp et al. 2021; Grubb et al. 2020, 2021), as explained 
further in their respective chapters.

For the remaining five indicators, which are primarily 
in the emergence phase, either global data on adoption 
are not yet available or just one historical data point 
exists. However, even without these time series data, 
the literature suggests that these technologies are 
advancing in development or adoption, and so we can 
safely place them in the orange category (off track, with 
historical change headed in the right direction but well 

below levels required for 2030) and note that S-curve 
growth is possible.

For indicators with at least one historical data point, we 
present the historical data and construct a hypothetical 
S-curve to illustrate one possible pathway to reach 
the climate targets, but we do not predict future 
growth rates in any specific way. We construct these 
hypothetical S-curves using a simple logistic formula 
(as described in Appendix E), which is purely generic 
and perfectly mirrored around the midpoint; this is 
not the only shape that an S-curve could take to meet 
the targets. This analysis also does not consider the 
changes in the carbon budget over time to know 
whether it is truly a 1.5°C trajectory in every year. But 
the S-curves presented do provide a general sense of 
indicators’ historical trajectory, as compared to where it 
needs to be to help avoid the worst climate impacts.

As data availability improves and the literature on 
S-curves increases, future reports will seek to assess 
more indicators with S-curves, as well as refine this 
methodology. This is a rapidly developing field, and 
considerable methodological improvements will likely 
occur in the near future. Given the need to move beyond 
linear thinking, this report takes a first step in exploring 
alternative methods, while also recognizing that they 
entail considerable uncertainties. 

Identification of key enablers 
of climate action for each target
To support efforts to translate these 2030 and  
2050 targets into action, this report identifies key 
enablers of change for each indicator. The selection 
of these drivers was informed by an extensive 
review of the academic literature on transformation, 
transition, and systems change theory in the global 
environmental change research. We also assessed case 
studies of historical transitions in both sociotechnical 
systems (e.g., power, transport, and industry) and 
social-ecological systems (e.g., management of land, 
freshwater wetlands, and coastal ecosystems). Although 
the exact determinants of these transformations 
have ranged widely across these case studies, some 
ingredients appear to be common, including innovation, 
regulations and incentives, strong institutions, 
leadership from key change agents, and shifts in 
behavior and social norms (Table 4). 
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TA BL E 4. Enablers of climate action

Categories  
of enablers

Examples of specific enablers Description

Innovations 
in technology, 
practices, and 
approaches

Development and adoption of complementary 
technologies

Innovations, which broadly encompass new technologies, practices, and 
approaches, often offer solutions to seemingly intractable challenges. 
Investments in research and development, support for research networks and 
consortiums, and universal access to education provide a strong foundation 
for innovation. Similarly, creating protected spaces for experimentation, pilot 
projects, and small-scale demonstrations facilitates learning that can lead to 
improvements in performance and reductions in cost. Developing complementary 
technologies (e.g., batteries and charging infrastructure for electric vehicles) can 
also boost functionality and support widespread adoption of innovations. 

Investments in research and development 

Research networks and consortiums

Education, knowledge sharing, and capacity building

Experimentation, pilot projects, demonstrations, and 
other early application niches

Regulations 
and incentives

Economic incentives, such as subsidies and public 
procurement; economic disincentives, such as 
subsidies reform, taxes, and financial penalties

By establishing standards, quotas, bans, or other command-and-control 
regulations, governments can not only mandate specific changes but also create 
a stable regulatory environment, often cited as a prerequisite for private sector 
decarbonization. Using market-based instruments to create incentives (or 
disincentives) can also shape action by companies, nonprofit organizations, and 
individuals—and, in some contexts, may be more politically feasible than command-
and-control regulations. For subsidies in particular, revenues must be raised to 
cover these costs, and the mechanisms to do so will also vary by sector and region. 

Noneconomic incentives, including removal of 
bureaucratic hurdles, transitional support to affected 
communities, or giving ownership of natural resources 
to local communities

Quotas, bans, regulations, and performance standards

 
Strong 
institutions

Establishment of international conventions, 
agreements, and institutions

Establishing new institutions or strengthening existing ones can ensure that 
the policies designed to reduce emissions are effectively implemented. These 
institutions can enforce laws, monitor compliance with regulations, and penalize 
those who break the rules. Creating more transparent, participatory decision-
making processes, specifically and at all levels of government, can also help 
reconfigure unequal power dynamics and enable marginalized communities—those 
who have often suffered from business-as-usual actions and who generally stand 
the most to gain from transitions to new systems—to steer transformations to a 
net-zero future. 

Creation of national ministries, agencies, or 
interagency task forces

Changes in governance, such as more participatory, 
transparent decision-making processes and natural 
resource management

Efforts to strengthen existing institutions by, for 
example, increasing staff, funds, or technological 
resources

Leadership 
from change 
agents

Leadership from national and subnational 
policymakers, such as setting ambitious targets 

Successful transitions often depend on sustained, engaged leadership from a wide 
range of actors who envision new futures, develop roadmaps for change, and build 
coalitions of those willing to help implement these plans. While these champions 
may lead governments, companies, and nonprofit organizations, they need not 
always sit at the helm of an institution. Civil society organizations, as well as social 
movements, can effectively pressure those in power to accelerate transitions, 
and beneficiaries of these changes play an important role in resisting attempts to 
return to business-as-usual. Diverse, multistakeholder coalitions that bring these 
champions together can be a powerful force for change, unifying disparate efforts, 
pooling resources, and counterbalancing well-organized, influential incumbents. 

Leadership from the private sector, such as 
establishing and implementing ambitious climate 
commitments 

Diverse, multistakeholder coalitions

Beneficiaries of transitions

Civil society movements

Behavior 
change and 
shifts in 
social norms

Changes in behavior Through educational initiatives, public awareness campaigns, information 
disclosure, or targeted stakeholder engagement, agents of change can make a 
clear, compelling case for transitions, explain the consequences of inaction, and 
identify concrete steps that individuals can take to accelerate transitions. They 
can build consensus for a shared vision of the future, as well as prime people 
for behavior change interventions. As social norms begin to shift, so too will the 
policies communities support, the goods and services they demand, and their 
consumption patterns. Shifts in social norms and cultural values

Drivers were identified from a synthesis of the following studies: Chapin et al. (2010); Few et al. (2017); Folke et al. (2010); Geels et al. (2017a); Geels and Schot (2007); 
Hölscher et al. (2018); ICAT (2020); Levin et al. (2012); Moore et al. (2014); Olsson et al. (2004); Otto et al. (2020); O’Brien and Sygna (2013); Patterson et al. (2017); Reyers 
et al. (2018); Sharpe and Lenton (2021); Sterl et al. (2017); Victor et al. (2019); Westley et al. (2011); Levin et al. (2020). 
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Exogenous changes, including both shocks (e.g., 
economic recessions or pandemics) and slower-onset 
changes (e.g., demographic shifts), can also enable 
change by destabilizing the existing system and 
creating windows of opportunity for transformation. 
These external forces, for example, can focus public 
attention on reducing previously unseen risks, motivate 
policymakers to adopt niche innovations to address 
new crises, or create space for leaders who support 
transforming existing systems to gain power. However, 
given that such crises are often immediate, unforeseen, 
and disruptive, we do not include them in our assessment 
of underlying conditions that enable climate action. 

After identifying common ingredients of systems change, 
we reviewed the academic literature, as well as peer-
reviewed, well-cited papers published by independent 
research institutions, UN agencies, and high-level sectoral 
coalitions (e.g., Energy Transitions Commission and the 
High-Level Panel for a Sustainable Ocean Economy) to 
systematically identify the enablers for each target and 
indicator across these five overarching categories of 
ingredients common to historical transformations. See 
Appendix G for more details on the keywords used for 
each sector, languages in which the literature review was 
conducted, and repositories searched. 

While the enablers selected are by no means conclusive 
in terms of illustrating the complex set of drivers of 
change required to meet each target, the ones we 

highlight have either proven effective in catalyzing and 
sustaining past transitions (e.g., in forest landscape 
restoration) or, for those transitions that are just 
beginning (e.g., the transition to green hydrogen), 
represent a subset of recommended interventions 
prioritized in the literature. 

In many sectors, for example, a clear transition away 
from traditional technologies toward new innovations 
is required, such as the shift to green hydrogen in 
heavy industry or the emergence of carbon removal 
technologies. Drivers of these shifts, then, focus 
primarily on interventions that can support research 
and development efforts to improve performance, 
while reducing costs. For other systems, low-carbon 
solutions, such as electric vehicles, are already 
commercially available but are just beginning to diffuse 
across markets. Actions that support greater social 
acceptance and uptake—efficiency standards, subsidies, 
and corporate commitments, for example—often enable 
progress toward these targets. And finally, achieving 
some targets will entail widespread adoption of 
technologies, practices, or approaches that have already 
gained traction in some regions, such as renewable 
energy technologies for electricity generation, but 
require greater efforts to spread to all regions, become 
mainstream, and accelerate their adoption globally. 
Prioritized drivers within these systems generally center 
on actions that will accelerate rates of change until it 
reaches a positive tipping point (Box 3).

BOX 3. Tipping points

Tipping points occur when small disturbances trigger 
disproportionately large responses within systems, pushing 
them into qualitatively different future states. Positive, self-
amplifying feedbacks switch on once these critical thresholds 
are crossed and accelerate transformations (Lenton et al. 
2008; Lenton 2020). In some nested systems, the activation 
of one tipping point has the potential to trigger a cascade of 
tipping points across systems at progressively larger scales. 
In the power sector, for instance, a few early movers, including 
Denmark, Germany, Spain, and California, implemented policy 
portfolios that supported deployment of solar and wind 
energy technologies. Other countries, such as China and India, 
soon followed suit, causing global demand for renewables to 
increase and prices to drop. These rapid declines in cost, in 

turn, have spurred widespread adoption of renewables, as 
solar and wind energy have supplanted coal and natural gas as 
the cheapest sources of electricity for at least two-thirds of 
the world’s population (Sterl et al. 2017; Eckhouse 2020). 

These knock-on effects can also catalyze change between 
interconnected systems. For example, electric vehicles reaching 
price parity with gasoline-fueled cars in a small number of 
countries that account for the majority of automobile sales could 
trigger a global transition away from the internal combustion 
engine. Following this transformation in road transportation, oil 
companies would likely lose their largest market, which in turn 
could prompt investors to divest and channel their funds into 
more sustainable fuels for aviation, shipping, and heavy industry 
(Sharpe and Lenton 2021). 
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BOX 3. Tipping points (continued)

Supportive 
measures 
for EVs 
adopted in 
several 
major 
economies

= Future in which positive tipping point is crossed = Future in which positive tipping point is not crossed

EV and 
battery 
deploy-
ment 
increases 
and costs 
fall

EV and 
battery 
deploy-
ment 
increases 
and costs 
fall

EVs become 
cheaper than 
gas-fueled 
cars in several 
major 
economies 
with policy 
support

EVs remain 
more 
expensive 
than gas-
fueled cars 
even with 
policy support

EVs become 
cheaper than 
gas-fueled 
cars without 
policy support 
and adoption 
expands to 
more countries

EVs remain 
more 
expensive 
than gas-
fueled cars 
and adoption 
does not 
expand

Oil firms 
commit fully 
to diversifying 
investments

Oil firms still 
hedging their 
bets

BEVs and 
FCEVs become 
cheaper than 
gas-fueled 
MDHVs

BEVs and 
FCEVs remain 
more expensive 
than gas-
fueled MDHVs

TIPPING
POINT

TIPPING
POINT

TIPPING
POINT

TIPPING
POINT

F IGURE B 3.1 .  Positive tipping points

These drivers can also come together in ways that 
increase collaboration and alignment with limiting global 
temperature rise to 1.5°C, while derisking action. Accordingly, 
understanding the state of the enabling environment for 
each indicator can help build a shared vision of what is 
needed and a sense of how the journey is progressing. 
Arguably, this in itself could contribute to progress in a 
positively reinforcing manner, driving further change.

Key limitations
Transformations across the power, buildings, 
transportation, industry, land use and coastal zone 
management, agriculture, and finance systems will 
unfold within broader social, political, and economic 
systems. These complex, dynamic entities determine, 
for example, who holds power in society, who has a 
voice in decision-making processes, how the costs and 
benefits of change are distributed, how progress will 
be measured, and what is valued—dynamics that, in 
turn, can either support or stymie efforts to limit global 

temperature rise to 1.5°C. Indeed, successful transition 
to a net-zero future requires contending with power 
and politics (Patterson et al. 2017; Meadowcroft 2011). A 
central limitation of this report, then, is that it does not 
address the transformations across social, political, 
and economic systems that may be required to realize 
the Paris Agreement’s goals. These include redefining 
economic prosperity; shifting to a new decision-
making model with community leadership at the center; 
resetting the social contract between governments, 
corporations, and citizens; and dramatically reducing 
consumption through lifestyle changes. Looking ahead, 
members of the climate community must pay greater 
attention to these transformations—and intentionally 
consider how these transitions can accelerate (or stymie, 
if stalled) critical shifts within key sectors—if we are to 
avoid the worst climate impacts.

Additionally, this report focuses solely on climate change 
mitigation targets and does not establish benchmarks 
for adaptation.

Source: Adapted from Sharpe and Lenton (2021).
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EMISSIONS IN THE POWER SECTOR ARE 
determined by the amount of energy 
generation, the efficiency of this generation, 
and the carbon content of the fuel that is 

used. Mitigating emissions in the power sector will 
require both supply- and demand-side measures. 
 From a supply side, there must be a rapid and 
significant uptake of clean energy sources alongside 
a steep decline in fossil-based electricity generation. 
From a demand side, enhanced energy efficiency 
measures can slow increasing electricity demand as 
other sectors are electrified and reduce the per capita 
consumption in developed economies.

In this chapter we examine the power sector transition 
through three indicators related to electricity 
generation: the overall carbon intensity of electricity 
generation (indicator 1), the share of renewables 
in electricity generation (indicator 2), and share of 
unabated coal, or coal power without carbon capture 
technology (indicator 3). Energy efficiency is addressed 
in this report on the demand side, specifically in 
Chapters 4, 5, and 6 on buildings, industry, and transport, 
respectively. For all three indicators, historical rates of 
change are headed in the right direction but are below 
the levels needed to reach 2030 targets (Table 5). 

The transformation of the power (electricity generation) sector is central to limiting 
warming to 1.5°C. The sector is responsible for around 32 percent of global GHG 
emissions (15.6 gigatonnes (billion tonnes) of carbon dioxide equivalent [GtCO2e] 
in 2018) (ClimateWatch 2021). The power sector is also the single largest source of 
energy-related CO2 emissions today (Figure 4) (IEA 2021c); even more importantly, 
decarbonization of other sectors relies on electricity supplied from a carbon-
free power sector. Coal-based electricity generation plays an outsized role in 
emissions from the sector, accounting for 74 percent of the sector’s energy-related 
CO2 emissions, followed by gas (21 percent) and then oil (5 percent) (IEA 2021c). 
Emissions from electricity generation are on the rise due to increasing demand, linked 
with expanding populations and climbing living standards (IEA 2021c).

F IGURE 4.  Role of the power sector  
in global greenhouse gas emissions

Source: ClimateWatch (2021).
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Despite increasing demand (and thus emissions), the 
power sector could be the first to reach net-zero GHG 
emissions, mainly because of the low costs, widespread 
policy support, and maturity of an array of renewable 
energy technologies (IPCC 2018; IEA 2021c). However, this 
also requires coal power capacity to be retired before its 
planned life span (especially in regions that are currently 
constructing new coal power plants) and preferably 
replaced with solar and wind. Solar photovoltaics (PV) 
are already the cheapest new source of electricity in 
most markets even without policy support or financial 
subsidies, and also receive policy support in more 
than 130 countries. Onshore wind is also a market‐ready, 
low-cost technology that is generally widely supported 
and can be scaled up quickly (IEA 2021c). 

A transition toward renewables and increased efficiency 
will also result in significant co-benefits. Increasing 
clean energy sources while phasing out coal-based 
power will reduce local air pollution and improve human 
health—benefits that typically outweigh the cost of the 
transition in all regions (Markandya et al. 2018). Improving 
energy efficiency is also a “no regrets” option, which 
often leads to increased employment and economic 
activity (IEA 2021b), and is linked with the achievement of 
many Sustainable Development Goals (SDGs) (IPCC 2018). 

At the same time, difficult trade-offs in the power sector 
must be managed responsibly, with consideration of 
the poorest and most vulnerable. For example, recent 

studies suggest that increased use of bioenergy, often 
coupled with carbon capture and storage (BECCS), will 
play a role in supporting the power sector transition and 
limiting warming to 1.5°C (IPCC 2018; IEA 2021c). However, 
there are constraints associated with expanding 
bioenergy as a sustainable source of power supply, 
particularly around increased competition for land and 
food production and proper accounting of emissions. 
Accordingly, this report envisages very modest uses of 
biomass-based energy (see Appendix C). Additionally, 
the significant push for end-use electrification may 
cause emissions in the power sector to rise in the 
short term, before the grid is fully decarbonized. 
These emissions should be abated through stringent 
mitigation measures (including switching from fossil 
fuel to clean energy), rather than an overreliance on 
natural or technological carbon removals to offset 
them, due to the limitations on the volume that 
each removal approach can be scaled. Finally, for 
regions that are highly dependent on fossil fuels for 
electricity generation, revenue, and employment, 
some difficult transitions lie ahead (see Chapter 11, 
“Equity and just transition“). Policies that promote 
the diversification of these economies and electricity 
sectors can help address these challenges (IPCC 2018), 
ensuring that additional hardships are not imposed on 
fossil fuel workers, their families, and their surrounding 
communities, including local economies that are 
dependent on livelihoods along the value chain of coal.

TA BL E 5. Summary of progress toward 2030 power targets

Indicator Most recent historical 
data point (year)

2030 target 2050 target Trajectory  
of change

Status Acceleration 
factor

Carbon intensity of 
electricity generation 
(gCO2/kWh)

525.11  
(2018)a

50–125 <0b Exponential 
change possible

3.2x

Share of renewables in 
electricity generation (%)

25.17 for all renewables, 
7.03 for solar and wind 
(2018)a

55–90 for all 
renewables, 37–72 
for solar and wind

98–100 for all 
renewables, 80 to 
82 for solar and wind

Exponential 
change likely 

n/a; in diffusion 
stage of 
S-curve for 
solar and wind

Share of unabated coal in 
electricity generation (%)

38.13  
(2018)a

0–2.50 0 Exponential 
change possible

5.2x

Note: n/a = not applicable; gCO2/kWh = grams of carbon dioxide per kilowatt-hour.
a  This data analysis is based on historical data collected before IEA’s most data update, and 2018 was the last available historical year at the time this 

analysis was conducted. The text might refer to newer historical data.
b Achieving below zero-carbon intensity implies biomass power generation with carbon capture and storage.  
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POWE R  INDICATO R 1 :

Carbon intensity  
of electricity generation
Targets: The carbon intensity of electricity 
generation globally falls to 50–125 grams of carbon 
dioxide per kilowatt-hour (gCO2/kWh) in 2030  
and to below zero in 2050.

Carbon intensity is one of the primary indicators used to 
monitor decarbonization of the power sector: it describes 
the amount of CO2 per unit of electricity produced 
based on the combination of energy sources—including 
renewables, coal, oil, and gas—that generate power. 

Transitioning to zero-emissions electricity will require a 
broad mix of technologies that reduce carbon intensity, 
but long-term decarbonization will rely on increasing 
the share of renewables, particularly wind and solar, in 
electricity generation, as well as the complete phaseout 
of coal-fired power (see Power Indicators 2 and 3) and 
significant reduction of gas-fired supply. Other options 
to decrease carbon intensity in this sector include large-
scale carbon capture and storage (CCS) and nuclear 
power. However, both technologies are constrained 
by high costs, by economic feasibility of clear and 
credible systems of tracking and accountability, and 
by economically accessible subsurface storage sites. 
It is also not clear whether CCS will reach commercial 
viability in a relevant timeframe (CAT 2020a). The 
technology might thus be applied only in hard-to-abate 
sectors. In the short term, reducing electricity demand—
through energy efficiency gains, for example—can also 
offset higher levels of carbon intensity by reducing 

the power generation needed and allowing for faster 
retirement of fossil generation capacity. But in the long 
term, all power generation must reach net zero to enable 
economy-wide decarbonization.

Many countries, particularly advanced economies, have 
already made progress in reducing the carbon intensity of 
electricity generation. The European Union, for example, 
reduced carbon intensity of electricity by 40 percent 
from 1990 to 2017, while in China, the power sector’s 
carbon intensity continues to decline despite sustained 
high rates of economic growth.9 However, the global view 
shows a slower decline in carbon intensity of electricity 
generation, from 643 gCO2/kWh in 1990 to 525 gCO2/
kWh in 2018. Although headed in the right direction, 
this historical rate of decline is far from what is needed 
to achieve the 2030 target (Figure 5). Current levels 
of 525 gCO2/kWh (IEA 2020d) should fall to 50–125 gCO2/
kWh by 2030 and to below zero10 by 2050 to align with 
the Paris Agreement’s 1.5°C target. Plans for new coal-
fired capacity in some countries are incompatible with 
this target.

Enablers of climate action
The combination of energy sources used to generate 
electricity determines the power sector’s carbon 
intensity levels, so achieving these 2030 and 2050 targets 
will depend, in large part, on increasing the share 
of renewables in electricity generation (see Power 
Indicator 2) and phasing out coal-fired power (see Power 
Indicator 3). Thus, measures that enable these critical 
shifts also support efforts to lower carbon intensity in 
electricity generation while still allowing for economic 
growth in developing countries.
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POWE R  INDICATO R 2:

Share of renewables  
in electricity generation
Targets: The share of renewables in electricity 
generation reaches between 55 and 90 percent by 
2030 and between 98 and 10011 percent by 2050.

In 2020, renewables reached a new all-time record, 
generating 29 percent of the world’s electricity 
(IEA 2021d). Renewable sources of power—including 
hydropower, geothermal, solar, wind, tidal, biofuels, 
and the renewable fraction of municipal waste—are 
now the generation technologies of choice, accounting 
for 82 percent of new capacity installed in 2020. 
Hydropower still accounts for the largest share 
of electricity generation from renewables, at just 
over 40 percent (IRENA 2021a). However, driven by rapid 
declines in price, the market share of wind, solar, and 
other12 new renewables has grown significantly in recent 
years. In 2020 alone, wind and solar made up 90 percent 
of new renewable capacity deployed (IRENA 2021a), 
and installing these variable renewables is now more 

cost-effective than generating electricity from existing 
coal-fired power plants in most places (IRENA 2021b). 
While the percentage of new capacity does not translate 
directly to percentage of generation (as renewables have 
a lower capacity factor, or typical level of generation 
compared to their total potential capacity, than fossil 
fuel power), it is a clear indication that the sector is 
decisively moving toward renewables.

The target for renewable energy generation in this 
report is set at the highest level of ambition technically 
achievable based on national energy transition studies. 
Other studies (e.g., IEA 2021c; IRENA 2019c) include 
higher amounts of fossil-fueled power generation 
with carbon capture and storage and nuclear in 
their 2050 scenarios. The target within this report 
assumes that renewable technologies can be increased 
beyond shares of 90 percent through more aggressive 
deployment of multiple technologies including long-
term storage (e.g., chemical storage from renewable 
resources), coupling heat generation via heat pumps as 
a flexible source of electricity demand on a large scale 
and advanced grid balancing.13 
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F IGURE 5.  Historical progress toward 2030 and 2050 targets for carbon intensity of electricity generation

Note: gCO2/kWh = grams of carbon dioxide per kilowatt-hour. 
Sources: For data, IEA (2020n); for targets, CAT (2020b).
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BOX 4. S-curve dynamics of solar and wind

Solar and wind are growing quickly, but the question remains 
whether they are growing fast enough. Given the acceleration of 
growth of solar and wind in recent years, it doesn’t make sense to 
make projections with linear extrapolation, as many mainstream 
assessments still do; this will underestimate the pace of change 
and risks leading to stranded assets and a less well-managed 
transition. Instead, the future trajectory of solar and wind will 
likely follow an S-curve, following the pattern of other instances of 
technology adoption.

There is limited literature evaluating solar and wind S-curves, and it 
does not agree as to whether they are “on track.” It is impossible to 
project S-curves in the early stages of their growth with any level of 
certainty, and efforts to make such projections in the early stages 
have failed in the past (Kucharavy and De Guio 2011; Crozier 2020).

Therefore, Cherp et al. (2021) look to the countries where solar and 
wind are more advanced and have already reached the steepest 
part of the S-curve. They find that in these countries where solar 
growth has stabilized at a maximum rate, growth has been on 
average 0.6 percent of the total electricity supply per year, which 
is lower than the 1.4 percent maximum rate needed globally to 
meet one-half of 1.5°C-compatible scenarios. Onshore wind has 
grown at a 0.8 percent of the total electricity supply per year in 
the countries where growth has stabilized at a maximum rate, 
which is lower than the 1.3 percent maximum rate needed globally 
to meet one-half of 1.5°C-compatible scenarios. This means the 
entire world will need to increase its share of solar and onshore 
wind faster than the leading countries have ever achieved at 
the steepest point of their national S-curves. It could be that 
countries are able to achieve faster maximum growth rates in the 
future compared to today, but, historically, the maximum growth 
rates have not been higher for the countries that have reached 
the steepest part of the S-curve for renewables more recently 
compared to those that did several decades ago.

Despite extreme uncertainties in projecting S-curves at the early 
stages, Grubb et al. (2020) do project an S-curve by extrapolating 
the historical global growth rates of solar and wind share of 
generation. They assume that the shape of the S-curve will be 
symmetrical in that the acceleration in the first half is mirrored by 
the deceleration after the midpoint. They assume that the highest 
value that solar and wind will reach is 51 percent of total generation 
and use that to project the curve. They find that the growth of 
wind and solar generation are on track for the Paris-consistent 
trajectories they identify. However, our targets require higher levels 
of renewables than the benchmarks used by Grubb et al. (2020), so 
when we adjusted this method to our targets, solar and wind were 
not on track. 

F IGURE 6.  The historical global market share  
of solar and wind in electricity generation

Note: In the IEA 2020 historical data solar photovoltaic (PV) and wind are 
included under “new renewables,” which is comprised almost entirely of solar 
PV and wind but has a negligible amount of tidal energy and heat pumps.
Source: IEA (2020n).
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It is worth looking more closely at solar and wind 
electricity since they have been the dynamic drivers 
of renewable electricity growth in recent years. Solar 
and wind are already growing on a nonlinear path and 
reached 7 percent of global electricity generation 
in 2018 (Figure 6). The market share of solar and 
wind in electricity generation grew at a compound 
average annual growth rate (CAGR) of 15 percent 
from 2013 to 2018. If exponential growth continued 
at this rate, solar and wind would reach 45 percent of 
electricity generation by 2030 and 100 percent by 2033. 
This likely won’t happen because we know technology 
adoption follows an S-curve. Technologies following 
an S-curve have a “top speed” for growth—a maximum 
growth rate that is achieved, lasts awhile, and then slows 
down long before reaching 100 percent. There have been 
some early attempts to determine what the top speed of 
growth for wind and solar is and what an S-curve could 
look like (Box 4). Overall, despite the promising signs, it 
does appear that growth in renewables must accelerate, 
though much uncertainty remains over how much 
acceleration is needed. This is a rapidly developing field, 
and there will likely be methodological improvements to 
S-curve evaluations in the future.
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Accordingly, Figure 7 shows the shape of historical 
growth in solar and wind compared to a hypothetical 
S-curve to illustrate what’s needed to meet our targets. 
The figure is based on a simple formula, and an S-curve 
could take other shapes to meet the targets. It is also a 
simplification to treat solar, onshore wind, and offshore 
wind as one entity, as they may follow different growth 
paths. But this gives a general sense of where the 
market share needs to be compared to where it is. 

Enablers of climate action 
Global renewables deployment is accelerating and 
is more cost-effective than fossil fuel–based power 
generation in most places (Hutchinson et al. 2021). This 
change is driven by declining prices, policy support, 
and improved performance of wind and solar electricity 

F IGURE 7.   Historical progress and an illustrative S-curve of what’s needed to reach 2030 and 2050 targets  
for the share of renewable energy in electricity generation
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Note: In the IEA 2020 historical data solar photovoltaic (PV) and wind are included under “new renewables,” which are comprised almost entirely of solar PV 
and wind but also include a negligible amount of tidal energy and heat pumps.
The targets in this report call for all renewables to make up 55–90 percent of electricity generation in 2030 and 98–100 percent in 2050, but for the first 
figure in this chart, we needed to adjust these to be focused solely on solar and wind. Using the simplification that other renewables like hydropower and 
bioenergy stay at 2018 levels (18.2 percent) allows us to estimate targets for solar and wind to be 36.8–71.8 percent in 2030 and 81.8 percent in 2050. The 
renewables target was derived using sustainability criteria regarding the use of biomass, nuclear, and carbon capture and storage for power generation 
(see Appendix C and the original publication [CAT 2020b]). The IEA net-zero-by-2050 study (IEA 2021c) derived slightly lower required shares of renewables 
applying different assumptions.
Sources: For data, IEA (2020n); for targets, CAT (2020b).
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generation. In the last decade, the cost of solar PV fell 
by over 85 percent to $38 per megawatt-hour (MWh) 
(BloombergNEF 2021b) and the cost of onshore wind 
power dropped by 55 percent to $20 per MWh in some 
locations (ETC 2020). Costs for solar, in particular, have 
continued to fall more rapidly than projected, causing 
a reinforcing effect and leading to a higher uptake than 
expected (Figure 8). 

Several factors working in tandem have catalyzed and 
sustained these rapid decreases in cost, including 
technological gains that have improved the price 
and performance of renewables and supportive 
policies. Over the period 2010 to 2020, the weighted-
average total installed cost of utility-scale solar PV 
fell by 34 percent for every doubling of cumulative 
installed capacity—this is referred to as the learning 
rate. Over the same period, onshore wind had a 
learning rate of 17 percent and offshore wind had a 
learning rate of 9 percent (IRENA 2021b). Sustaining 
the remarkable growth in solar and wind to meet 
the 2030 and 2050 targets will depend on continued 
gains made across this broad enabling environment. 

Scaling up R&D investments in 
solar, wind, and a variety of 
tailored storage technologies

Investments in research and development from 
corporations and government have supported the 
technological innovations that have been instrumental 
in reducing the cost of renewable power (Figure 9). The 
average module efficiency for solar PV, for example, has 
increased 30 percent since 2010, reaching 19.2 percent 
in 2019 (IRENA 2020d). These efficiency improvements 
have allowed smaller areas to produce the same 
amount of electricity, thus reducing overall costs 
(IRENA 2020d),14 and the next generation of solar panels 
are likely to be even more efficient (Leurent 2021). 
Technological advances have also made it possible to 
manufacture larger wind turbines with longer blades 
and larger heights, effectively reducing costs on a per 
megawatt basis for both onshore and offshore wind. A 
range of technological developments in offshore wind, 
in particular, are expected to fuel an estimated 10-fold 
increase in installed capacity by 2030 (IRENA 2019d). 
More sophisticated operation and maintenance activities 
have also driven down the price of wind power.

The real costs of renewables increasingly depend 
on the costs of their integration into the grid and 

F IGURE 8.  Levelized cost of electricity for solar 
photovoltaic and wind

Note: PV = photovoltaic; MWh = megawatt-hour. The global benchmark is 
a country-weighted average using the latest annual capacity additions. 
The storage levelized cost of electricity reflects utility-scale projects 
with four-hour duration; it includes charging costs.
Source: BloombergNEF (2020f).
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balancing power generation with user consumption. 
Sustaining growth in renewable electricity generation 
will depend on technological advancements across a 
range of energy storage solutions, including pumped 
hydropower storage, behind-the-meter batteries 
with decentralized generation, utility-scale batteries 
often paired with renewable energy plants, long-
duration storage technologies that can potentially 
operate for weeks at a time, and vehicle-to-grid 
services utilizing electric vehicle battery capacity. 
Stationary storage technologies, alone, will require 
investments of $662 billion over the next two decades 
(BloombergNEF 2019a). Utility-scale battery storage 
solutions are now being rolled out across many electricity 
networks (approximately 42 percent of total storage 
deployed in 2019) (IEA 2020e). Still in the early stages of 
development, storage solutions currently rely heavily 
on policy support, including mandates and incentives, 
and are present within just a few markets (IEA 2020e). 
Yet energy storage installations globally are forecast to 
increase 122-fold, from 9 GW in 2018 to 1,095 GW by 2040 
(BloombergNEF 2019a). Cheaper battery prices and 
increasing demand for storage—coupled with changes in 
market design that enable a level playing field—will drive 
these projected gains. 

Improving integration of variable 
renewable energy sources into 
electricity grids

Integrating a large share of variable renewables 
requires a highly flexible grid—this will be critical to 
meeting 2030 and 2050 renewable electricity generation 
targets. Grids are made more flexible through new 
infrastructure (e.g., long-range transmission lines 
and energy storage), a strong portfolio of “clean firm 
power” that can be relied upon irrespective of weather 
and for as long as needed (e.g., geothermal power), 
technologies deployed at scale using, for example, bulk 
procurement, mass-scale retrofits, as well as through 
demand response (e.g., variable pricing) and efficiency 
measures to reduce peak demand (Baik et al. 2021; 
Hutchinson et al. 2021; IRENA 2019b). Enhanced system 
operations (e.g., advanced forecasting) also help ensure 
grid stability (IEA 2021h). Governments should plan 
for new transmission infrastructure to accommodate 
projected increases in renewables. For example, India 
and China are investing in building out their grids, 
particularly to absorb greater amounts of renewable 
energy in response to ambitious targets, and connecting 

their areas rich in wind and solar resources to demand 
centers (Hutchinson et al. 2021). 

Adopting policies to increase 
renewable electricity generation 
and improve energy efficiency 

Strong policy support has been central to the global 
deployment of renewables and driving renewable energy 
investments (Figure 10). By 2021, 165 countries had set 
national renewable capacity and/or generation targets, 
and 161 countries had adopted policies to achieve these 
goals, including regulatory and pricing instruments, 
such as feed-in tariffs, premium payments, renewable 
portfolio standards for utilities, net metering and 
billing, and renewable power tenders and auctions 
(REN21 2020). As more renewable energy projects come 
online, economies of scale are reached, which further 
improves performance, reduces costs, and enables 
solar and wind to compete with conventional power 
sources. Policies have kept pace with the evolving 
landscape of renewable energy, as regions enjoying 
significant renewable capacity have shifted their 
emphasis from measures that support technical and 
market integration of renewables toward those that 
help determine competitive prices through auctions for 

F IGURE 1 0. Global new investment in renewable energy

Note: Renewable energy refers to onshore and offshore wind, large and 
small-scale solar, biofuels, biomass and waste, marine, geothermal, and 
small hydro. 
Source: BloombergNEF (2021c).

2004 2006 2008 2010 2012 2014 2016 2018 2020

B
ill

io
n

 U
S$

0

50

100

150

200

250

300

350



49STATE OF CLIMATE ACTION 2021  | CHAPTER 3. pOwEr

large-scale renewable energy projects (REN21 2020). 
Overall, a predictable, transparent policy landscape that 
promotes investors’ confidence that they will recover 
their investments is needed to continue to make strides 
in renewable power generation. 

POWE R  INDICATO R 3 :

Share of unabated coal  
in electricity generation

Targets: The share of unabated15 coal in electricity 
generation falls to 0–2.5 percent in 2030 and then  
to 0 percent in 2050.

Coal power plants are by far the largest source of carbon 
emissions in the power sector, producing on average 
around 800 gCO2 per kWh generated (IPCC 2018). Globally, 
coal accounts for 38 percent of power generation (see 
Figure 11) and 74 percent of CO2 emissions from the 
sector (IEA 2021c). Retiring coal generation capacity, 
therefore, is one of the most important short-term 
measures that could limit future warming. Because the 

average life cycle of a coal-fired power plant is 45 years 
(Erickson et al. 2015), recently installed power plants 
must retire early or be repurposed as energy storage 
facilities, while new construction must cease altogether 
to achieve the Paris Agreement’s long-term temperature 
goal (IEA 2021c). To limit warming to 1.5°C, only a very 
small residual amount of power—0 to 2.5 percent—can 
be generated from coal in 2030 globally, with regional 
coal phaseout dates varying due to regional differences 
(Yanguas Parra et al. 2019). 

Most advanced economies have already experienced 
structural declines in coal power generation, including 
in the United States and many member states of the 
European Union. In 2019, for example, the share of coal 
in electricity generation was only about 20 percent 
for the European Union (IEA 2020g). But despite these 
gains in some developed countries and commitments 
to reduce coal capacity, worldwide coal buildout has 
not slowed sufficiently in recent years (Figure 12). 
In 2020, for example, newly installed coal capacity 
(54 GW) was still higher than retirements (43 GW) (Global 
Energy Monitor 2021a). More worryingly, 180 GW of coal 

F IGURE 1 1 .   Historical progress toward 2030 and 2050 targets for the share of unabated coal  
in electricity generation
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is under construction and another 320 GW has been 
announced, received a prepermit or a permit, for a total 
of around 500 GW in development globally. While this 
is down 66 percent from 2015 levels, it is still untenably 
high (Global Energy Monitor et al. 2021a).

Carbon capture and storage (CCS) could reduce 
emissions from remaining fossil power plants, 
particularly beyond 2030; however, widespread use of 
CCS faces a highly uncertain future. There are currently 
no large-scale, commercially viable examples of this 

technology, and it is not clear what the costs will be when 
deployed at scale. Further, CCS reduces efficiency, and 
fossil power plants with CCS still emit nontrivial amounts 
of CO2, depending on the technology’s efficiency. These 
emissions, in turn, would need to be offset by other net-
negative technologies in a net-zero future. 

Enablers of climate action
Even as governments, businesses, and banks are 
committing to accelerating the transition to clean 
energy, coal plants continue to receive finance—to 
the tune of $332 billion since the Paris Agreement was 
adopted in 2015 (BankTrack 2021). Successfully phasing 
out coal power by 2050 will require a combination 
of strategies aimed at the coal industry, including 
measurable, time-bound targets to reduce coal capacity 
and reform coal subsidies, along with just transition 
policies to minimize the adverse impacts of reducing 
coal on communities. 

Setting ambitious coal phaseout 
targets
Establishing national targets to phase 

out coal sends a strong signal to the industry and helps 
avoid lock-in through new coal plants. Actors such as 
coal companies, unions, and civil society, as well as 
competitors of coal and financial institutions, play key 
roles in navigating the policy shift away from this fossil 
fuel (Brauers et al. 2020). Countries are likely to phase 
out their coal use at different rates, with advanced 
economies expected to do it sooner than the rest of the 
world. A wide range is seen among the few Group of 20 
(G20) countries that have already set target dates with 
some (e.g., the United Kingdom) on a faster timeline 
and others (e.g., Germany) on a slower path that is not 
aligned with the Paris Agreement (Table 6) (Climate 
Transparency 2019; Brauers et al. 2020). Several other 
G20 countries with significant coal use are lagging 

F IGURE 12 .  New coal capacity and retirements
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TA BL E 6. Coal phaseout targets of G20 countries

Coal phaseout target year 2021 2024 2025 2030 20 3 8 No target 

G20 countriesa France United 
Kingdom

Italy Canada Germany Australia, Brazil, China, European Union, 
India, Indonesia, Japan, Mexico, Russia, 
South Africa, South Korea, Turkey,  
United States 

a  Argentina and Saudi Arabia have little to no coal being used for electricity generation and are not listed here. 
Source: Climate Transparency (2019).
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behind, building new capacity, and have no target dates 
or long-term vision for phaseout. 

Beyond the G20, groups such as the Powering Past Coal 
Alliance (PPCA) are helping build support for complete 
phaseout of coal among national and subnational 
governments. By May 2021, 41 national governments had 
joined PPCA (PPCA 2021). While this signals progress, 
there is a need to expand membership to major coal 
consumers with higher costs of coal phaseout (Jewell 
et al. 2019). Further, initiatives like RE100 and SBTi are 
providing companies and financial institutions with a 
platform to make phaseout commitments. 

Domestic efforts to phase out coal are often aided 
by considerable co-benefits from reducing coal 
power generation, such as improved local air quality 
(IRENA 2018). For example, in China, air pollution policies 
have helped reduce coal use, and in the United Kingdom,  
European Union pollution laws have contributed to the 
closure of old plants (Climate Transparency 2019).

Reforming fossil fuel subsidies
Around the world, coal prices are typically 
well below half of what they would be 

if there were no subsidies (Coady et al. 2019). Coal 
receives the largest share (44 percent) of all fossil 
fuel subsides, with China, the United States, Russia, 
the European Union, and India among the countries 
providing the highest amount of energy subsidies 
(Coady et al. 2019). Although the practice of underpricing 
fossil fuels is pervasive, governments are beginning 
to implement energy pricing reform, which is often 
a slow and politically sensitive process (OECD and 
IEA 2019). From 2015 to 2020, at least 53 countries 
had implemented consumer subsidy reforms, raised 
taxes on fossil fuels, or implemented both measures 
(Table 7) (Sánchez et al. 2020). In 2021, the Group of 7 (G7) 
countries also agreed to stop international financing of 
unabated coal (Piper and Wacket 2021). Governments 
have also adopted producer subsidy reforms, though 
producers and utilities continue to receive a significant 
share of subsidies (IISD 2021b). The European Union, for 
example, will end government support of coal plants 
by 2025 (OECD and IEA 2019). 

Creating social and economic 
protections to sustain just, 
equitable transitions to a net-
zero future

Shifts in jobs, changes in the quality of jobs, and individual 
job losses are expected as the world transitions away from 
coal. The coal mining industry alone employs about 8 million 
people globally (Jakob et al. 2020). While the transformation 
to clean energy will be accompanied by new jobs, these will 
not all provide similar remuneration as lost jobs, require 
comparable skill sets, or be located in the affected areas. 
For example, in China only 29 percent and 5 percent of 
coal mining areas are suitable for solar and wind power 
generation, respectively (Pai et al. 2020b). Strong measures 
(e.g., retraining programs, relocation measures, economic 
diversification strategies, etc.) to minimize the negative 
impacts on affected populations must accompany plans to 
phase out coal and reform subsidies. This will help ensure 
fairness, cultivate the political will for these actions, and 
enhance the likelihood that the policy-driven changes are 
long-lasting (Levin et al. 2012). 

Just transition policies that are already underway 
include targeted income support programs, cash 
transfers, education funds, and health insurance 
schemes to provide a safety net (Sánchez et al. 2020). 
Egypt, for instance, has redirected revenues from 
fossil fuel subsidies to support other critical sectors, 
such as health and education (Sánchez et al. 2020). The 
government also implemented a campaign to raise public 
awareness of the benefits that these reforms can bring to 
communities. Similarly, governments can package these 
fossil fuel subsidy phaseouts as part a broader energy 
transformation by reassigning resources to cleaner 
energy sources. Such examples of “subsidy swaps” exist 
in Zambia, Morocco, and India (Sánchez et al. 2020).

TA BL E 7.  Number of countries  
with fossil fuel subsidy reform 

2015 2016 2017 2018 2019 2020

Subsidy 
reform

14 26 29 33 27 30

Taxation 
reform

8 8 9 12 12 13

Subsidy and 
taxation 
reform

2 5 4 3 4 5

Note: Argentina and Saudi Arabia have little to no coal being used for 
electricity generation and are not listed here. 
Source: Climate Transparency (2019).
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GROWTH IN ELECTRICITY CONSUMPTION  
in buildings has been mainly driven by 
population and economic growth. Increasing 
living standards, particularly in developing 

countries, have also improved electricity access and 
spurred higher use of electrical appliances and space 
cooling (IPCC 2018).

Energy use and the carbon content of energy determine 
the level of emissions of the sector as defined by 
this indicator. As such, energy efficiency to reduce 
demand and electrification to shift away from carbon-
intensive forms of energy are the two main drivers of 
decarbonization in buildings. These transformations 
rely primarily on technologies that are already 
available, including smart energy controls to avoid 
wasteful user behavior, heat pumps, energy‐efficient 
appliances, and climatic and material‐efficient building 
design (IEA 2021c). 

In this chapter, we examine the transition in the buildings 
sector through three indicators: carbon intensity of 
residential and commercial buildings, energy intensity 
of residential and commercial buildings, and the rate 
of retrofitting. The three indicators in this section 
are closely linked. The carbon intensity per floor area 
reflects the share of low-carbon fuels used on-site and 
in the electricity grid, as well as the design and level 
of insulation of the building and its appliances. Energy 
intensity is similar but omits the fuel mix. Reducing 
energy consumption makes the transition to 1.5°C 
pathways easier and less costly than relying primarily on 
zero-carbon energy sources, as it decreases required 
investments in energy supply and distribution. The 
retrofitting rate describes the speed of one area of 
improvement that helps improve energy intensity and—
as a result—emissions intensity.

Positive trends in the retrofitting rate will decrease 
the energy and carbon intensity levels. Improvements 
in the carbon intensity, however, may be the result of 
a cleaner fuel mix, meaning that the energy intensity 
can follow different trends. The sections describing 
the enablers of climate action for the indicators try to 
separate these overlaps: the carbon intensity indicator 
focuses on low-carbon energy solutions for buildings, 
the energy intensity indicator focuses on new builds, 
and the third indicator keeps its narrow focus on the 
retrofitting rate. For the indicator with available data 
(energy intensity), historical rates of change are headed 
in the right direction but are well below levels required 

Buildings are responsible for 5.9 percent of direct global GHG emissions (Figure 13) 
(ClimateWatch 2021), a figure that increases about threefold when including the 
indirect emissions from electricity and heat consumption (IPCC 2014).16 

F IGURE 1 3.   Role of the buildings sector  
in global greenhouse gas emissions

Source: ClimateWatch (2021).
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for 2030 (Table 8). For the other indicators—carbon 
intensity and the retrofitting rate—one historical data 
point indicates they are not on track and must accelerate 
action. Qualitative insights support this judgment. We do 
not have enough quantitative information to assess how 
much they must accelerate, so we cannot categorize 
them. Openly accessible data at the global level are very 
limited for the buildings sector in general. 

While a dynamic, S-curve growth is possible for 
the uptake of individual technologies in buildings, 
the energy and carbon intensity over time will likely 
not reflect such a curve, as it lumps together many 
different technologies and other factors, such as user 
behavior. For energy intensity, the required changes 
are not as drastic as for other indicators, making it 
possible to achieve them with less dynamic growth. For 
retrofits and the carbon intensity, one could assume an 
S-curve-type development in the future, which, rather 
than reflecting the progress of individual technologies, 
illustrates a shift to a different overall system, where 
retrofitted buildings and a high share of nonfossil fuels 
become the new normal.

The building sector is highly diverse; decarbonization 
trends vary greatly and so do the required actions to 

get the sector to decarbonize. Examples of extreme 
building diversity include Europe and North America with 
a relatively old building stock, and developing countries 
where fast-growing populations and economies are 
expected to nearly double the urban population by 2050 
(UN DESA 2018). This rapid growth will require particular 
attention to the design and construction of new 
buildings, including material efficiency to limit embodied 
carbon (Adams et al. 2020). Different climatic zones 
also require different approaches. Another extreme in 
terms of the structure in the energy demand in buildings 
is sub-Saharan Africa, where many people today rely on 
traditional biomass for cooking and heating, implying a 
huge suppressed demand for electricity.

Benefits of improving the energy and carbon intensity 
of buildings beyond mitigation of climate change include 
health benefits through improved indoor air quality, more 
comfortable living and working spaces, and avoiding or 
decreasing energy poverty. But building retrofits can be 
disruptive, often with complicated permitting processes 
and high upfront costs despite generally good payback 
periods, which may be discouraging. These issues are 
the biggest challenge the buildings sector faces in trying 
to achieve the required pace and depth of retrofits in the 
coming years (IEA 2021c).

TA BL E 8. Summary of progress toward 2030 buildings targets

Indicator Most recent 
historical data 
point (year)

2030 target 2050 target Trajectory of change Status Acceleration 
factor

Carbon intensity  
of building operations  
(kgCO2/m2)

60.70 commercial 
(2017)  
29.79 residential 
(2017)

15.17-21.24 
(commercial)

10.40-16.38 
(residential)

0 Exponential change possible Insufficient dataa

Energy intensity 
of building operations 
(% change indexed to 2015  
for which 2015 equals 100)b

98.14 
(2019) 

70–90 
(commercial)

70–80 
(residential)

50–85  
(commercial)

40–80  
(residential)

Exponential change unlikely 2.7xc

Retrofitting rate of buildings 
(%/yr) 

1–2  
(2019)

2.50-3.50 3.50 
(by 2040)

Exponential change unlikely Insufficient dataa

Note: kgCO2/m2 = kilograms of carbon dioxide per square meter; kWh/m2 = kilowatt-hours per square meter.
a   This indicator has one historical data point and that, together with qualitative research, clearly shows it is not on track and must accelerate action, 

but we do not have enough information to assess how much it must accelerate (so we cannot categorize it into the yellow or orange). Thus it is in the 
“insufficient data” category.

b   Energy intensity of building operations is indexed to 2015, because no separate historical data are available for residential and commercial buildings. 
c   The acceleration factor refers to the full range of targets across commercial and residential buildings, because historical data are not available for the 

two building types separately.



55STATE OF CLIMATE ACTION 2021  | CHAPTER 4. BuILdINgS

This report focuses on the reduction of energy-related 
emissions of buildings, where we had a consistent set 
of Paris-compatible targets available at the time of 
writing the report. Additional areas of critical action 
related to buildings are material efficiency to avoid 
embodied emissions, reducing emissions of fluorinated 
gases from cooling in buildings, and waste avoidance 
and management. This report omits the analysis of 
floor area, an indicator of the activity level in the 
building sector, where Paris-aligned benchmarks are 
not available. The IEA expects the floor area worldwide 
to increase 75 percent between 2020 and 2050, of 
which 80 percent is expected to be in emerging markets 
and developing economies (IEA 2021c).

BUILDINGS INDICATOR 1 :

Carbon intensity  
of building operations 

Targets: The carbon intensity of building operations 
for residential buildings is 45-65 percent lower than 
2015 levels for select regions and 65-75 percent 
lower than 2015 levels for select regions for 
commercial buildings by 2030. All buildings reach 
near zero carbon intensity globally by 2050. 

Through a transition to zero-carbon energy sources and 
highly efficient building envelopes, the carbon intensity 
of residential and commercial building operations in 
select regions17 needs to decrease quickly by 2030 to be 
aligned with a 1.5°C-compatible pathway. By 2050, all 
buildings globally need to reach an emissions intensity 
near zero. A fast reduction of the intensity of the building 
stock is even more important given the expected growth 
in floor area.



56STATE OF CLIMATE ACTION 2021  | CHAPTER 4. BuILdINgS

Data limitations prohibit a clear quantitative assessment 
of progress in the global average emissions intensity of 
commercial and residential buildings. Total emissions 
from buildings have continued to increase by an average 
of 1 percent per year over the last decade (IEA 2020b), 
as total floor area has increased at around 2.5 percent 
per year over the same period (IEA 2019b). Although 
emissions intensities have decreased when averaged 
across the world, the pace of this improvement is 
insufficient to counteract increases in floor area and, 
therefore, reduce total emissions to reach the targets 
for this indicator (see Figures 14 and 15). Mitigation 
efforts in the building sector in most regions of the world 
need to significantly accelerate to bring emissions into 
line with Paris Agreement goals. 

Two main technology options exist for decarbonizing the 
thermal energy demand of the building sector: 

• The electrification of heating and cooling demand, 
which can be met through heat pumps18 and 
electrification of cooking. For full decarbonization, 
the electricity used must be zero-carbon as well (see 
Power Targets 1–3).

• The use of renewable energy (e.g., biogas, woodchips, 
solar thermal energy, or recovered heat) for the supply of 
heating and warm water. In select cases, green hydrogen 
may also be an option (see Industry Indicator 5).19

The optimal path will vary by climate and other national 
or local circumstances. Given the seasonality of solar 
and sustainability concerns for the large-scale use 
of biomass (e.g., land use, biodiversity, and local air 
pollution); electrification is of utmost importance and 
can have a lasting, transformative effect on the sector. 
Given that this indicator is dependent on multiple 
types of technology adoption, there is a possibility for 
nonlinear change in its future trajectory. 

This indicator focuses on energy-related emissions 
from buildings. Embodied emissions (i.e., the emissions 
resulting from the production and transport of 
construction materials) play an important role. The 
UN Climate Action Pathway for Human Settlements 
suggests that such emissions need to be reduced by at 
least 40 percent by 2030, and to zero by 2050 (Marrakech 
Partnership 2021).

F IGURE 1 4.  Historical progress toward 2030 and 2050 targets for carbon intensity of residential  
building operations

kg
C

O
2/m

2

0

5

10

15

20

25

30

35

2010 2020 2030 2040 2050

29.79 kgCO2/m2

(2017)

10.40–16.38 kgCO2/m2

(2030 target)

0 kgCO2/m2

(2050
target)

INSUFFICIENT DATA: Data are insufficient to assess the gap in action required for 2030 Exponential Possible

Note: kgCO2/m2 = kilograms of carbon dioxide per square meter. Data are insufficient to calculate an acceleration factor, given only one historical  
data point.



57STATE OF CLIMATE ACTION 2021  | CHAPTER 4. BuILdINgS

Enablers of climate action
To avoid overlaps in the text across the three indicators 
in the buildings sector, this section looks only at enablers 
of improving carbon intensity through low-carbon 
energy solutions in buildings. The text focuses on the 
supply of thermal energy (heating and cooling). The 
decarbonization of electricity is covered under the 
indicators in the power sector.

The widespread implementation of zero-carbon 
technologies in buildings faces two main challenges:

• Higher costs to the consumer for many renewable 
solutions. Unlike renewable electricity, renewable 
heat (e.g., solar thermal) is often not yet available 
at competitive prices, and while heat pumps have 
improved over the last years and are becoming cost-
competitive, refurbishing homes with heat pumps has 
high upfront costs (IEA 2019b; D’Aprile et al. 2020). 

• The large number of actors with differing levels of 
abilities to purchase energy, let alone new equipment 
required for a fuel switch (IEA et al. 2021).

This calls for a comprehensive package of financial 
support and leadership from key players to make low-
carbon technologies the new normal in the buildings 
sector. At the same time, locking in carbon-intensive 
technologies must be avoided, this is where the role of 
district heating needs to be regarded carefully, although 
it can contribute to managing the multiactor challenge 
and support decarbonization at scale.

Increasing financial and 
regulatory support to increase 
adoption of heat pumps

Heat pumps provide thermal energy most efficiently 
at a relatively low temperature level and are thus very 
well suited for heating and cooling well-insulated 
houses, both new and renovated. However, technology 
improvements in recent years make heat pumps 
more and more attractive to also generate higher-
temperature heat for households (McKenna et al. 2020). 
The number of heat pumps installed has increased in 
recent years, particularly in new buildings in Europe, 
North America, and Northern Asia. Financial incentives 

F IGURE 1 5.   Historical progress for carbon intensity of commercial building operations
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to cover a part of the upfront costs, as well as labeling 
and efficiency standards, have supported adoption 
of this technology in recent years (IEA 2020m). 
Continued technology improvements for heat pumps 
have also supported this positive trend. These two 
drivers reinforce each other: regulations, standards, 
and labeling create transparency regarding the 
performance of heat pumps and set best practice 
standards or mandatory requirements. Financial 
support increases the market for the technology. As 
awareness and acceptance of the technology increase, 
so does the market volume, and costs decrease 
through economies of scale. Less need for financial 
incentives and the possibility of increasing the 
stringency of regulations and standards are the result. 

Even the IEA’s more conservative Sustainable 
Development Scenario projects that the contribution of 
heat pumps today—5 percent share of global residential 
heating demand20—will triple by 2030 (IEA 2020m). 
More countries need to implement financial and 
regulatory policies for heat pumps as a main means of 
electrification of thermal energy supply in buildings 
globally. Besides targeting heat pumps directly, 
particularly in regions with a high share of old buildings, 
there is also a need to increase the retrofitting rate and 
level of insulation when renovating, so that heat pumps 
become even more attractive beyond new construction. 
In parallel, planning for grid infrastructure and electricity 
generation needs to consider the changes in demand 
patterns from buildings. 

Planning for district 
heating systems to avoid 
unintended consequences

District heating (a central form of energy conversion 
combined with a network to distribute the heat) can 
supply multiple buildings with heat, saving space and 
efforts for building owners. If the central heat supply 
is decarbonized, so is the heat supply of the whole 
network. Besides renewable energy sources, heat 
recovery from wastewater, data centers, and industrial 
processes can be sources of heat. Economies of scale 
can also make options such as geothermal energy 
more attractive than they would be on a smaller scale 
(IEA 2020m). However, the availability of district heating 
requires a minimum level of heat demand from the 
buildings for the network to be economically feasible, 
and thus risks creating disincentives for near-zero-

energy buildings. Municipalities and energy companies 
involved in planning district heating thus need to 
carefully consider the construction, maintenance, or 
expansion of heat networks.

Only a few countries have transitioned to a large share 
of low-carbon fuel supply in buildings. Where these 
trends are observed, they have thus far occurred in a 
combination of district heating systems with biomass 
(e.g., Sweden) (IEA 2019b; Ericsson and Werner 2016). 
These countries have high biomass potential, and it is not 
possible to transfer this setup to most other countries 
sustainably. District heating systems today mostly use 
fossil fuels, with a large amount of coal consumed in such 
systems in China and Russia (IEA 2019b). 

In a low-carbon future, district heating can play a role 
in dense areas with a large share of old buildings, such 
as the city centers of historically grown cities. However, 
the use of district heating should not be an excuse for 
relaxing building codes. New builds need to be near-zero 
energy, and retrofits should go to the highest level of 
efficiency possible. 

The planning for district heating needs to account for the 
required retrofitting activities to avoid the construction 
of heating grids that would become stranded assets 
under a Paris-compatible buildings sector. Biomass as 
a source of energy for district heating is only a Paris-
compatible option where its sustainability is assured and 
life-cycle emissions are near zero.

Establishing subnational  
and nonstate actor  
commitments and roadmaps 
to decarbonizing buildings 

In addition to national governments, several other 
actors shape the future of the buildings sector, 
including companies and municipalities that own 
buildings and industry associations in the sector. 
Their commitment to a zero-carbon future can give 
the sector a sense of direction, facilitate action on 
the ground, and support knowledge sharing. The 
development of roadmaps links the commitments 
to reality and spurs implementation. A number of 
initiatives have been targeted at the local level: 

• The “Net Zero Buildings Carbon Commitment” of 
the World Green Building Council (WGBC), with 
about 140 signatories,21 including business and 
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organizations, cities, states, and regions (World Green 
Building Council 2021). 

• The C40 Net Zero Carbon Buildings Declaration 
(C40 Cities 2018). Cities that sign the declaration 
commit to establishing regulations and planning 
policy so that by 2030, all new buildings operate at 
net-zero carbon, and by 2050 all buildings do. Some of 
the signatory cities additionally promise to get to zero 
carbon for all of their own buildings by 2030.

• The Zero Carbon Buildings for All initiative (WRI 2019b, 
2021k). Under this initiative, national and local leaders 
from all over the globe commit to developing and 
implementing policies to drive decarbonization of all 
new buildings by 2030 and all existing buildings by 
2050. Financial and industry partners are also part 
of the initiative and commit to providing expert input 
and $1 trillion in market action by 2030.

• The Zero Carbon Building Accelerator (WRI 2021j). 
This project fosters outreach, dialogue, planning, and 
policy adoption for zero-carbon buildings.

F IGURE 1 6.  Historical progress toward 2030 and 2050 targets for energy intensity of building operations
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BUILDINGS INDICATOR 2:

Energy intensity  
of building operations 

Targets: Energy intensity of residential building 
operations in key countries and regions drops by 
20–30 percent by 2030 and by 20–60 percent by 
2050, relative to 2015.22 For commercial building 
operations, energy intensity in key countries and 
regions falls by 10–30 percent by 2030 and by  
15–50 percent by 2050, relative to 2015.23

Globally, energy intensity decreased by 19 percent 
from 2000 to 2015 and another 2 percent by 2019 
(IEA 2020a). While the decrease was faster in the 2000s 
and early 2010s, it has slowed in recent years 
and needs to accelerate again to fully meet 
the targets (see Figure 16). The historical trend 
between 2014 and 2019 will need to accelerate 
by 2.7 times to meet the midpoint of the target for the 
commercial sector in 2030 and by 3.4 times for the 
residential sector.24 To fully decarbonize buildings in 
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the future, the sector requires a clear shift to best 
available technologies: near-zero energy levels for 
new constructions and retrofits, as well as the most 
efficient appliances. Near-zero energy means that the 
energy demand of the building is very low. For example, 
the thermal energy demand is limited because of a 
high degree of insulation, passive design and solar 
heating, and net-electricity demand is small because 
the building integrates rooftop solar energy to generate 
electricity and adopts efficient appliances. Further, new 
constructions need to minimize their embodied carbon, 
to decrease the demand for high-emitting materials.25

Heating and cooling are major drivers of energy demand. 
Cooling needs will become especially important as climate 
change causes higher average temperatures, with impacts 
on health and ability to work. IEA data show that sales of 
air conditioners have grown quickly in recent years, with 
India showing the fastest growth rate, at about 15 percent 
per year between 2010 and 2019 (IEA 2020l). Cooling 
requirements can also be reduced through passive cooling 
measures, including insulation, reflective surfaces, 
shading, green infrastructure and natural ventilation.

Enablers of climate action
To avoid overlaps in the text across the three indicators 
in the buildings sector, this section looks only at enablers 
of improving energy intensity of appliances and new 
buildings. Improvements to existing buildings are 
covered under Buildings Indicator 3, “Retrofitting rate.” 

The energy demand of new buildings can be decreased 
by improving the efficiency of appliances and equipment 
(e.g., cooking stoves, electrical equipment, lighting, 
and equipment for heating and cooling) and by reducing 
the heating and cooling demand of buildings through 
improvements in the building design and envelope. 
Smart controls further limit energy demand and alleviate 
the risk of wasteful user behavior. 

The widespread implementation of those measures 
faces several challenges:

• The lack of or weak efficiency requirements in 
building codes for new construction and/or loose 
enforcement of existing codes (IEA and UNDP 2013)

• The perception that investing in energy efficiency 
is risky, heightened by the difficulty of accurately 
predicting energy savings (Bertoldi et al. 2019)

• The higher upfront costs of construction for above-
code energy performance

A clear regulatory framework and financial incentives 
can increase the efficiency of new buildings and 
appliances. Analysis of and education on building codes 
can help inform building owners and developers about 
typical cost and savings impacts. Education can also 
help address the “rebound effect,” where users increase 
consumption due to reduced energy costs. Outcome-
based building codes, which are tied to building 
operational performance, can address both technical 
capabilities and occupant behavior. 

Strengthening efficiency codes 
for new constructions
Building codes and standards that 

mandate greater efficiency of buildings already play a 
key role in improving efficiency in many countries. Under 
a decarbonization pathway, new buildings will need to 
embrace the least energy-intensive technology possible 
and strive for near-zero energy consumption. In some 
regions policymaking sets these regulations as the 
default already. For example, since 2020, the European 
Union’s Energy Performance of Buildings Directive 
requires member states to ensure that all new buildings 
are near-zero energy (European Commission 2019). 
Standards of this ambition are even more important 
in regions where new constructions are dominant, 
such as in countries with high urbanization rates. In 
addition to high stringency, codes should cover all newly 
constructed buildings, both commercial and residential, 
in both urban and rural areas. 

Compliance mechanisms will be necessary to ensure 
that codes are enforced. Despite the sector’s diversity, 
knowledge sharing between policymakers and the entire 
construction value chain can drive the adoption of 
mandatory and stretch building codes. One initiative that 
supports the global adoption of zero-emissions building 
codes is the “Zero Code.” The Zero Code provides 
a framework for near-zero-carbon building codes, 
including language that policymakers can use in their 
legislation and software to support calculations about, 
for example, the feasibility of solar energy on the roof of 
the building (Architecture 2030 2021b). The Zero Code 
also includes embodied carbon. 
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Setting standards for,  
as well as incentivizing,  
highly efficient appliances

Minimum energy performance standards are a key 
policy instrument to improve the energy performance 
of equipment. Indirect emissions of the buildings 
sector have increased in recent decades (IEA 2020b), 
likely also as a result of the increased number and 
use of appliances, including air conditioning.26 Most 
household appliances have a technical lifetime of less 
than a decade, while commercial building equipment 
can last 15–25 years or more. The standards should also 
consider recycling and, where appropriate, repairing of 
appliances to ensure minimal life-cycle energy needs 
and associated emissions, also of fluorinated gases from 
refrigerants. Minimizing the negative impacts of the 
appliances over their full life cycle—including production, 
use, and disposal—will not change the efficiency of the 
buildings sector, but it will generate savings elsewhere. 

The standards for appliances should consider the climate 
impact of refrigerants, to support the phaseout schedule 

F IGURE 1 7.   Historical progress toward 2030 and 2040 targets for the retrofitting rate of buildings
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under the Kigali Amendment to the Montreal Protocol for 
substances with a high global warming potential.

BUILDINGS INDICATOR 3: 

Retrofitting rate of buildings
Targets: Globally, the annual retrofitting rate of 
buildings reaches 2.5–3.5 percent by 2030 and 
3.5 percent by 2040; all buildings should be well 
insulated and fitted with zero-carbon technologies 
by 2050. 

Retrofitting the building stock is a major requirement to 
enable the building sector to get on a 1.5°C-compatible 
pathway. By 2050, all buildings should be energy 
efficient and designed to meet zero-carbon standards. 
To that end, the retrofitting rate needs to increase 
to 2.5 to 3.5 percent per year in 2030, and 3.5 percent 
in 2040 (see Figure 17). These retrofitting rates refer 
to deep retrofitting, which goes significantly beyond 
current conventional practice.27 To limit the number 
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of retrofitting rounds by 2050, it is recommended 
that the retrofit result in as close as possible to a 
zero-carbon building. The retrofitting rates refer to 
improved insulation and design of buildings, as well as 
shifts to efficient and zero-carbon technologies for 
heating, cooling, cooking and other appliances, and 
the implementation of plug-load management and 
occupancy-based controls. Depending on the type 
of building (e.g., commercial or residential), different 
elements may be more important than others. The exact 
combination of them and the economic feasibility is very 
much case-dependent.

Data on retrofitting rates are difficult to obtain and 
therefore difficult to track. The IEA states that shallow28 
retrofitting rates are on the order of 1–2 percent per year 
(IEA 2020k), and less than 1 percent per year in advanced 
economies (IEA 2021c). Architecture 2030 mentions a 
retrofit rate of 0.5 to 1 percent (Architecture 2030 2021a). 
While limited historical values of retrofitting rate data 
are available to calculate the historical rate of change 
and the rate of change needed to achieve the targets, the 
current rate of energy retrofitting is clearly not sufficient 
for the deep retrofitting target set for 2030 and 2040. 
Both the depth and pace of retrofitting needs to increase 
drastically. Retrofitting is more important where most 
of the building stock that will exist in 2050 has already 
been built; this includes most European countries, the 
United States, Canada, Japan, and Australia, but also and 
increasingly China (Liu et al. 2020). 

Enablers of climate action
Increased retrofitting rates with strong efficiency 
improvements face two principal challenges:

• The multitude of different actors required for 
this shift (i.e., homeowners) and the insufficient 
coordination of them (Brown et al. 2018).

• The disruption and affordability of retrofits, including 
the need for investments along renovation cycles 
independent of the building owner’s liquidity (Kruit et 
al. 2020; BPIE 2017). 

The conflict between deep and fast retrofitting: the 
stronger the retrofit is, the fewer building owners will 
sign up for it; but a retrofit that is too shallow locks in an 
insufficient level of efficiency.

To overcome these challenges, strong leadership is 
needed that supports coordination and translates into a 
comprehensive set of incentives and regulations. Such 
leadership should embrace the need for strong and deep 
retrofits simultaneously.

Supporting multistakeholder 
coordination to increase demand 
for deep retrofits

Speeding up the retrofitting of buildings will require the 
conjoined efforts of multiple actors, all of whom have 
their own motivation for (or aversion to) retrofitting. 
It is particularly challenging to motivate millions of 
building owners to initiate a retrofit that takes the 
building close to zero energy. More insights on this 
topic can be found in Carmichael and Petersen (2018); 
Killip et al. (2020); Guzowski (2014); Miu and Hawkes 
(2020); and Melvin (2018).

The knowledge by architects, designers, and contractors 
of low-carbon retrofit options heavily influences a 
client’s evaluation of these solutions’ feasibility (Simpson 
et al. 2020). Training and educating these actors well, 
and creating awareness of zero-carbon retrofits, is 
essential. Increased requests from clients can also make 
architects, designers, and contractors more interested 
in these options. Clients that could make such requests 
include the public sector, which should set benchmarks 
through its own buildings for retrofit depth and speed, in 
addition to seeking the most cost-efficient solutions.

The “Energiesprong” initiative connects different 
actors, serving as an intermediary between building 
owners, construction companies, and policymakers, 
with the aim of making net-zero energy building 
materials affordable and the retrofitting as 
undisruptive as possible. The program started in the 
Netherlands in 2010 and is gaining traction across 
Europe (Energiesprong Foundation 2021). International 
initiatives, such as the Race to Zero Built Environment 
System Map or the Building System Carbon Framework 
of the World Business Council for Sustainable 
Development, also support interactions among different 
players (World Green Building Council 2020; Race to 
Zero 2021c). An example for a local initiative in this 
area is Washington, DC’s high-performance building 
hub (Department of Energy & Environment [District of 
Columbia] 2019).
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Creating low-cost loans and 
grants, and fostering contract 
financing models to boost the 
affordability of retrofitting

Affordability is a key driver of retrofitting, and low-
interest loans and grants for retrofits, or contract 
financing models, can support it. In contract financing 
models, contractors take on the upfront payment and 
administrative burden and guarantee a particular energy 
service, and the investor, often the building owner, 
pays a monthly fee. Examples include energy service 
companies or the Property Assessed Clean Energy 
program in the United States (Office of Energy Efficiency 
and Renewable Energy 2021).

Deep retrofits often require tailor-made solutions, 
making them sometimes difficult to plan and more 
expensive than ensuring the energy efficiency of a new 
building. To avoid disruption, owners can implement 
energy retrofit measures when other refurbishments 
take place, when a piece of equipment, such as a gas 
boiler, is replaced, or when all or part of the building 
is not being used for other reasons. To increase the 
retrofitting rate, it will be necessary to start energy-
related retrofits even if other renovations (for example, 
painting a building or fixing a roof) are not yet necessary. 
The timing may not coincide with the availability of 
savings to cover additional upfront costs, which makes 
the wide availability of finance options essential. Green 
mortgages can come in, for example, at the point 
of refinancing. National and local governments are 
best placed to decide whether loans are sufficient to 
overcome the burden of upfront costs, or whether grants 
are needed to make the additional effort cost-neutral, 
based on circumstances on the ground.

Risks resulting from lower costs to consumers include 
increased demand, which leads to higher prices for 
construction in the largely liberalized construction 
sector, and “free riding” by actors who would have been 
able to afford the costs without the policy incentive 
(Artola et al. 2016). 

Several governments are incorporating green energy 
considerations into their COVID recovery plans, 
including funding for buildings. Germany, for example, 
has provided extra funding for a CO2-focused building-
retrofit program (Artola et al. 2016), and South Korea 
plans to retrofit part of its public buildings stock 
(Ministry of Economy and Finance 2020).

Establishing clear governmental 
targets to guide deep retrofitting
Clear targets and national strategies for the 

sector can guide the thinking of local policymakers and 
other actors, simultaneously coordinating their efforts 
and setting a priority for deep and fast retrofitting. The 
European Union has called for a “renovation wave,” with 
the aim of doubling the retrofitting rate in its member 
states, and providing a stimulus to the construction 
sector. The strategy document suggests various areas 
of intervention, including information and regulatory 
measures, funding, addressing energy poverty, and 
technical assistance (European Commission 2020b). 
Various cities incentivize retrofits through local 
legislation; successful examples are Tokyo’s cap-and-
trade policy (Bureau of Environment, Tokyo Metropolitan 
Government 2020) and New York City’s Local Law 97, 
which requires large buildings to reduce their emissions 
by 40 percent by 2030 and 80 percent by 2050 (New York 
City 2019). 

The BUILD UPON2 project, supported by the WGBC, works 
with eight pilot cities to develop an impact framework 
for cities to measure the benefits of renovation projects 
across environmental, social, and economic factors, 
and to identify which of these can be scaled up to the 
regional and national level. 

In combination with other support, policymakers 
can also set highly efficient standards for retrofits, 
increasing their depth to get close to near-zero energy. 
For example, one clear signal for a transition to a 
decarbonized buildings sector would be banning new 
natural gas installations in buildings. The IEA suggests 
no sales of gas boilers as of 2025, globally (IEA 2021c). 
The United Kingdom is also discussing such a measure 
(IEA 2020r; Howell 2020).
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reduce waste from overbuilding and enhance recyclability. 
Technologies include hydrogen, sustainable bio-based 
feedstocks, alternative materials, and carbon capture, 
utilization, and storage (CCUS), which are all technically 
proven at different scales (IPCC 2018). Improved energy and 
process efficiency, coupled with end-use electrification 
where possible, are also part of the solution set.

In this chapter we examine the industry transition through 
five indicators (Table 9), focused on two heavy industries—
steel and cement—that account for more than half of 
CO2 emissions from the industry sector (IEA 2020b).29 For 
one of the five indicators, historical rates of change are 
headed in the right direction at a promising but insufficient 
pace, while for another two, historical rates of change 
are headed in the right direction but are well below levels 
required for 2030. The remaining two have experienced 
stagnant historical rates of change, and a step change in 
action is needed to achieve the 2030 targets (Table 9).

Heavy industry is often characterized as “hard-to-abate,” 
but some solutions are readily available and can lead 
to cost savings. For example, energy- and process-
efficiency practices can be economically feasible and 
help drive industrial system transitions. But these 
technologies on their own are insufficient to align the 
heavy industry sector with a 1.5°C pathway and must be 
complemented with carbon removal or replaced with 
GHG-neutral technologies (IPCC 2018).

To illustrate the scale of the challenge, more 
than 60 percent of the mitigation needed to significantly 
reduce emissions in industry relies on technologies that 
are only under development today, not yet commercially 
available (IEA 2021c). An overarching complicating factor 
for reducing emissions in industry is the long-lived 
nature of the equipment. Average lifetimes of emissions‐
intensive assets such as blast furnaces and cement 
kilns, for example, are around 40 years (IEA 2021c). This 
underscores the importance of getting demonstration 
and pilot projects to the market very quickly, so as to 
inform the next investment cycle. 

Industry has a critical role to play in limiting warming to 1.5°C. Emissions from 
industry have grown the fastest of any sector since 1990 (Ge and Friedrich 2020), 
and now account for 18.5 percent of direct global GHG emissions (Figure 18) 
(ClimateWatch 2021). 

F IGURE 18.   Role of the industry sector  
in global greenhouse gas emissions

Note: HCFC-22 = chlorodifluoromethane, a common refrigerant;  
IPPU = industrial processes and product use 
Source: ClimateWatch (2021).
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INDUST RY INDI CATO R 1 :

Share of electricity in the industry 
sector’s final energy demand
Targets: The share of electricity in the industry’s 
sector final energy demand increases to 35 percent 
in 2030, 40–45 percent in 2040, and 50–55 percent  
in 2050.

As the sector that consumes the most energy, requiring 
high temperatures for many of its processes, industry 
is highly dependent on fossil fuels for its energy 
consumption, much of which can be reduced through 
a shift to electric technologies. Past electrification 
efforts have focused primarily on nonheating industrial 
operations, and today machinery such as pumps, 
robotic arms, and conveyor belts consume most of the 
sector’s electricity. But looking ahead, decarbonization 
of industry will require the electrification of heat 
supply as well as indirect electrification, including the 
use of hydrogen as an energy carrier and industrial 
feedstock—a shift that will depend on the deployment of 
both existing and innovative technologies.

According to Roelofsen et al. (2020), about 50 percent of 
fuel consumed for energy in the industry sector could be 
electrified through the adoption of existing technologies. 
This includes all generation of heat up to 1,000°C 
(Roelofsen et al. 2020). Nevertheless, a substantial share 

(about 30 percent) of energy consumption in the industry 
sector is for processes requiring heat above 1,000°C, 
such as cement-making and ceramics production. 
Even though electrification technologies are under 
development for these purposes, they are not yet mature 
(ETC 2019a; Roelofsen et al. 2020). Beyond heat, indirect 
electrification can replace fossil fuels through the use of 
hydrogen, which can serve as an industrial feedstock. 

Over the last five decades, the share of electricity in 
the industry sector’s final energy demand has slowly 
increased through the introduction of electricity-
dependent technologies, including digitalization, 
automation, and machine drive (McMillan 2018; 
IEA 2017b). Electricity demand rose from 15 percent of 
industry’s energy demand in 1971 to about 28 percent 
in 2018 (Figure 19). To follow a 1.5°C-compatible 
pathway, this share needs to reach 35 percent in 
2030, 40–45 percent in 2040, and 50–55 percent in 
2050 through the adoption of electric technologies.
Such a trajectory suggests an average annual growth 
rate of 0.6 percentage points between 2018 and 2030, 
and 0.9 percent between 2030 and 2050, compared 
to a historical average growth rate of 0.5 percent. The 
corresponding acceleration factors are 1.2 and 1.7, 
respectively. As this indicator relies on the introduction 
of new technologies, the growth could be expected to 
have nonlinear elements, and the acceleration factors 
should be considered as a floor. 

TA BL E 9. Summary of progress toward 2030 buildings targets

Indicator Most recent 
historical data 
point (year)

2030 target 2050 target Trajectory of change Status Acceleration factor

Share of electricity in the 
industry sector’s final 
energy demand (%) 

28.35 
(2018)

35 50–55 Exponential change possible 1.1x

Carbon intensity of global 
cement production  
(kgCO2/t cement)

635.47  
(2018)

360–70 55–90 Exponential change possible n/a; historical data flat

Carbon intensity of global 
steel production 
(kgCO2/t steel) 

1,830  
(2019)

1,335–50 0–130 Exponential change possible n/a; historical data flat

Low-carbon steel facilities 
in operation (# of facilities) 

0 
(2019)

20 All facilities Exponential change possible Insufficient dataa

Green hydrogen production 
(Mt)

0.07  
(2018)

0.23–3.50  
by 2026

500–800 Exponential change likely n/a; in emergence stage 
of S-curve

Note: n/a = not applicable; kgCO2/t = kilograms of carbon dioxide per tonne; Mt = million tonnes. 
a    This indicator has only one historical data point, so historical rate of change cannot be calculated, but the number of planned projects gives an 

indication of the expected future growth, which suggests that a step change in acceleration is required.
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Although the historical growth rate is relatively close 
to what is needed in the medium term, the indicator 
is not fully headed in the right direction. Additional 
electrification of the industry sector will require 
electrifying heat supply and adopting new technologies, 
which will prove more challenging than electrifying 
nonheating process and may not occur at the same 
rate as past electrification. Thus, the historical pace of 
change alone may not provide the most useful indication 
of future progress. 

Enablers of climate action
Key challenges for an increased share of electricity in 
the industry sector are the costs of power (Roelofsen 
et al. 2020) and the adoption of policies and regulations 
incentivizing the adoption of commercialized electric 
technologies for low- and medium-heat processes. 
Further, the commercialization of high heat and other 
indirect electrification technologies needs to be 
promoted and accelerated. Measures that can help 
heavy industry overcome these barriers include the 
following enablers. 

Adopting policies to reduce 
electricity costs
The cost of electricity is a key driver of 

electrifying industrial processes, and policies should aim 
to reduce the relative price of electricity by increasing 
fossil fuel prices or reducing electricity prices. Other policy 
measures such as subsidizing electricity consumption 
in the industrial sectors could also be considered. Unlike 
other sectors, such as transport, the shift to electric 
technologies in most industrial applications does not 
come with significant efficiency gains (Roelofsen et 
al. 2020). Thus, replacing traditional technologies with 
electric technologies fed by dirty electricity, alone, will 
not lead to any emissions reductions, nor will these 
transitions enable companies to save money through 
efficiency improvements. Moreover, the level of capital 
investments in new electric heat technology (in terms of 
low and medium heat) is similar to that for new heating 
technologies running on fossil fuels (Roelofsen et al. 2020). 
Electrification of heat, then, will only be financially sensible 
when electricity prices are lower per unit of energy than 
those of fossil fuels. Similarly, indirect electrification 
through the use of green hydrogen will also be highly reliant 

F IGURE 1 9.   Historical progress toward 2030, 2040, and 2050 targets for the share of electricity  
in the industry sector’s final energy demand

Sources: IEA (2020n); Jeffery et al. (2020b).
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on renewable electricity prices. Focusing on the reduction 
of electricity costs will therefore be essential in making 
electrification more attractive. Despite falling prices of 
renewable electricity generation (see Power Indicator 2), 
the deployment of renewables is associated with additional 
costs such as grid upgrades, expansion, and storage. 
To make electrification more attractive for industrial 
processes while promoting renewable energy deployment, 
several measures could be considered. For instance, 
new revenue streams could be created by collecting 
financial rewards from power producers for providing 
grid-balancing services—during periods of excess power 
supply, industries use the additional electricity generated 
from renewables, and in doing so help balance power 
supply and demand (Roelofsen et al. 2020).

Promoting a shift to electric 
technologies in the near term 
Even so, there are reasons to argue that an 

introduction of electric technology in industry should be 
promoted even before the power mix is nearly or fully 
decarbonized. As the lifetime and investment cycle of 
most industrial plants are long, retrofitting old plants 
with electric technologies where available now would 
avoid the risk of stranding assets in the medium to long 
term (IEA 2021c). Policies and regulation can play an 
important role in promoting the deployment of electric 
technologies throughout the industry sector by providing 
financial incentives that reduce capital costs for actors 
in the industry, but also through campaigns to inform 
actors about their potential benefits of electrification. 
The early adoption of electric technologies should 
therefore be promoted. Even though the environmental 
benefit would be small in the case that the power supply 
is not yet decarbonized, making sure that the electric 
equipment is in place can have climate and economic 
benefits in the medium to long term. Nevertheless, there 
might be cases in which electrification today could 
lead to increased GHG emissions. That could occur, for 
instance, in industrial facilities that presently use natural 
gas. Replacing natural gas with coal-fired electricity 
would in such a case lead to increased emissions. The 
long-term benefit of promoting electric technologies 
at an early stage by making the industrial technology 
stock ready for decarbonization is important but needs 
to be followed by renewable energy growth in order to 
bring down emissions—particularly in order to justify 
electrification for companies concerned with meeting 
their own near-term emissions reduction targets. 

Developing new deep 
decarbonization technologies 
for timely rollout

For technologies still under development, the major 
challenge will be to get low-emissions technologies 
currently in demonstration out on the market within 
the next decade and ahead of the next investment 
cycle. Although the lifetime of most equipment is long 
(around 40 years), plants commonly undergo a major 
refurbishment after 25 years of operation to extend 
their lifetimes (IEA 2021c). To avoid technological lock-in 
effects, it is therefore vital that novel technologies be 
ready by 2030, as a large share of existing plants will 
be 25 years old within the next decade (IEA 2021c). To 
support this need, policies should promote R&D through 
financial support packages and the establishment 
of public-private partnerships. An additional and 
related issue is the challenge of making novel electric 
technologies cost-competitive. Many industrial products 
are globally traded, creating a competitive market 
with low margins. This discourages companies from 
committing to more expensive production pathways, 
making efforts to reduce the costs of new technologies 
important (Wei et al. 2019). 

Managing trade-offs and 
synergies with the power sector
Considering industry’s significant energy 

demand, its electrification will have considerable 
implications for the power sector. Meeting industry’s rising 
renewable electricity demand under a 1.5°C-compatible 
pathway will require not only replacing fossil fuel capacity 
but also substantially expanding total power capacity (de 
Pee et al. 2018). Electrification of industrial processes, 
then, could act as a key driver for the decarbonization and 
expansion of the power sector by increasing the demand 
for renewable electricity specifically, and, in doing so, 
attracting investments in renewable energy deployment. 

Renewable electricity may also play an important 
role in decarbonizing the industry sector that goes 
beyond direct electrification. As green hydrogen 
is increasingly being considered a feasible option 
to decarbonize heavy industries, the demand for 
renewable electricity will rise further (see Industry 
Indicator 5). It is therefore vital for policymakers 
and energy planners to consider industry’s impacts 
on the power sector and how synergies can be 
created. Governments thus need to take a leading 
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role in managing trade-offs and maximizing synergies 
through combining top-down and bottom-up 
policymaking, including target-setting and creating 
incentives for electrification. In the meantime, 
industry companies should include electrification in 
their technological roadmaps at an early stage, with 
support from policy and regulation. Just as electric 
technologies should be promoted, the phaseout of old, 
fossil-driven technologies should be encouraged. In 
this regard, measures such as carbon taxation could 
be instrumental. 

INDUST RY INDI CATO R 2: 

Carbon intensity of global 
cement production
Targets: The carbon intensity of global 
cement production declines 40 percent by 
2030 and 85–91 percent by 2050 relative to 2015, 
with an aspirational target to achieve a 100 percent 
reduction by 2050.

Decarbonizing the production of cement—one of 
the world’s most energy-intensive, and in-demand, 
construction materials—poses a major challenge to the 
low-carbon transition. Cement is the key ingredient in 
concrete—it serves as the glue that holds the aggregate 
(sand and gravel) together and provides strength as it 

hardens. Although this industry has made improvements 
over time, namely in energy efficiency and increasing 
the share of supplementary cementitious materials 
(SCMs),30 the carbon intensity of cement has declined 
very slowly over the last decade. Emissions intensity31 
fell just 4 percent from 664 kilograms of carbon dioxide 
per tonne (kgCO2/t) of cement in 2010 to 635 kgCO2/t 
cement in 2018 but has actually increased in recent years 
(Figure 20). The main reason for the increase in recent 
years is increasing process emissions, caused by an 
increasing average clinker-to-cement ratio (Andrew 2019).

For this industry to follow a 1.5°C-compatible pathway,  
the carbon intensity of cement needs to decrease  
40 percent below 2015 levels by 2030 and 85–91 percent, 
with an aspiration to reach 100 percent, by 2050 
(Jeffery et al. 2020b). This implies that average rates of 
decline should correspond to 24.6 kgCO2/t cement per 
year between 2018 and 2030, and 14.6 kgCO2/t cement 
per year between 2030 and 2050. Achieving such 
reductions will entail a steep reduction in emissions 
in the near term, requiring cement companies to go 
beyond traditional mitigation options such as improving 
energy efficiency and switching fuels. But alternative 
technologies such as carbon capture, utilization, and 
storage (CCUS) and novel cements are currently costly 
and immature. Decarbonization in the long term thus 
will depend on significant investments in research, 
development, and demonstration, alongside efforts to 
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create a demand for low-carbon cements and policies 
to support investment in decarbonization technologies. 
If these new technologies receive the appropriate 
support, there is a possibility for nonlinear change in this 
indicator’s future trajectory. 

Enablers of climate action
Traditional cement production generates energy-
related and process emissions, with process emissions 
accounting for a significant proportion (about 50–
60 percent) of GHGs released (Figure 21). As process 
emissions are the result of the chemical-based processes 
inherent in the production of cement, they cannot be 
reduced through decarbonization of the energy mix. There 
are two strategies to fully decarbonize cement: 

• Limiting the release of process-related emissions 
through carbon capture and storage (CCS) and 
replacing fossil fuels with alternative fuels in the 

F IGURE 20.  Historical progress toward 2030 and 2050 targets for the carbon intensity  
of global cement production
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Sources: Emissions derived from collected data (GCCA 2019; Andrew 2019; IEA 2020n; USGS 2021; Jeffery et al. 2020b).
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thermal energy mix. Alternative fuels include 
biomass and wastes, electricity, and hydrogen.32 
Since decarbonizing the energy mix only targets 
energy-related emissions, the process needs to 
be complemented with CCS to mitigate process 
emissions. Various recent studies suggest that 
decarbonization of the cement industry will not be 
possible without substantial scaling of CCS (Jeffery et 
al. 2020b; Napp et al. 2019; Material Economics 2019).

• Producing novel cements,33 which use alternative 
binders that do not generate process emissions and 
require less heat. 

Both strategies face technological challenges, as 
they are not yet fully mature in terms of technology 
development, costs, and scaling. As such, key barriers 
to the decarbonization of cement production include 
the development, piloting, and scaling of CCS, including 
required infrastructure, as well as the development and 
commercialization of low-carbon novel cements. 

These two strategies also present two drastically 
different pathways for the cement industry. The 
first approach allows cement production to continue 
relatively unchanged with new technology and 
infrastructure requirements, while the latter entails 
a complete restructuring of the cement industry. 
Given the limitations and uncertainty attributed 
to each of these decarbonization pathways, both 
strategies will need to scale up in a net-zero future. 
The most suitable pathway will depend on context-
specific aspects such as availability of raw materials 
and geographical potential to store CO2. This might 
lead to cement companies producing cement for 
specific end-uses, based on raw material input and the 
development of new standards, which in turn might 
result in the restructuring of global supply chains. In 
parallel, the immediate adoption of existing emissions 
reduction measures is required to decrease emissions 
in the medium term. Such measures, including fuel 
switching and lowering the clinker-to-cement ratio, 

F IGURE 2 1 .  Overview of cement emission sources, potential mitigation options and their respective limitations
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are commercially available and do not require much 
retrofitting to existing technology. Overcoming 
technical and innovative barriers will require the 
adoption of stricter regulations combined with the 
allocation of more resources for innovation and should 
be a joint effort by public and private actors. Critical 
enablers are discussed below.

Adopting stricter regulations 
Regulations play an important role in 
driving action, both for moving the cement 

industry onto a long-term decarbonization pathway, 
and requiring emissions reductions where possible in 
the meantime. Stricter regulations, such as mandates 
to use waste fuels or energy efficiency standards, can 
reduce energy-related emissions in the near term; in 
the longer term, low-carbon product standards could 
drive development of new technologies and approaches 
(Fransen et al. 2021). At the same time, updated material 
standards for novel cements and supplementary 
cementing materials (SCMs) can enable new cements 
to enter the market and governments can update or 
develop new cement standards while these new materials 
are being developed. Putting a price on carbon and the 
implementation of measures such as carbon border 
adjustments can also play an important role in driving 
down emissions. From a more high-level perspective, 
governments’ system-wide net-zero targets will send 
a clear signal to the private sector. The recent surge 
in governments’ commitments to national, economy-
wide net-zero targets is a positive development and can 
support this shift in the cement industry.

Increasing demand  
for low-carbon cement 
In combination with supply-side policies, 

creating a market for low-carbon cements through 
the implementation of demand-side measures 
can incentivize cement producers to adopt new 
technologies. Responsible for a significant share 
of cement consumption, governments could have a 
substantial impact by enacting procurement mandates 
or incentives for low-carbon cement in large public 
infrastructure and building projects (Dell 2020). Further, 
regulations such as the inclusion of embodied emissions 
in building codes and large infrastructure projects can 
also help change cement companies’ behavior and will 
likely prove critical in facilitating broader market uptake. 

Building codes should thus be viewed as an important 
driver of commercialization and be developed in parallel 
alongside technological development. 

Investing in pilot projects  
and large-scale demonstrations 
of novel cements

A study by Chatham House found that while a high 
number of patents emerged from the cement sector, 
most of these have a strong focus on technologies that 
reduce emissions within the parameters of traditional 
production systems, rather than on technologies that 
transform existing manufacturing processes, such as 
novel cements (Lehne and Preston 2018). 

Global demand for cement, mainly driven by increased 
use in developing countries, is outpacing innovation 
(Lehne and Preston 2018). These trends have led to the 
expansion of traditional technologies and could result in 
technological lock-in effects, further underscoring the 
need for research and development in the near term. 
Stronger incentives for emissions reductions will be 
needed to encourage cement producers to go beyond 
mitigation measures in traditional cement technology. 

About nine types of novel cements are under 
development, with various emissions reduction 
potentials and limitations. Some could only marginally 
reduce carbon intensity, while others actively 
sequester carbon (Material Economics 2019; Lehne and 
Preston 2018). But without investments or large-scale 
demonstration projects, most novel cement technologies 
have yet to enter the market. Raw material availability 
at both regional and global levels has also limited the 
uptake of some novel cements (Lehne and Preston 2018; 
Jeffery et al. 2020b). Moreover, in this already well-
established industry, comprised of a few major 
companies, it is difficult for innovative entrepreneurs 
to enter the market. Producers tend to shy away from 
exploring novel approaches, which they perceive as risky 
investments (Lehne and Preston 2018). Further, without 
building code approval, consumers might consider 
the use of novel cements structurally risky. There is 
therefore a need for increased investments in pilot and 
large-scale demonstration projects, and a continuous 
standardization process to prove new technologies and 
to get them out on the market.
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INDUST RY INDI CATO R 3 : 

Carbon intensity  
of global steel production
Targets: The carbon intensity of global steel 
production declines 25–30 percent by 2030  
and 93–100 percent by 2050, relative to 2015.

Worldwide, the carbon intensity of steel production has 
remained steady over the past decade at around 
1800 kilograms of carbon dioxide per tonne (kgCO2/t) of 
steel (Figure 22). Steel is a key material in buildings, cars, 
and transportation infrastructure, and, although demand 
is stabilizing or even decreasing in some developed 
countries, demand in developing countries is rising and 
will likely offset decreases in other regions (ETC 2019c). 

For a 1.5°C-compatible pathway, the carbon 
intensity of steel will need to decline 25–30 percent 
below 2015 levels by 2030 and 93 to 100 percent 

by 2050. Achieving these targets will require a trend 
change in emissions intensity, requiring a steep drop 
in the coming years that corresponds to an average 
rate of decline of 35.2 kgCO2/t steel per year between 
the baseline year and 2030, and 63.9 kgCO2/t steel 
per year between 2030 and 2050. Historically, 
between 2010 and 2019, the carbon intensity of steel 
has increased by an average of 3 kgCO2/t steel annually. 
Such a reversal will depend on the introduction of novel 
technologies, such as zero-carbon fuels and carbon 
capture, utilization, and storage, as well as the optimal 
use of recycled scrap steel. In terms of technological 
shifts, exponential growth has been observed 
historically when open-hearth furnaces were replaced 
with blast furnaces (World Steel Association 2021).  
There is great technical potential to reduce emissions in 
the steel industry according to Hoffmann et al. (2020).  
If these novel technologies receive enough support, 
there is a possibility for nonlinear change in this 
indicator’s future trajectory. 

F IGURE 2 2 .  Historical progress toward 2030 and 2050 targets for the carbon intensity  
of global steel production
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INDUST RY INDI CATO R 4:

Low-carbon steel facilities  
in operation
Targets: 20 low-carbon steel facilities with a 
production capacity of at least 1 million tonnes (Mt) 
per year become operational34 by 2030, and all steel 
facilities are net-zero GHG emissions by 2050.

To support the alignment of the steel industry with 
a 1.5°C pathway, at least 20 low-carbon steel facilities 
with at least 1 Mt production capacity should be 
operational by 2030, and all facilities should be net-
zero GHG emissions by 2050 (Figure 23).35 Recent 
years have seen some progress in terms of piloting 
and demonstration, but acceleration is needed. 
In the past three years, the number of announced 
low-carbon steel projects has increased rapidly, 
from 1 in 2016 to 23 in 2020 to 45 as of August 2021 
(Figure 24). By 2030, 18 full-scale projects are planned 
to be operational (Figure 25). Although that is close 

F IGURE 2 3.  Historical progress toward 2030 and 2050 targets for low-carbon steel facilities in operation
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to meeting the 2030 target in terms of the number of 
facilities, data are insufficient on the projects’ production 
capacity; production capacity is only known for 4 of 
the projects, all of which meet the annual 1 Mt criteria. 
Although yet uncertain, a maintained pace in low-carbon 
steel announcements could indicate the emergence of 
a nonlinear trend. Data from the Green Steel Tracker 
suggest that the industry is relatively confident in these 
plants’ technological potential and that it is rapidly 
reaching a technological tipping point, as many projects 
move from small-scale pilots to the demonstration phase 
(Watt and Hobley 2021). 

The actual transition from a pilot to a full-scale plant, 
however, requires time. One of the early movers, the 
Swedish steel producer SSAB, initiated its project 
on green hydrogen-based steel production, Hybrit, 
in 2016. It aims to produce 1.3 Mt fossil-free steel 
by 2026 and reach full-scale production of 2.7 Mt in 2030 
(SSAB 2021a, 2021b), a 14-year process from initiation to 
a full-scale facility. Judging from the announcements 
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collected by the Green Steel Tracker, the 2030 target 
would not be reached on time (counting full-scale 
projects), assuming a similarly long process (Figure 24). 
In addition, another six demonstration projects and eight 
pilot projects are planned to be operational by 2030. 
Nevertheless, the actual progress of this indicator is 

uncertain, due to the lack of information on projects’ 
production capacity, whether they will actually be 
implemented, and, if so, whether they will go online in the 
year planned. 

Beyond individual projects, a rising ambition is emerging 
in terms of target-setting within the private sector. A 
total number of 14 steel companies and associations 
have committed to carbon neutrality by 2050, together 
accounting for about 24 percent of global primary 
production in 2019. When also considering the Chinese 
steel industry’s commitment to carbon neutrality 
by 2060, that share increases to 68 percent (Lee 2021a). 
Although such numbers suggest a promising outlook, 
there is a general lack of technological roadmaps 
and short-term investment commitments, mirrored 
by the limited number of companies that have 
announced 2030 emissions reduction targets. Out 
of 17 companies and associations that have announced 
long-term decarbonization goals, only 8 have medium-
term emissions reduction targets. 

F IGURE 25.  Number of low- and zero-carbon steel 
projects in the year they are planned  
to go online
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F IGURE 24.  Number of announced low- and zero-carbon 
steel projects by year and aggregated

0

10

20

30

40

50

2016 2017 2018 2019 2020 2021
(Jan–Aug)

Cumulative data Annual data

Source: Authors' analysis of data from Leadit (2021).



76STATE OF CLIMATE ACTION 2021  | CHAPTER 5. INduSTry

Enablers of climate action
The number of low-carbon projects influences the 
indicator “carbon intensity of steel production.” Given the 
interlinkages between these two indicators, this section 
identifies enablers for both. 

Historically, steel is produced with three main 
technologies, which vary significantly in terms of energy, 
emissions intensity, and mitigation options (Figure 26).36 

In terms of primary steel production, various 
decarbonization technologies are in development, each 
facing barriers such as renewable energy availability, 
carbon storage feasibility, or technical maturity. The 
optimal choice of decarbonization technology will 
depend on context-specific aspects, including the price 
and emissions intensity of electricity, and the ability 

to scale CCS (Bataille 2020; Hoffmann et al. 2020). A 
shift from primary to secondary steel production is 
the most energy-efficient technology option but will be 
limited by the regional availability and quality of scrap 
steel (ETC 2019c; Hoffmann et al. 2020; Bataille 2019). 
More broadly, the main barriers include the lack of 
strong leadership from governments in the form of 
target-setting and stronger regulation, and the lack of 
targeted incentives or broad measures to drive the shift 
to less carbon-intensive technologies. Pressure from 
governments through public procurement and from 
upstream companies could be another significant driver 
for the iron and steel industry to shift to less emissions-
intensive pathways. More proactive engagement 
in development and innovation is also sought from 
governments and private actors. 

F IGURE 26.  Overview of current steel production technologies and their corresponding  
decarbonization options
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Given economic and technical limitations to the 
widespread adoption of CCS on the most carbon-
intensive technology—the blast furnace–basic oxygen 
furnace (BF-BOF)—the introduction of novel technologies 
and the ultimate replacement of BF-BOF plants will be 
imperative to reduce emissions. A shift from BF-BOF 
to the direct reduced iron–electric arc furnace (DRI-
EAF) route will be key, given the energy efficiency gains 
and the possibility of replacing fossil fuels with clean 
fuels in the DRI-EAF route. Although DRI-EAF is more 
energy efficient, its share of global production has not 
increased in the last decade (see Figure 27). The main 
fossil fuel source in the DRI-EAF process historically 
and presently is natural gas, which is used to reduce 
the iron ore, so the shift to an alternative reduction 
agent eliminates the need for fossil fuels in the DRI-EAF 
process. The most promising option for this process 
is to use hydrogen as a reduction agent and energy 
source, leaving only water as a byproduct (Figure 26). 
For the steel to be considered carbon-free, the hydrogen 
used in the process must be green (i.e., produced from 
dedicated renewable electricity). As such, the DRI-EAF 
route has the technical potential to fully decarbonize 
steel production without the need for CCS, which gives it 
a clear advantage compared to the energy-intensive and 
fossil fuel–dependent BF-BOF route. 

Increasing public finance  
for R&D 
Although technologies are advancing, the 

required technological transformation to decarbonize 
the steel industry will not be achievable without meeting 
financial needs, including investments in new technology 
and the development of new infrastructure. To meet 
the 2030 targets, the shift from decarbonization pilot-
phase projects into the demonstration and full-scale 
deployment phase needs to accelerate, which will require 
increased activities in R&D and public-private partnerships 
to manage risk for private actors.37 At the same time, deep 
decarbonization with high-potential direct electrification 
technologies such as low- and high-temperature direct 
electrolysis of iron ore will require dedicated support to 
cross into the pilot stage (Bataille 2019). 

Particular focus needs to be put on the further 
development of CCS technology to increase its efficiency 
and capture rates, and to drive down capital costs. 
A substantial part of the current technology stock, 
particularly in developing countries, is relatively new, 
and where steel producers have built BF-BOF plants, a 
fast shift to the DRI-EAF route could lead to stranded 
assets and might not be economically feasible in the 
short term (Hoffmann et al. 2020). In those cases, 
adding CCS technology to current BF-BOFs might be a 
more suitable option. Doing so could reduce emissions 
significantly, although not to zero, as current CCS 
technology does not allow for 100 percent capture rates 
(ETC 2019c). Considering that the CO2 concentrations  
in the flue gas of a BF-BOF plant are relatively low 
(16–42 percent), retrofits of BF-BOF facilities would have 
trouble economically capturing more than 30–50 percent 
(Bains et al. 2017). However, new technologies producing 
higher concentrations of CO2 are in development 
(Bataille 2019). Given such technological and economic 
challenges, and the fact that there likely will be a need 
for CCS to decarbonize the steel industry, more support 
needs to be directed to research and development for CCS 
to go beyond the pilot stage (Chan et al. 2019; ETC 2019c). 

With regard to hydrogen-based steel production, which 
is closer to commercialization, more investments 
are needed to support its deployment and achieve 
economies of scale, and particularly to drive down the 
cost of green hydrogen. Public-private partnerships can 
be a helpful mechanism to manage risks for companies 
and to reward early movers.

F IGURE 2 7.  Share of global steel production  
by technology type
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early stage and develop technology roadmaps. Such 
assessments should evaluate the feasibility of various 
decarbonization technologies and identify the future need 
for new infrastructure, storage, and transportation, as 
well as ensuring buy-in from surrounding communities. 
These plans will, in turn, inform policymaking, allow 
decision-makers to assess infrastructure needs and 
develop supportive financial mechanisms. 

Driving down the cost of green 
hydrogen
Green hydrogen produced using renewable 

electricity to split water through electrolysis will be a key 
component of the decarbonization of the steel industry 
(see Box 5). 

The initial need for policy 
commitments to net-zero GHG 
emissions and the development 
of technology roadmaps  

to send a clear signal to steel producers
In addition to the promotion of new technology 
development, financial support measures need to 
be complemented with top-down policies aiming to 
reduce emissions in steel production. The dynamic of 
interactions across steel producers is an important 
driver for the decarbonization of the industry, as 
producers are encouraged by the increased activities 
and commitments, making new technologies more 
mainstream. To further encourage companies to take 
bolder steps toward decarbonizing their processes, 
national targets, such as countries’ economy-wide net-
zero GHG emissions targets, play an important role, as 
they can send clear signals to industry. 

Targets need to be followed by thorough strategies, 
setting relevant interim targets, allowing for logical 
stock turnover and investment cycles (Bataille 2019). 
The development of technology roadmaps is particularly 
important in planning for infrastructure development. 
It is therefore critical for companies and governments 
to assess various decarbonization technologies at an 

BOX 5. The role of a green hydrogen economy in the decarbonization of the steel industry

Among hydrogen-related steel projects, the majority currently 
focus on the green hydrogen–based DRI route or solely on green 
hydrogen supply for the steel industry (Figure B5.1). However, 
about 15 percent of hydrogen-related projects currently 
focus on the shift to, or new installation of, natural gas–based 
direct reduced iron (DRI)—aiming to shift to green hydrogen 
depending on its future availability and cost. These data 
illustrate an emerging and accelerating interest in hydrogen-
based steel production, and identify the cost and availability 
of green hydrogen as a limiting factor. As such, a precondition 
to further accelerate the rising interest in hydrogen-based 
steel is developing a green hydrogen economy and closing 
the price gap between green hydrogen and incumbent fuels. 
None of current green hydrogen-based steel projects have yet 
reached full scale. This indicates that there is still a long way 
to go before a substantial shift to green hydrogen-based steel 
production can be achieved. 

The moment when green hydrogen reaches cost parity with 
natural gas is likely to be the key positive tipping point. The 
regional price of green hydrogen will be highly dependent 

on the renewable power production potential as well as 
the geological storage potential. Given high sensitivity to 
electricity prices in green hydrogen production costs, the 
timing will vary greatly across regions, which could lead to a 
shift in material flows. This poses an opportunity for countries 
endowed with rich renewable energy resources and those 
with rich iron ore reserves, as well as for major steel-
producing countries suffering from high levels of air pollution 
and greenhouse gas emissions. Steel-producing countries 
with limited renewable energy resources could avoid the most 
polluting part of their steel production—the reduction of iron 
ore. Instead of importing iron ore, they could import reduced 
iron, which is then further processed into steel in electric arc 
furnaces in the importing country. In addition, green hydrogen 
could be used to produce carbon neutral fuel for shipping of 
the iron ore. Countries endowed with rich renewable energy 
and iron ore resources could in that way add value to the 
otherwise limited added value from exporting iron ore, while 
utilizing renewable energy resources in remote locations 
(Bataille 2020; Gielen et al. 2020). This approach would limit



79STATE OF CLIMATE ACTION 2021  | CHAPTER 5. INduSTry

BOX 5. The role of a green hydrogen economy in the decarbonization of the steel industry (continued)

F IGURE B 5.1 .   Distribution of hydrogen-related 
ongoing and announced low- and zero-
carbon steel projects by type
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the polluting and expensive transportation of hydrogen. 
International partnerships and policies promoting green 
hydrogen production will be an important driver to make global 
trade flows as efficient as possible. 

As such, a shift to a hydrogen-based steel industry could be 
an opportunity to accelerate the emergence of a global green 

hydrogen economy. The emergence of a green hydrogen 
economy brings important synergies with the transition of 
the power sector, as green hydrogen production benefits 
from high shares of renewables in the power mix (Liebreich 
2020). In addition, as the hydrogen DRI route could be operated 
in periods of low electricity demand, it could be used to 
smooth the electricity load curve and to balance electricity 
prices by taking advantage of off-peak variable renewable 
energy generation (Bataille et al. 2018). In developing a green 
hydrogen sector, however, proper planning and infrastructure 
development are required to ensure buy-in from surrounding 
communities. It also will be important to assess potential 
impacts on land and water related to renewable energy 
deployment and electrolysis, as well as associated social and 
cultural impacts. 

The potential of using blue hydrogen—hydrogen produced 
from fossil fuels and with carbon capture and storage—could 
become an option for some countries where the production 
of green hydrogen is too costly and importing it is not feasible 
today or in the near future. Production of blue hydrogen 
could co-locate with steel facilities using methane as a 
reduction agent to take advantage of the shared pipelines. 
Direct import of green iron and steel produced in regions rich 
in renewables and iron ore is another solution. Otherwise, 
once green hydrogen becomes feasible, DRI facilities can 
shift to that resource without the need for adjustments in 
the steel-producing process. To ensure the sustainability of 
DRI-produced steel, it will therefore be important to develop 
guarantees of origin, such as international standards that 
account for the life-cycle emissions of the hydrogen used in 
the production. In that way, green hydrogen could be promoted, 
while avoiding steel producers’ continued use of gray hydrogen.
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availability of hydrogen storage and transportation. 
Policies should therefore focus on scaling the production 
of green hydrogen and bringing down its costs in the 
near term. 

The expansion of a green hydrogen sector to meet 
growing demands will require a vast expansion of 
renewable energy generation and electric grids to 
avoid hydrogen being generated from dirty electricity. 
A Paris-aligned scenario developed by IRENA suggests 
that the share of renewables in global steel production 
could increase almost 10-fold between 2017 and 2050, 
corresponding to 20 exajoules (EJ, 1 quintillion, or 1018, 
joules) (IRENA 2020c). Countries must collaboratively 
work on developing guarantees of origin to be integrated 
in industrial policy and standards. Policymakers may 
also consider the creation of green hydrogen hubs, in 
which green hydrogen production is located within the 
proximity of demand clusters, to kickstart the green 
hydrogen sector. To accelerate the shift from BF-BOFs to 
DRI-EAF, financial policy support, such as contracts for 
difference, could help manage risks for steel producers 
by ensuring that any additional costs compared to the 
incumbent fuel or technology are covered by the state. 

Increasing demand  
for low-carbon steel
Adding to supply-side polices promoting 

the deployment of novel technologies, policies that 
stimulate demand for low-carbon steel are an important 
driver in decarbonizing the steel industry. Such policies 
could include public procurement targets and policies 
that neutralize or offset additional costs, such as 
energy efficiency standards and carbon contracts for 
difference. With more than half of all steel produced 
going to the building materials sector, largely ending up 
in public construction projects, “buy clean” polices that 
use government spending to stimulate the market for 
low-carbon products could play an important role in the 
decarbonization of the steel sector (Dell 2020). Nonstate 
actors, including major steel consumers, such as the 
automotive industry, can also leverage voluntary demand 
specification for green steel to encourage or directly 
stimulate new green steel production (NewClimate 
Institute et al. 2019). The car manufacturer Daimler, for 
instance, has committed to becoming carbon-neutral 
by 2039, including its supply chains, and is an investor 
in the H2 Green Steel start-up in Sweden (Daimler 2021b, 
2021a). More broadly, a growing number of automotive 

Among announced green steel projects, there seems to 
be a clear preference for the hydrogen-based DRI route 
(Figure 28). This suggests that hydrogen is currently 
viewed as the most feasible decarbonization technology 
by the majority of steel producers. This sends a clear 
message to the green hydrogen sector. Considering 
that the green hydrogen-based DRI-EAF route is highly 
electrified (for the production of green hydrogen as 
well as for the EAF), the cost-competitiveness of this 
technology will depend heavily on the price of electricity 
as well as on driving down the costs of electrolyzers 
(see Industry Indicator 5). Renewable energy costs 
have decreased rapidly in the past decade and are 
projected to decrease further, while electrolyzers are 
still at an emerging stage, with costs expected to fall 
in the coming decade (IRENA 2020d). As a result, the 
price of green hydrogen is projected to reach near cost 
parity with natural gas by 2030 in regions with abundant 
renewable energy resources and storage availabilities, 
and in most regions before 2050 (BloombergNEF 2020b). 
The financial feasibility of hydrogen-based DRI-EAF 
steel production will as such depend not only on local 
renewable energy resources and costs but also on the 

F IGURE 2 8.  Distribution of announced and ongoing  
low- and zero-carbon steel projects  
based on technology type
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companies are setting Paris-compatible emissions 
reduction targets (We Mean Business Coalition 2020). 
Setting emissions reduction targets, including GHGs 
released across the entire value chain, could increase 
the demand for low-carbon steel, while also sending a 
clear signal to steel producers. In this context, national 
net-zero targets can create synergies by encouraging 
major consumers to demand low-carbon products. 

Addressing the risk  
of carbon leakage
Steel is a globally traded commodity, which 

comes with challenges but also opportunities for the 
decarbonization of the sector. The uneven distribution 
of carbon-restricting policies and regulations may pose 
challenges for steelmakers engaging in decarbonization 
efforts. In regions with stricter regulations on emissions, 
the risk of carbon leakage is potent and could lead 
steel producers to move their activities to regions 
with less strict regulations. This calls for increased 
international coordination on industrial sector policies 
and standards. Seeking to avoid global carbon leakage, 
the European Union, for example, adopted a proposal for 
the first carbon border tax in July this year (European 
Commission 2021b). In the following week, a carbon 
tariff on imported goods, including steel, was introduced 
in the United States by two Democratic lawmakers 
(Volcovici 2021). Such an instrument taxes imported 
goods that do not comply with the European Union’s 
emission standards and, in doing so, could help reduce 
carbon leakage. The implementation of this type of 

mechanism could, in turn, incentivize decarbonization 
outside of its jurisdictions. As another option, product 
standards tied to energy and/or emissions intensity per 
tonne of steel could lead to an international “race to the 
top” in low-carbon technologies.

Incentivizing increased  
scrap metal use 
Although the demand for primary steel 

is expected to rise, it can be significantly reduced 
through the increased recycling of scrap steel, which is 
an efficient and economically feasible way of reducing 
emissions while also limiting the need for investments 
in new technology (Bataille 2020; Xylia et al. 2018). In 
the last decade, however, the share of scrap-EAF in 
global steel production has remained stable, fluctuating 
between 21 percent and 26 percent (Figure 27). The 
expected rise in steel demand in developing regions such 
as India and Africa will require increased production 
of primary steel. In developed regions, however, with 
an already high stock of steel per capita, recycled 
scrap steel could satisfy large proportions of steel 
demand, which is not the case in regions with a low steel 
stock per capita (ETC 2019c). In addition to the limited 
availability of scrap steel, restrictions with regard to 
both copper contamination and scrap losses challenge 
the maximization of steel recycling (ETC 2019c; Xylia et 
al. 2018). Policies and regulations focused on sorting 
and recycling to further improve steel recycling can help 
overcome such barriers.
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INDUST RY INDI CATO R 5: 

Green hydrogen production
Target: Green hydrogen production capacity 
reaches 0.23–3.5 Mt (25 GW cumulative electrolyzer 
capacity) by 2026 and 500–800 Mt (2,630–20,000 GW 
cumulative electrolyzer capacity) by 2050. 

In addition to electrification, green hydrogen—a zero-
carbon fuel produced through water electrolysis 
powered by renewable energy—can help decarbonize 
hard-to-abate sectors (e.g., steel, cement, long-distance 
shipping, and aviation) by replacing fossil fuels. 

Today, annual global demand for pure hydrogen 
is around 74 Mt and nearly all existing hydrogen 
production processes rely on methane or coal with 
no CO2 abatement (IEA 2020j). Still in its early phases 
of development, green hydrogen accounts for less 
than 0.1 percent of current production (IEA 2019b). 

Scenarios aligned with limiting global temperature rise 
to 1.5°C suggest that hydrogen will supply 15–20 percent 
of the world’s final energy demand by 2050. Recent 
analysis from the Energy Transitions Commission 
estimates that this equates to a total annual hydrogen 
demand of 500–800 Mt—a massive increase from today’s 
levels (Figure 29) (ETC 2021b).38 Total hydrogen demand 
estimates by Bloomberg New Energy Finance, the IEA, and 
the International Renewable Energy Agency also fall in this 
range (BloombergNEF 2020b; IEA 2020p; IRENA 2020b). 

Though the exact electrolyzer capacity needed to 
produce 500–800 Mt varies depending on electrolyzer 
efficiency and utilization, approximately 2,630–
20,000 GW of electrolyzer capacity will be required 
by 2050. Estimates from the High-Level Climate 
Champions suggest that to meet this target, 25 GW 
electrolyzer capacity with potential to produce 0.23–
3.5 Mt green hydrogen per year will be required by 2026.39 
Today, less than 1 GW is operationalized (IRENA 2019c). 

F IGURE 2 9.  Historical progress and an illustrative S-curve of what’s needed to reach 2026 and 2050 targets  
for green hydrogen production
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Enablers of climate action
Cost remains the greatest barrier to green hydrogen 
adoption (IRENA 2020b; ETC 2021b; BloombergNEF 2020b). 
Currently, green hydrogen costs $2.5–$4.6 per 
kilogram—$0.3–$2.9 per kilogram more than hydrogen 
derived from coal or natural gas (BloombergNEF 2020b). 
Market factors limiting the applicability and demand for 
green hydrogen across sectors and renewable energy 
capacity required to produce green hydrogen at scale 
must also be addressed. Four interrelated drivers emerge 
as critical to addressing these challenges: decreasing 
electrolyzer cost, increasing renewable energy capacity, 
increasing hydrogen demand across sectors, and 
multistakeholder coordination. 

Decreasing electrolyzer cost
One of the largest drivers of green 
hydrogen cost is the electrolysis process 

used to produce it. Decreasing green hydrogen cost 
will require decreasing the cost of electrolyzer units by 
increasing unit capacity and utilization rates. 

There are currently two commercial electrolysis 
technologies: proton-exchange membrane and 
alkaline. Both decreased in cost significantly 
between 2014 and 2019, falling 50 percent 
and 40 percent, respectively (BloombergNEF 2020b). 
Dominant in large-scale production, alkaline 
electrolyzers now cost $850/kW globally, with $300/
kW electrolyzers already available in China (ETC 2021b). 
Regardless of project size, electrolyzers require 
significant investments in energy and maintenance. 
Large-scale production projects can help create 
economies of scale, supply chain standardization, 
and efficiencies, and can decrease average hydrogen 
production cost. Both the size and number of large-
scale projects are increasing globally, with over 90 GW 
additional electrolysis capacity planned by 2030 
(Figure 30) (Nascimento 2021). 

Sustained cost reductions stemming from large-scale 
production will facilitate further electrolysis deployment 
at scale. Industry estimates and High-Level Climate 
Champions learning curve analysis suggest that 5–10 GW 
annual production capacity may be needed to realize cost 
reduction of electrolysis for each company (representing 
about 30 percent of green hydrogen’s levelized cost) 
(High-Level Climate Champions analysis of Schmidt et al. 
2017; IRENA 2020b; ETC 2021b; BloombergNEF 2020b).

F IGURE 3 0. Cumulative installed electrolyzer capacity
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Scaling renewable energy supply 
Electrolysis requires significant renewable 
energy capacity. While reducing the cost 

of renewable energy is essential to reducing green 
hydrogen cost, increasing green hydrogen production 
in line with a 1.5°C pathway will require significantly 
more renewable energy than is currently available 
(ETC 2021b; IRENA 2020b). IRENA analysis suggests 
that producing 19 EJ of green hydrogen, equivalent to 
around 133 Mt, would require an additional 4–16 terawatts 
(TW) of wind and solar energy for electrolysis alone 
(IRENA 2019c). Producing 500–800 Mt of green hydrogen 
though electrolysis would require between three and 
six times more capacity, that is, 15–96 TW of renewable 
electricity. Currently, wind and solar electricity generation 
capacity for all purposes is just 1 TW. Locating green 
hydrogen projects near large-scale, renewable energy-
dense sites will be critical to increasing green hydrogen 
production and adoption. 

Increasing hydrogen  
demand across prioritized  
hard-to-abate sectors 

Consensus has not yet emerged on exactly how hydrogen 
will be used across industrial processes and for which 
sectors it should be prioritized. Early demand is likely 
to arise in sectors where hydrogen is already in use 
(e.g., chemical production or oil refining), where green 
hydrogen is closest to cost parity with fossil fuel–based 
solutions (e.g., fuel cell heavy-duty vehicles), and where 
there is policy pressure to reduce CO2 emissions (e.g., 
shipping and aviation) (ETC 2021b). Hydrogen roadmaps, 
now established in 12 countries, can help countries 
determine exactly how to prioritize green hydrogen 
use across sectors based on end-use efficiency and 
availability of natural resources (IRENA 2019c, 2020c). 

Once priority sectors are identified, a number of tools 
can be used to increase hydrogen demand. Carbon 
pricing is among the most effective policy levers that 
can incentivize adoption by enabling green hydrogen 
to reach price parity with other fuels across different 
sectors (Figure 31). Nineteen countries and the European 

F IGURE 3 1 .   Marginal abatement curve for hydrogen and indicative carbon price required 
in each sector for hydrogen to compete with the cheapest fuel alternative
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Union are promoting hydrogen through supportive 
decarbonization policies such as carbon contracts for 
difference in addition to cap-and-trade schemes and 
fossil fuel subsidy phaseout (BloombergNEF 2020b). 

Transitioning to green hydrogen in sectors such as 
steel, buildings, and shipping will require investment 
in retrofits, new equipment, or new fuel storage 
(ETC 2021b; IRENA 2020a; European Commission 2020a). 
The cost of adopting green hydrogen will likely be 
a significant barrier. Policymakers can incentivize 
green hydrogen adoption by raising the cost of carbon 
and setting ambitious emissions reductions targets. 
China, for instance, designates hydrogen as a priority 
technology in its net neutrality strategy and launched its 
national carbon market in July 2021 (Yin and Yep 2021). 
Though still early, China’s carbon-pricing system, 
combined with measures to promote fuel cell vehicles 
and investment in hydrogen development, is expected 
to help drive hydrogen demand domestically and 
internationally (Casey 2021). 

Multistakeholder coordination
Coordination across public and private 
stakeholders will be critical to building 

out the overall hydrogen market and integrating green 
hydrogen use into the economy at scale. Governments 
are well positioned to lead this effort through tax 

incentives to support development of hydrogen 
production and infrastructure (McDonald et al. 2021). 
Large-scale demonstration projects, known as hydrogen 
clusters, can also help overcome market design 
barriers by bringing together actors across a local 
economy to demonstrate the full hydrogen value chain. 
These projects involve the integrated development of 
hydrogen production, storage, transport, and end-use 
in one centralized location, which can help address 
uncertainty around investment in green hydrogen and 
spark further hydrogen developments (ETC 2021b). 
Hydrogen clusters are being developed in the European 
Union, Australia, Saudi Arabia, and South Korea (COAG 
Energy Council 2019; European Commission 2020a; 
Stangarone 2021; Robbins 2020). 

Multistakeholder partnerships are also helping to create 
an enabling environment for green hydrogen. HyDeal 
Ambition, a collaboration between policymakers, 
industry, and civil society, is developing a green 
hydrogen project pipeline and value chain collaboration 
to help deliver the European Union hydrogen strategy 
(Gupta 2021). On the private sector side, the Green 
Hydrogen Catapult, a partnership between leading 
energy companies, aims to drive the price of green 
hydrogen below $2 per kilogram and deploy 25 GW 
of renewables-based hydrogen production by 2026 
(Deign 2020). 



6TRANSPORT
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WHILE TECHNOLOGICAL SOLUTIONS 
such as electric vehicles (EVs) 
are capturing the zeitgeist with 
announcements by major vehicle 

manufacturers and countries related to moving away 
from the internal combustion engine (see IEA 2021c), 
achieving full decarbonization of the transport sector 
while reducing the externalities it currently produces 
cannot be achieved solely by a change in technology. 
An often-used framework that helps organize the 
multiple solutions that will help achieve decarbonization 
of the sector is Avoid-Shift-Improve (ASI) (Dalkmann 
and Brannigan 2014). Under this approach, the whole 
sector (and especially governments through policies 
and investments) should work toward avoiding the need 
to travel by using land use tools to bring opportunities 
closer to citizens, shifting travel toward more efficient, 
less carbon-intensive modes of travel such as public 
transport, walking, and cycling, and finally improving 
the carbon-intensity of the remaining travel modes 
by means of technology, such as electric vehicles and 
cleaner fuels.

In this chapter we examine the transition in the transport 
sector through nine indicators. Indicators 1–7 are 
related to the road subsector and include the share 
of trips made by private light-duty vehicles (LDVs) 
(depicting modal shifts, in line with the shift part of 
the ASI framework) (indicator 1); the carbon intensity 
of land-based passenger transport (indicator 2); 
the share of electric LDVs in total sales and stock 
(indicators 3 and 4, respectively); sales of zero-
emissions buses (indicator 5); sales of zero-emissions 
medium- and heavy-duty vehicles (MHDVs) (indicator 6); 
and the share of low-emissions fuels (indicator 7). 
Indicator 8 is related to the aviation subsector, 
specifically, the share of sustainable aviation fuel. 
Indicator 9 covers the shipping subsector, tracking the 
share of zero-emissions shipping fuels. For seven of the 

Transport accounts for approximately 16.9 percent of global GHG emissions 
(8.3 GtCO2e emissions in 2018) (Figure 32) (ClimateWatch 2021) and is the fastest 
growing source of emissions after industry (Ge and Friedrich 2020). Road transport 
is responsible for the lion’s share of these emissions, with rail, aviation, and shipping 
all comprising a much smaller proportion, each around 1 percent or less of global 
emissions but growing at a faster rate (ClimateWatch 2021; Crippa et al. 2019). 

Source: ClimateWatch (2021).

F IGURE 32 .  Role of the transport sector in global 
greenhouse gas emissions 
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nine indicators, historical rates of change are headed in 
the right direction but are below levels required for 2030; 
for one (modal split − percentage of trips done by LDVs), 
the historical rate of change is headed in the wrong 
direction entirely; and, for the remaining one, data are 
insufficient to assess the historical rate of change and 
gap in action (Table 10). The choice of indicators skews 
toward those relating to technological solutions, but this 
is not intended to be interpreted as a prioritization of 
such solutions. The availability of quality global-scale 
historical data and modeling approaches is greatest for a 
number of these indicators, which enables the derivation 
of associated 1.5°C-compatible targets.

Avoid strategies will play a crucial role in reducing 
emissions from the transport sector. However, due to 
challenges in identifying a concise set of indicators for 
which historical data were available, progress toward 
implementing Avoid strategies is not tracked in this 
report. Nonetheless, strategies including changes to 

zoning laws that support higher densification to reduce 
the number and distance of trips, as well as demand-
management interventions to disincentivize travel, 
are powerful levers available to policymakers aiming 
to foster a more sustainable, equitable transportation 
system. They should be thoroughly considered, 
together with changes in technology. For further 
reading on how to implement these types of strategies 
and their mitigation potential, please refer to Litman 
and Steele (2017).

In addition to promoting mitigation, the shifts needed 
in the transport sector to help limit warming to 1.5°C 
can also bring socioeconomic benefits. For example, 
road vehicles are currently responsible for more than 
two-thirds of urban air pollution (Khreis et al. 2019), so 
reduced dependence on internal combustion engines 
would lead to improved local air quality and significant 
health co-benefits. Air pollution is linked to premature 
death in adults due to heart and lung disease, strokes, 

TA BL E 1 0. Summary of progress toward 2030 transport targets

Indicator Most recent 
historical data 
point (year)

2030 target 2050 target Trajectory of change Status Acceleration factor

Share of trips made by 
private LDVs (%) 

43.60% 
(2020)

36–46 No target 
established 
(insufficient data)

Exponential  
change possible

n/a; U-turn needed

Carbon intensity of land-
based transport (gCO2/pkm) 

104 
(2014)

35–60 Near zero Exponential  
change possible

Insufficient data

Share of EVs in LDV sales 
(%)

4.26 
(2020)

75–95 100 by 2035 Exponential  
change likely

n/a; in diffusion stage  
of S-curve

Share of EVs in the LDV 
fleet (%)

0.55 
(2020)

20–40 85–100 Exponential  
change likely 

n/a; in diffusion stage  
of S-curve

Share of BEVs and FCEVs 
in bus sales (%) 

39 
(2020)

75 by 2025 100 in leading 
markets by 2030

Exponential  
change likely  

n/a; in diffusion stage 
of S-curve

Share of BEVs and FCEVs  
in MHDV sales (%) 

0.30 
(2020)

8 by 2025 100 in leading 
markets by 2040

Exponential 
 change likely 

n/a; in emergence stage  
of S-curve

Share of low-emissions fuels 
in the transport sector (%)

4.26 
(2018)

15 75 to 95 Exponential  
change possible

12x

Share of SAF in global 
aviation fuel supply (%) 

0.10 
(2019)

10 100 Exponential  
change likely 

n/a; in emergence stage  
of S-curve

Share of ZEF in international 
shipping fuel supply (%) 

No data 5 100 Exponential  
change likely 

n/a; in emergence stage  
of S-curve

Note: n/a = not applicable; gCO2/t = grams of carbon dioxide; EV = electric vehicle; LDV = light-duty vehicle; pkm = passenger kilometer; BEV = battery 
electric vehicle; FCEV = fuel-cell electric vehicle; MHDV = medium- and heavy-duty vehicle; SAF = sustainable aviation fuel; ZEF = zero-emission fuel
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heart attacks, and other chronic respiratory diseases, 
among others; it is also responsible for premature 
deaths in children from acute lower respiratory 
infections such as pneumonia (CCAC 2021). Additionally, 
experts note the socioeconomic benefits of shifting 
to safer roads through walking, cycling, shorter trips, 
and public transport that can reduce traffic fatalities 
and improve health through physical activity. Public 
transport also helps to provide equitable access to jobs, 
education, and services.

It is important to note here that as countries improve 
their transport fleets, negative impacts may be 
transferred, sometimes across national borders. For 
example, as advanced economies have introduced more 
stringent fuel efficiency standards, older vehicles have 
been shipped to developing countries that typically 
lack effective standards and regulations (UNEP 2020b). 
This export of old, polluting, and unsafe vehicles is an 
unintended but damaging consequence of upgrading 
vehicle fleets in wealthier countries. Thus, when 
transforming the transport sector, attention to impacts 
across the entire globe is critical. 

Some of the transitions envisaged in the transport 
sector also depend on rapid scaling up of battery 
manufacturing (the current announced production 
capacity for 2030 would cover only 50 percent of 
required demand in that year) (IEA 2021). Mining 
the valuable minerals needed for these batteries 
has historically been accompanied by conflicts and 
significant social and environmental costs (see more 
in Chapter 11, “Equity and just transition”)—important 
issues that are not yet resolved (IISD 2018). Finally, 
while full electrification of road transport is possible, 
it will increase pressure on electricity grids, potentially 
making the sector vulnerable to power disruptions 
(IEA 2021c). Fuel diversification could help to support 
resilience and energy security (IEA 2021c), and a 
reduced reliance on motorized transportation through 
Avoid and Shift policies and solutions will be crucial 
to reducing the potential negative effects of relying 
solely on electricity. Multiple targets in this section 
include increased levels of less carbon-intensive fuels, 
including biofuel. In all cases, the use of biofuels should 
include a comprehensive accounting of their emissions 
impacts, including land-use change (e.g., displacing food 
production or natural ecosystems) and other negative 
climate impacts to avoid artificially low accounting, and 
an unintended increase in emissions. 

TR ANSPORT INDICATOR 1 :

Share of trips made by private 
light-duty vehicles (modal shift)

Target: People around the world reduce the 
percentage of trips made in private LDVs by 
between 4 percent and 14 percent, relative to 
business-as-usual levels, by 2030.

Today, 75 percent of CO2 emissions from the transport 
sector come from road transport, and 87 percent 
of these are from light-duty vehicles and trucks 
(SLOCAT 2021). While the focus of mitigation measures 
in the transport sector toward 2030 and 2050 has been 
mostly on technological changes, reducing the demand 
for travel, particularly using light-duty vehicles, must 
play a significant role in reaching the Paris Agreement’s 
goals by 2050 (IEA 2021c; ICCT 2020a). Given that travel 
behavior is heavily influenced by how the transport 
system is designed, it is the responsibility of policymakers 
to create an environment where consumers can choose 
more sustainable modes of transport than private motor 
vehicles. Policymakers must also ensure equal access to 
transport opportunities. 
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Historically, due to the preponderance of investments 
and policies that prioritize motor vehicles, the 
percentage of people who use private motor vehicles 
as their primary mode of transportation has increased 
worldwide (see Figure 33). Among other reasons, the 
proven link between economic development and motor 
vehicle usage explains this upward trend. Under current 
projections, the total number of light-duty vehicles in the 
world will increase from 1.3 billion in 2015 to 1.4 billion 
in 2030 (BloombergNEF 2021a), mostly in developing 
countries. This means that, under a business-as-usual 
scenario, the total number of people using motor 
vehicles for their travel will increase.

Our analysis shows that, since current projections 
of EV penetration are falling short of targets (see 
transport indicators 3–6), there is a gap that will need 
to be filled by reduced demand, notably a move away 
from motor vehicle travel. This gap will be exacerbated 
by the slow turnover of light-duty vehicles, which 
in the United States is 12 years but is likely higher 
in other places around the world (IHS Markit 2021), 
making the replacement of the fleet by EVs even 
slower. Specifically, the global percentage of motor 

vehicle trips (expressed as passenger kilometers, or 
pkm) should decrease from its predicted 50 percent 
to between 36 percent and 46 percent (see Figure 34), 

F IGURE 3 3.  Historical progress toward our 2030 target for the share of trips made  
by private light-duty vehicles

Sources: ITF (2021) for the historical data and authors calculations for the projections based on Bloomberg New Energy Finance Electric Vehicle Outlook 
2021 (BloombergNEF 2021a).
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which means they should stay close to 2020 rates or, to 
meet the higher EV targets, decrease by 8 percentage 
points from 2020 levels. While EVs are a critical piece 
of reaching the Paris climate goals, they must be used 
in tandem with investments in public transportation, 
walking, and cycling infrastructure, as well as policies 
to encourage use of modes of transportation other than 
motor vehicles and to reduce the need to use private 
motor vehicles as the default mode. Looking at regional 
projections, these targets mean that Asia, Africa, and 
Latin America can accommodate modest growth in 
private motor vehicle trips if countries in Europe and 
North America reduce their own percentage of trips 
taken in private motor vehicles (ITF 2021). See Box 6 for 
an explanation of the methodology developed for this 
modal shift indicator’s targets. 

While shifting away from motor vehicle travel can 
mitigate GHG emissions (Bakker et al. 2014), there are 
additional co-benefits to this transition around equity 
and health. As noted in the introduction, reducing the 
use of cars can not only improve air quality and reduce 
mortality from respiratory illness, but it can also reduce 
road fatalities, currently the number one cause of death 
for children and young adults 5–29 years old globally, 
equivalent to 1.3 million deaths (WHO 2021). In addition 
to preventing deaths, active modes of transportation, 
including walking and cycling, have also been linked 
with decreased levels of mortality due to an increase in 
physical activity (Götschi et al. 2015). 

Moving society away from car ownership and use also 
brings economic benefits. For one, the energy efficiency 
of automobiles is low compared to non–motor vehicle 

modes, meaning a shift toward the latter would reduce 
overall energy use in the sector, therefore allowing 
for a decoupling of economic growth and energy use 
(Böhler-Baedeker and Hüging 2012). Private vehicles are 
also inefficient in their use of space. There are between 
three and four parking spaces per car in the United 
States (Chester et al. 2010), which amounts to vast areas 
of unproductive land that could be used for amenities 
such as parks or, as demonstrated by the pandemic, 
extensions of shops and restaurants. Cars are, 
furthermore, parked 92 percent of the time (Shoup 2011), 
making them a very expensive yet unproductive 
and inefficient asset that loses value with time. As 
expensive and depreciating assets, cars are inherently 
inequitable, pushing people into cycles of deepening 

BOX 6.  Methodology used for the design  
of modal shift target

In the scenario used in Transport Indicator 4 (electric vehicles’ 
share of global light-duty vehicle fleet) target electric vehicle (EV) 
penetration is 20–40 percent of global vehicle stock by 2030. Our 
analysis compared the bottom and top of the target range against 
the business-as-usual (BAU) scenario projected in the Bloomberg 
New Energy Finance (BNEF) Electric Vehicle Outlook 2021 Report, 
in which EVs will make up 12 percent of the global vehicle stock 
in 2030. There is therefore a gap of 8–28 percent in the number 
of EVs between a BAU and a Paris-aligned scenario. We propose 
closing this gap by shifting trips that would be done in EVs to 
nonmotorized vehicle modes, including walking, cycling, and 
public transport. We assume in this analysis that these non–motor 
vehicle modes will be either zero emissions (e.g., walking and 
cycling) or fully electrified (transit) by 2030.
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poverty, especially when they become a necessity to 
access jobs, groceries, and health care. In the United 
States, the population at the lowest quintile of income 
spends 32 percent of their income on transportation 
costs, simply because they need a car in order to access 
their daily lives (U.S. Bureau of Labor Statistics 2019). 
Finally, traffic congestion from inefficiently utilized 
private vehicles generates economic losses for society 
as a whole (National Household Travel Survey 2017). 

While EVs might help mitigate CO2 emissions and reduce 
air pollution, they will not help improve any of these 
social and economic problems, something shifting 
to other more efficient and less expensive modes of 
transportation can achieve.

Enablers of climate action
Multiple factors make the transition away from motor 
vehicle usage difficult. The biggest barrier to achieving 
the necessary changes is the lock-in effect of past 
urban land use decisions that encourage sprawl, coupled 
with induced demand for motorized transport created 
by past investments in roads, parking, and highways. 
The more than a century of investment in this type 
of infrastructure makes it hard to achieve sudden 
and meaningful changes. Despite this barrier, two 
enabling factors can help reverse this trend: shifting 
existing and projected public and private investments 
in infrastructure toward non–motor vehicle modes and 
implementing policies that discourage motor vehicle use.

Shifting transport investments
Governments have historically prioritized 
investments in roads over other 

infrastructure, thus favoring motor vehicle users 
(Lefevre et al. 2016). Between 1995 and 2019, road 
infrastructure investment across 15 countries made up 
an average of 61 percent of total transport investment 
(ITF 2021). By investing in motor vehicle infrastructure, 
motor vehicle usage demand will continue to be induced 
(Lee et al. 1999), which will lead away from the goal of this 
indicator. To counterbalance this trend, governments 
need to shift their investment priorities toward other 
types of investments, notably walking and cycling 
infrastructure as well as public transport infrastructure. 
In addition to infrastructure, governments will need 
to consider how they will incentivize the adoption of 
EVs. New cars are mainly purchased by the wealthy, 

meaning that direct purchasing incentives for EVs are 
a regressive policy that benefits primarily high-income 
households (CRS 2019). Again, shifting incentives away 
from cars toward other modes of transportation and 
enabling infrastructure will provide more equitable 
economic returns and social outcomes.

Adopting enabling policies
Land use policy measures: Higher levels 
of densification have been linked to lower 

per-capita emissions (Ribeiro et al. 2019) and make travel 
by transit, walking, and cycling more available due to 
closer proximity to desired destinations. Policymakers 
can therefore implement zoning regulations encouraging 
dense and mixed-land uses on a connected network of 
multimodal streets. 

Governments will also need to actively discourage 
motor vehicle usage. While unpopular, these types of 
policies, known as transportation demand management 
(TDM) policies, are justified by the externalities that 
motor vehicle usage generates.40 TDM policies include 
measures such as removing parking minimums in new 
developments, increasing parking costs, congestion 
charging schemes, higher fuel taxes, or per-kilometer 
fees for electric vehicles, among others.41 

TR ANSPORT INDICATOR 2:

Carbon intensity  
of land-based transport

Targets: The carbon intensity of land-based 
passenger transport falls to 35–60 gCO2/pkm 
by 2030 and reaches near zero by 2050.

In 2014, the last year of available data, the global 
average carbon intensity of land-based passenger 
transport, which covers trips made by car, bus, train, 
and motorcycle, was 104 grams of CO2 per passenger 
kilometer (gCO2/pkm) (IEA 2017b). This does not include 
the life-cycle emissions generated by the various forms 
of land-based transport (the 2030 and 2050 targets do 
not include them either). While life-cycle emissions are 
an important consideration when promoting specific 
alternatives to fossil fuel vehicles, including an analysis 
of them is beyond the scope of this report.
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The carbon intensity of land-based passenger transport 
varies dramatically across countries; for example, 
the average trip in India emits roughly five times less 
CO2 per kilometer than the average trip in the United 
States (IEA 2017a). This can largely be explained by the 
dominance of travel by car in the United States, whereas 
bus and train travel play a much larger role in India. The 
European Union recently implemented a limit of 95 gCO2/
km for new cars and 147 gCO2/km for light commercial 
vehicles, the most stringent in the world. The equivalent 
for new cars in the United States is 121 g/km, while in 
China it is 117 g/km, and in Japan it is 105 g/km (VDA 2020). 

To ensure alignment with the Paris Agreement’s 1.5°C 
temperature goal, the global average carbon intensity 
would need to be cut to between 35 and 60 gCO2/pkm 
by 2030 and reach near zero by 2050 (see Figure 35). 
Achieving this target will require different approaches 
fit for purpose in individual countries and their existing 
transport mix. However, broadly speaking, a reduction 
in carbon intensity of existing transport options 
combined with encouraging the switch to low- or zero-
carbon forms of transport will be needed everywhere.

Technologies needed to achieve a steep reduction 
in carbon intensity of the vehicle fleet are available 
now at rapidly falling cost. Price parity between 
battery electric vehicles and fossil fuel equivalents 
in all vehicle segments is expected by 2027 in Europe 
(BloombergNEF and Transport & Environment 2021). 
These rapid cost reductions are expected to lead to 
S-curve-shaped growth for EVs, which could help 
to achieve the necessary steep decline in emissions 
intensity. Measures to expedite the removal of polluting 
vehicles from the secondhand market and prevent 
their sale to developing countries will help assist the 
formation of a global S-curve. Electrifying existing 
rail networks can help to mitigate emissions from this 
segment, which will experience higher demand due to 
modal shift, while more remote or less utilized routes 
could employ hydrogen powered trains to replace 
currently used diesel models (Logan et al. 2021). This 
would also help ensure that a modal shift achieved 
in the freight sector from road to rail results in the 
greatest possible emissions reductions.

F IGURE 3 5. Historical progress toward 2030 and 2050 targets for the carbon intensity of land-based transport

Note: gCO2/pkm = grams of carbon dioxide per passenger kilometer. Data are insufficient to calculate acceleration factor needed to reach 2030 target.
Source: IEA (2017a).
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Enablers of climate action
Reducing the overall carbon intensity of land-based 
passenger transport will take a concerted effort from 
multiple angles, given that it requires a multifaceted 
transformation across technology use and individual 
behavior (ACEA 2015). Governments could play a central 
role in developing effective and targeted policies 
to overcome these barriers and help fast-track the 
necessary transition to low-carbon transport.

Changing mobility behaviors
The transition to zero-emissions cars 
will occur over many years. Reducing 

dependence on motor vehicles over the short and 
medium term is key to rapidly bringing overall carbon 
intensity down. Changes in the behavior of individuals 
will help greatly, especially in wealthy countries where 
the reliance on and prevalence of cars is highest but 
also in developing countries where rapid motorization 
is occurring. A major shift away from private vehicle 
travel over this decade and beyond to other less energy-
intensive modes like cycling, walking, e-scooters, and 
public transport will be crucial to rapidly decarbonizing 
the transportation sector.

To effect behavior change on the scale needed, 
efforts will be required on many fronts. These could 
include public awareness and education campaigns, 
investments in infrastructure like bicycle storage 
and paths for bicycles and walking, and expanded 
public transport and ride-sharing services, financial 
incentives to individuals and employers to encourage 
modal shift and creating pedestrian- and cyclist-
friendly car-free zones (Koska and Rudolph 2016; Savan 
et al. 2017). An ex-post analysis of such measures in 
various European cities demonstrated, however, that 
particular consideration must be given to each city’s 
unique characteristics to determine which mix of 
policies is most appropriate, and how they might need 
to be tailored accordingly (Dijk et al. 2018).

Pairing supportive  
policies with increased public 
finance to scale low-carbon 
transport technologies

Industrial policy, the domain of federal governments, 
can help reorient existing industries or nurture nascent 
ones that focus on production of technologies necessary 
for the transition to a low-carbon transport sector. One 

form this can take is the disbursement of grants or 
subsidies for start-ups and those companies engaged in 
the early stages of technology development, or that are 
selling products at the early-adopter phase as electric 
and fuel cell vehicles are in many countries. Long-term 
policy commitments to develop specific technologies 
and their necessary supply chains can also help them 
scale up. This is the case, for example, for advanced 
biofuels that involve dramatically lower land and water 
consumption and do not compete with food production 
(IRENA 2019a).42 Mandating the purchase of zero-
emissions vehicles for government fleets is a way to 
generate stable early demand for these technologies and 
is an important step in fostering the growth of overall 
sales and domestic manufacturing industries.

The provision of adequate resources for public 
transportation services and infrastructure, and ensuring 
that routes are serviced using low-emissions vehicles, 
is critical. Public transport is primarily the domain of 
state and local governments, but these bodies also have 
a crucial role to play in planning for walking and cycling-
friendly built environments, and implementing such 
measures as intracity restrictions for polluting vehicles 
and incentives like bike-sharing schemes that promote 
active mobility. 

Federal and state funding could help ensure adequate 
infrastructure in built environments to encourage modal 
shift. Federal governments could also introduce metrics 
that track the direction of infrastructure investments 
toward projects that will help lower the average carbon 
intensity of transport and away from emissions-causing 
projects like highway expansion.

Supporting R&D  
for new technologies 
Some technologies, including electric cars, 

buses, and trains, are already mature and simply need 
to be incentivized to be rolled out at scale (IEA 2020g). 
However, reducing the cost of these technologies further 
and increasing their range will speed the transition. This 
will require breakthroughs in key nested technologies 
like lithium-ion batteries and their manufacturing 
processes, and the development of superior battery 
technology (Cui et al. 2020; Rachel and Brown 2021; 
Macduffie and Light 2021).
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For some applications, however, existing technologies 
are not suitable, or remain cost-prohibitive. This is the 
case, for example, for many rural train services that would 
require large investments to electrify the entire line they 
run on. Hydrogen fuel cell models could fill this niche, 
provided the hydrogen is produced with renewable energy, 
but they remain significantly more expensive than existing 
diesel models. Further innovation in fuel cell technology 
and achieving economies of scale in manufacturing will be 
required to boost adoption (Logan et al. 2021).

This is also the case for hydrogen fuel cell buses, which 
could provide a way to maximize emissions reductions in 
countries where the power sector remains carbon intensive. 
Hydrogen fuel cell models currently also have an advantage 
over batteries for long distance routes because of their 
superior range (Element Energy 2017; Logan et al. 2020; 
S&P Global Platts 2021). The current rapid improvement 
in battery technologies, however, may yet lead them to 
become competitive with fuel cells in this regard.

Given the importance of achieving a considerable 
reduction in reliance on motor vehicles (especially 
privately owned), care must be taken not to skew efforts 
too much toward pursuing technological solutions rather 
than shifting behavior and transport preferences to 
walking, cycling, and mass transit options.

TR ANSPORT  I NDI CATO R 3 :

Share of electric vehicles  
in light-duty vehicle sales
Targets: Electric vehicles account for  
75–95 percent of total annual light-duty vehicle  
sales by 2030 and 100 percent by 2035.

Policies to phase out internal combustion engine (ICE) 
cars and encourage the uptake of electric vehicles are 
becoming more prevalent, but the scope and ambition 
of many of these efforts fall short of what is needed. 
Between 75 and 95 percent of global light-duty vehicle 
sales would need to be electric vehicles by 2030 to 
achieve a 1.5°C-compatible pathway for the transport 
sector, reaching 100 percent well before 2050. A 
widespread and rapid shift to zero- and low-carbon 
modes of transport like walking, cycling, and public 
transport may reduce the need to achieve such a steep 
increase in global EV sales.

Electric vehicle sales have been growing 
rapidly, reaching 4.3 percent of global light-duty 
vehicle sales in 2020. Global sales of electric 
vehicles grew at a compound annual growth rate 
(CAGR) of 50 percent from 2015 to 2020. There 
was some slowdown in 2019, when the CAGR was 
only 13 percent (BloombergNEF 2021a). In 2020, during 
the COVID-19 pandemic global sales increased 67 percent 
globally, led by a sharp increase in Europe, but in some 
countries EV LDV sales fell, such as in Japan and Canada 
(EAFO 2021; BloombergNEF 2021a; IEA 2021c). 

The future trajectory of electric vehicle sales depends 
on whether they continue to experience high rates of 
growth, driven by manufacturers scaling up production, 
falling costs, and government targets to phase out fossil 
fuel vehicle sales. Preventing the export of used ICE 
cars to developing countries can also help to ensure 
the fastest possible adoption rates. Falling upfront 
costs are key, as EV lifetime maintenance and fuel 
costs are already considerably lower than for fossil fuel 
counterparts (Logtenberg et al. 2018). 

Given the growth trends of EVs, it doesn’t make sense to 
chart projections with linear extrapolation. Instead, the 
future trajectory of EV sales as a share of the light-duty 
vehicle market will likely follow an S-curve, following 
the pattern of other instances of technology adoption, 
including the automobile itself. There is little literature 
evaluating EV S-curves. It is impossible to project 
S-curves in the early stages of their growth with any 
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level of certainty, and efforts to make such projections 
in the early stages have failed in the past (Kucharavy and 
De Guio 2011; Crozier 2020).

Despite extreme uncertainties in projecting S-curves at 
the early stages, Grubb et al. (2021) do project an S-curve 
by extrapolating the historical global growth rates of 
EV sales’ market share. They assume that the shape of 
the S-curve will be symmetrical in that the acceleration 
in the first half is mirrored by the deceleration after 
the midpoint. They assume that the highest value that 
EV sales will reach is 100 percent of total sales and use 
that to project the curve. They find that their modeled 
growth of EV sales in terms of market share would be on 
track for the Paris-consistent trajectories they identify. 
However, our targets require higher levels of EV sales 
than the benchmarks used by Grubb et al. (2021), so when 
we adjusted this method to our targets EV sales were not 
on track (Figure 36). 

There are promising signs, but it does appear that 
growth in EV sales must accelerate, though much 
uncertainty remains over how much acceleration is 

needed. This is a rapidly developing field, and there 
will likely be methodological improvements to S-curve 
evaluations in the future.

One way to reduce the required steepness of this 
curve is to encourage modal shift to public transport 
(see Transport Indicator 1) or electric micromobility. 
This would simultaneously ease the burden of battery 
production and the amount of clean energy generation 
needed to transition this sector, while providing co-
benefits like improved mobility and access, and reduced 
congestion and traffic accidents.

Enablers of climate action
EV sales have increased significantly globally, particularly 
in leading markets like China and the European Union, 
but additional action is needed to meet Paris-aligned 
targets. Barriers include 

• upfront cost;

• lack of charging infrastructure; and 

• consumer hesitancy (BloombergNEF 2020a).

Sources: Authors’ analysis and BloombergNEF (2021a) for historical data.
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While drivers of increasing sales vary depending on 
EV market conditions, three stand out: decreasing 
battery price, developing charging infrastructure, and 
implementing supply- and demand-side policies to 
incentivize EV adoption. 

Investing in R&D  
to decrease battery price
For EV manufacturing to compete with 

ICE manufacturing costs, battery pack price must reach 
a tipping point of $100/kWh (BloombergNEF 2020a; 
Boudway 2020). Currently, the average cost of lithium-ion 
batteries is $137/kWh (Henze 2020). Trends are promising: 
battery pack prices fell from $1,183/kWh in 2010 to $156/
kWh in 2019 (BloombergNEF 2020a). This 87 percent 
reduction can be attributed to technological 
improvements and economies of scale as production 
and deployment of lithium-ion batteries increased. 
Based on an observed learning rate of 18 percent, 
BloombergNEF (2021a) estimates that prices will continue 
to fall, reaching $92/kWh by 2024 and $58/kWh by 2030 
(Figure 37). Slower price declines in the next decade are 
due to technological constraints concerning lithium-
ion. R&D investment will be needed to test and scale 
alternative cathode and anode technologies (Grubb et al. 
2020; Masais et al. 2021).

Initiatives involving supply-side actors, policymakers, 
and civil society are in place to develop new battery 
technologies and scale lithium-ion battery production. 
A Stanford University study found that lithium-metal 

batteries have potential to hold twice the electricity 
per kilogram of lithium-ion batteries (Shwartz 2020). 
On the supply side, Tesla is developing silicon-anode 
and high-nickel cathode technologies, which could 
decrease battery price by 5 percent and 15 percent, 
respectively (Hawkins 2020; Spector 2020). 
Policymakers are also acting. Europe’s Green Deal, for 
example, allocates €550 billion to climate protection and 
green technology, including lithium-ion battery R&D and 
manufacturing (Abnett and Green 2020). 

Accelerating installment  
of charging infrastructure 
Concerns about running out of power 

and lack of charging infrastructure are a significant 
barrier to EV adoption (Glandorf 2020; Woodward et al. 
2020; Rajper and Albrecht 2020). By the end of 2020, 
over 1.36 million public charging points had been 
installed globally, and since 2012 annual installation has 
grown at a compound annual growth rate of 39 percent 
(BloombergNEF 2021a). Policymakers can accelerate 
the development of accessible charging infrastructure 
through a combination of dedicated funding, regulations, 
and incentives. Specific strategies include subsidizing 
construction, waiving licensing fees for new charging 
stations, establishing charging point requirements for 
new gas stations, and integrating charging into a smart 
grid system (Meszaros et al. 2020; McLane and Liu 2020). 
Types of chargers needed (i.e., home and work, street-
level, and fast charging) will vary by country depending 
on a range of factors including levels of semidetached 
and detached housing, vehicle fleet composition, 
and behavioral factors like commuting practices 
(BloombergNEF 2020a). 

Despite increases in charging infrastructure, growth 
remains concentrated in the leading EV markets: 
China, Europe, Japan, and the United States 
(BloombergNEF 2020a). Even in advanced markets, 
charging infrastructure lacks consistent standards 
and remains fragmented. Ensuring that public 
charging is available outside of urban clusters, such 
as along highways or in public parking areas, enabling 
interoperability across markets, and setting standards 
for charging infrastructure will support EV sales (Colle 
et al. 2021). 

F IGURE 3 7. Lithium-ion battery outlook 

Note: kWh = kilowatt-hour.
Source: BloombergNEF (2021a).
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Combining supply- and  
demand-side policies  
to promote the shift to EVs

Governments can increase EV sales through subsidies, 
tax credits, and direct purchasing incentives (IEA 2020g). 
Norway, for example, offers a variety of benefits to 
EV drivers, including exempting EVs from road and 
purchase or import taxes. Incentives are reevaluated 
frequently and are scheduled to be reviewed and 
adjusted according to market conditions at the end 
of 2021 (Norsk Elbilforening 2021). The Government of 
India has also used incentives to spark EV demand, 
recently approving a $1.4 billion EV subsidy program to 
increase demand (Carpenter 2019). As the EV market 
develops, policymakers can also drive EV sales and use 
by facilitating a preowned leasing and sales market for 
EVs and batteries (Sclar and Werthmann 2019). 

On the supply side, policymakers are setting increasingly 
stringent efficiency standards and EV sale targets. 
Over 20 countries have committed to completely phasing 
out the sale of ICE passenger vehicles by or before 2040. 
In response, several companies, including General 
Motors, Volkswagen, Volvo, and BMW have committed 
to launching new EV models, investing in battery R&D, 
and limiting or eliminating ICE production entirely (Race 
to Zero 2021b). 

Supply- and demand-side policies can be implemented 
effectively at different stages of market development 
or used together to maximize EV adoption. China, 
for example, has used a combination of supply- and 
demand-side strategies, leveraging demand-side 
schemes to stimulate EV market growth and subsidizing 
EV purchases starting in 2013 (Chang 2014). The country 
is now phasing out subsidies, transitioning to supply-side 
mandates with the goal of increasing EVs to 40 percent 
of total sales by 2030 (Stauffer 2021). 

Currently, most EV subsidies are regressive. In the 
United States, for example, EV purchasers need to make 
over $66,000 per year to receive the full tax benefit 
available (Osaka 2021). Countries that provide direct 
subsidies for EV purchases also benefit higher-income 
consumers while EVs remain more expensive than ICE 
vehicles (Camara et al. 2021). Though EV accessibility will 
improve as prices continue to fall, equitably targeting 
benefits to increase EV availability to all income levels 
will be critical going forward (Linn 2021). 

TR ANSPORT INDICATOR 4:

Share of electric vehicles  
in the light-duty vehicle fleet

Targets: Electric vehicles account for  
20–40 percent of total light-duty vehicle fleet  
by 2030 and 85–100 percent by 2050.

The rapid growth in EVs’ share of annual LDV sales 
began only recently, so the share of EVs in the global 
LDV fleet remains very low, at less than 1 percent 
in 2020 (BloombergNEF 2020a, 2021a). With a flurry 
of government policy in this area across numerous 
countries in recent years, including bans on fossil 
fuel car sales and subsidies to stimulate demand, 
we expect to see EVs constituting a significant 
proportion of the total LDV stock in this decade. While 
reaching 100 percent sales of new vehicles is a critical 
milestone en route to decarbonization of the transport 
sector, what is most important is the eventual removal of 
all fossil fuel vehicles from our roads. 

To ensure achievement of the 1.5°C temperature goal of 
the Paris Agreement, 20–40 percent of the global LDV 
fleet would need to be electric by 2030, reaching 85–
100 percent by 2050. Crucially, this means that new LDV 
sales must reach 100 percent well before 2050, and the 
sale of used EVs must be strongly supported in order to 
ensure a rapid diffusion of the technology to all drivers. 
In addition, concerted efforts to scrap old fossil fuel cars 
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well before the end of their useful life will be critical to 
ensure that the global fleet reaches zero emissions as 
rapidly as possible.

In its 2020 EV Outlook, BloombergNEF projects 
a share of global stock of just 9 percent by 2030 
(BloombergNEF 2020a). As with EV sales, the growth of 
the EV fleet share will likely follow an S-curve. With so 
few EVs on the road today, it is not possible to derive 
a robust S-curve that depicts future growth. What is 
possible is to show what it should look like if we are to 
meet the targets (Figure 38). This graph is derived from 
a simple formula and is not the only shape an S-curve 
could take to meet the targets, but it gives a general 
sense of where the market share needs to be compared 
to where it is. 

Enablers of climate action
Key challenges to increasing the EV fleet are:

• accelerating vehicle turnover and retirement of 
ICE vehicles. Under a business-as-usual scenario, 
passenger vehicle fleets can take up to 20 years to 
turn over (McConnell and Leard 2020);

• managing ICE vehicle spillover into developing 
economies (UNEP 2020c); and 

• ensuring that infrastructure, such as electricity and 
vehicle charging points, meets the requirements 
of an increased EV stock (BloombergNEF 2020a; 
Gaventa 2021).

Strategies to overcome these challenges will vary by 
region depending on EV sales and overall EV market 
development. Key actions include setting ICE phaseout 
dates, electrifying corporate and government fleets, 
managing electricity demand to support an increasing 
number of EVs, and coordinating the preowned ICE 
vehicle market. It is also important to note that EV sales 
and fleet growth are interrelated—barriers to EV sales 
will inevitably inhibit EV fleet growth and measures to 
increase EV sales or the EV fleet will also help increase 
the other. While enablers in this section address what 
is needed to accelerate ICE phaseout and support a 
growing EV fleet, fully transitioning passenger vehicles 
to EVs will require strong leadership to address both the 
sale and fleet components. 

F IGURE 3 8.  Historical progress and an illustrative S-curve of what’s needed to reach 2030 and 2050 targets  
for the share of electric vehicles in the light-duty vehicle fleet

Source: Authors’ analysis and BloombergNEF (2021a) for historical data.
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Setting ambitious targets to 
phase out ICE vehicles 
Seventeen governments have expressed 

policy goals for phasing out ICE vehicle sales and 
are integrating targets in a variety of ways (Climate 
Center 2021). Very few of these commitments, however, 
have yet been enshrined into law. The Canadian province 
of British Columbia stands out as one of the first places 
to pass a law formalizing an ICE phaseout date and 
introducing penalties for selling or leasing ICE vehicles 
past 2040. The United Kingdom introduced similar 
policies to ban ICE sales by 2030 and hybrid sales by 2035 

(BloombergNEF 2020a). Vehicle buyback programs 
can also enable a faster fleet turnover. For instance, 
California’s Voluntary Accelerated Vehicle Retirement 
program provides a monetary incentive for vehicle 
owners to trade in or surrender ICE vehicles (California Air 
Resources Board 2021). With few exceptions, ICE phaseout 
targets are concentrated in countries with developed EV 
markets—specifically Europe and parts of North America 
(Figure 39). For emerging economies to realistically 
phase out the use of ICE vehicles, EV sales, supporting 
infrastructure, and alternative transport options will 
need to be expanded (Wappelhorst and Cui 2020).

F IGURE 3 9.  Governments with set targets for phasing out sales of all new internal combustion engine 
passenger cars
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Demonstrating corporate  
and government leadership  
on fleet transitions 

Businesses account for about half of all light-duty 
vehicles purchased (IEA 2020g). Transitioning corporate 
fleets to EVs can greatly increase the global EV stock—
in the European Union, for instance, transitioning 
corporate fleets to EVs could lead to a 24-fold increase 
in the European Union EV fleet by 2030 (Colle et al. 
2021). Momentum is building. Companies including DHL, 
Ikea, Amazon, FedEx, and UPS, as well as ride-sharing 
companies including Uber, Lyft, and Shuttl, have set 
targets to electrify vehicle fleets (Race to Zero 2021b). 
Civil society coalitions, including the Climate Group’s 
EV100 and the Ceres-coordinated Corporate Electric 
Vehicle Alliance, are helping to drive progress by 
providing platforms to share best practices, advocate 
for supportive policies, and leverage aggregate 
corporate demand (Climate Group 2021; Ceres 2021). 
Transitioning government vehicle fleets can also help 
increase EV stock and advance the overall EV market. 
President Biden’s recent commitment to transition the 
U.S. federal fleet to EVs would add over 600,000 EVs to 
the U.S. vehicle fleet (GSA 2021).

Corporate and federal commitments have incentivized 
vehicle manufactures to invest in and commit to 
increased EV production. Ford and General Motors, 
for instance, have committed to 100 percent EV sales 
by 2035 and invested $11 billion and $27 billion in EV 
development, respectively (Hawkins 2021). 

Managing electricity demand
Power systems will need to integrate EV 
charging, while supporting existing energy 

needs. As EV adoption increases, energy demand is likely 

to spike at peak charging times (BloombergNEF 2020a). 
A number of strategies have emerged to manage 
these spikes, including smart charging systems, which 
optimize EV charging cycles to match the conditions 
of the power system, and time-of-use energy tariffs, 
which disincentivize charging during peak hours 
(BloombergNEF 2020a; IRENA 2019c). Bidirectional 
smart charging systems, such as vehicle-to-home and 
vehicle-to-building systems, may also help increase grid 
flexibility and integrate renewable energy sources by 
enabling EVs to act as decentralized storage resources 
to fill energy gaps (IRENA 2019c). Research on impacts of 
bidirectional charging systems on battery life and energy 
efficiency currently shows mixed results (Tchagang and 
Yoo 2020; Apostolaki-Iosifidou et al. 2017; Uddin et al. 
2017). Additional research is needed to determine how 
smart charging can be optimized at scale to maximize 
grid flexibility benefits while minimizing efficiency loss 
and battery degradation. Public and private sector 
actors can enable EV grid integration by building out 
public and workplace charging points to reduce demand 
on home charging. 

In emerging economies, insufficient electricity supply is 
a significant barrier to EV adoption (Gaventa 2021). This 
may be a particular challenge in areas with inconsistent 
power supply and countries with oil-based economies, 
where electricity is more expensive than conventional 
fuel (Meszaros et al. 2020). To support a growing EV fleet 
in these regions, overall energy systems will need to be 
built out. In combination with strategies that decrease 
overall private vehicle demand, ongoing renewable 
energy development and implementation of mini-and 
off-grid networks over the next decade will help enable 
more resilient electricity grids and drive EV integration 
and fleet expansion.
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Working together  
to tighten regulations  
of used vehicle markets

As EV adoption takes off in leading markets, strong 
institutions and coordinated stakeholder action across 
the global used ICE vehicle market will be critical to 
meeting EV fleet targets. Currently, the three largest 
exporters of used vehicles are the European Union, 
Japan, and the United States. Seventy percent of these 
vehicles go to developing countries with little regulatory 
guidance for ICE sales (Figure 40) (UNEP 2020c). This 
spillover is counterproductive to efforts to phase out ICE 
vehicles and increase the EV fleet globally and reflects 
the need to better manage demand for private vehicles 
overall. Policymakers in importing countries have had 
some success implementing age limits for imported 
vehicles. Kenya, for instance, has an age maximum of 
eight years for imported vehicles (Gaventa 2021). Other 
policies include fiscal incentives for buyers importing 
low- or zero-emissions vehicles (e.g., waived import 
tax or reduced registration fees for low-emissions, 
hybrid, or electric vehicles); a progressive import 
tax for vehicles based on age and CO2 emissions; and 
development of alternate transportation modes such as 
public transportation, walking, or biking. 

F IGURE 4 0. Used light-duty vehicle regulatory map

Note: The classification of the above countries is determined as follows: Very good—a used light-duty vehicle (LDV) Euro 5 or more emissions standard 
adopted and/or age limit of three years or less; Good—a used LDV Euro 4 emissions standard adopted and/or age limit of four or five years; Weak—a used 
LDV Euro 3 emissions standard adopted and/or age limit of between six and eight years; Very weak—no used LDV Euro emissions standard adopted and/or 
age limit of nine years plus or no age limit; Banned—represents a complete restriction on used vehicle imports. 
Source: UNEP (2020c).
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At present, there is no regional or global agreement on 
the trade of used ICE vehicles. Coordination between 
importing and exporting countries to set progressive 
ICE phaseout targets and support the development 
of enabling EV infrastructure will be key to equitably 
phasing out ICE vehicles globally and accelerating EV 
fleet growth (UNEP 2020c). 

TR ANSPORT INDICATOR 5:

Share of battery electric vehicles 
and fuel cell electric vehicles 
in bus sales 

Targets: Battery electric vehicles and fuel cell 
electric vehicles make up 75 percent of global 
annual bus sales by 2025 and 100 percent by 2030  
in leading markets.43

Buses contributed roughly 8 percent of road transport 
and 6 percent of total transport CO2 emissions 
in 2019, which equates to around 1.4 percent of global 
CO2 emissions in the same year (IEA 2020f). In addition, 
many current bus models have diesel engines that emit 
both N2O and high levels of particulate matter. Their 
replacement with clean electric or hydrogen fuel cell 
models will therefore reduce emissions harmful to 
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human health, particularly in urban areas (Khomenko et 
al. 2021). Replacing diesel school buses also serves to 
protect children, who are especially vulnerable to the 
negative health effects caused by air pollution. 

In 2020, the share of battery electric vehicles (BEVs) 
and fuel cell electric vehicles (FCEVs) in global bus sales 
was 39 percent. This strong level of demand comes 
primarily from China, where sales of these types of 
buses were almost 50 percent higher than sales of 
fossil fuel equivalents (BloombergNEF 2020a). Sales of 
EV buses in China experienced rapid, nonlinear growth 
shortly after the introduction in 2009 of subsidies 
for EV bus purchases by subnational governments. 
Annual EV bus sales soared from 1,000 in 2011 to 
roughly 100,000 in 2016 (Government of China 2009; 
BloombergNEF 2021a). The dip in the global share of 
electric and hydrogen fuel cell buses (Figure 41) is due to 
what is expected to be a temporary fall in Chinese sales, 
which are projected to reach a record 125,000 by 2025 
(BloombergNEF 2021a). Projections also show rapid but 
not exponential growth outside of China, suggesting that 

further policies are needed in these countries to achieve 
the 1.5°C targets (BloombergNEF 2021a).

In order to be aligned with the Paris Agreement’s 1.5°C 
temperature goal, the share of BEVs and FCEVs in global 
bus sales would need to reach 75 percent by 2025, and in 
leading markets would need to hit 100 percent by 2030. 
With no other country in the world coming close to 
China’s advanced position in the transition away from 
fossil fuel buses, urgent intervention will be required in 
other countries, particularly in leading markets. 

When growth does begin in other countries besides 
China, it may follow an S-curve, like other instances of 
technology adoption. China’s rapid transformation of 
bus sales demonstrates that change can occur quickly 
with the right policy support. Despite the temporary 
ebb in annual sales, China’s bus fleet is expected to be 
more than 40 percent EV by 2024. Maintaining the strong 
growth needed to reach the 1.5°C targets will require 
other countries to find policy options that enable them 
to mirror China’s experience (BloombergNEF 2021a) 

F IGURE 41 .   Historical progress toward 2025 and 2030 targets for the share of battery electric and fuel-cell 
electric vehicles in bus sales

Note: Graph shows share of battery electric vehicle bus sales only; fuel cell electric vehicle bus sales were near zero for all countries except China, where 
they numbered roughly 2,500 units in 2019.
Source: BloombergNEF (2021a).
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and ideally to avoid similar ebbs in adoption. In terms 
of reducing transport emissions, buses could be 
considered low-hanging fruit, as many bus fleets are 
owned by municipalities or state governments, granting 
a high level of government control over adoption rates. 
In addition, many buses are used in urban mass transit 
roles, meaning they can return to their depot when 
necessary to be charged, or can be substituted with 
a ready-charged vehicle. The considerable increase 
in electricity demand at depots, however, can pose 
technical challenges that need to be accounted for. This 
logistical advantage of city buses makes them uniquely 
suited to accommodate the lower range and relatively 
long recharging times of electric buses compared to 
fossil fuel models. This advantage also applies to fuel 
cell vehicles, as an extended network of hydrogen 
refueling stations is not necessary given their ability to 
refuel at depots.

Enablers of climate action
The upfront costs of BEV and FCEV buses and the 
availability of charging and refueling infrastructure 
are key barriers challenging the transition to BEV and 
FCEV buses (Sclar et al. 2019; Li et al. 2019). Economic 
and other enabling policies are expected to make such 
zero-emissions vehicles (ZEVs) more attractive to 

transit and bus fleet operators in markets other than 
China (BloombergNEF 2020a). Declining capital costs, 
incentives to support manufacturers and fleet operators 
and scaled-up deployment of charging and refueling 
infrastructure, particularly at locations like depots 
and public transit hubs (where buses make frequent 
stops), can therefore enable widespread adoption 
(BloombergNEF 2019b; ETC 2019e).

Reducing upfront costs through 
technological improvements 
BEV buses are already competitive with 

diesel buses in terms of total cost of ownership (TCO) due 
to lower operating and maintenance costs. However, the 
higher upfront costs of BEV and FCEV buses compared 
to diesel buses remain a key barrier to widespread 
adoption as vehicle upfront cost is often the main 
criterion in procurement cost models that municipalities 
and transit operators rely on for decision-making 
(BloombergNEF 2018; Li et al. 2019). The upfront cost of 
a BEV bus can be up to 50 percent higher than that of a 
diesel-powered bus (Shell 2020b), but improvements in 
battery performance and declining battery prices are 
expected to bring upfront cost parity soon. BEV buses 
with 110 kWh and 200 kWh batteries are expected to 
reach upfront cost parity between 2025 and 2028 (see 

F IGURE 42 .  Upfront cost comparisons of battery electric vehicle buses (with a 200 kWh battery)  
and diesel buses in Europe
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Figure 42), while buses with 250 kWh batteries are 
expected to reach upfront cost competitiveness by 2030 
(BloombergNEF 2018). FCEVs offer range flexibility 
and quicker refueling times compared to BEVs and are 
expected to be more suitable for longer distance routes 
requiring frequent service (ETC 2019e; IEA 2020f). 
However, manufacturing and adoption of FCEVs is less 
mature than BEVs, and current price estimates indicate 
that upfront cost of FCEV buses may be 2–3 times higher 
than diesel-powered buses (Deloitte and Ballard 2020). 

Establishing strong  
purchase incentives 
In addition to cost reductions achieved 

via technological improvements and economies of 
scale, several policy instruments can be used to help 
reduce upfront costs. For example, strong purchase 
incentives will increase adoption (ICCT 2021). Along 
with China, markets in Europe, the United States 
and emerging markets such as India offer national 
or subnational grants and subsidies to lower upfront 
costs of BEVs and FCEVs (BloombergNEF 2020a). Other 
emerging financing mechanisms, such as battery 
leasing schemes,44 like the one being piloted in the 
Proterra Park City project in Utah (United States), 
may lower upfront costs by allowing vehicle owners 
to cover the battery component of the upfront cost 
through savings in operation and maintenance costs 
accumulated over time (BloombergNEF 2018). Leasing 

mechanisms and joint procurement agreements 
between two or more bus operators can also play a role 
in driving adoption, particularly in emerging economies, 
by enabling cost- and risk-sharing (Welch et al. 2020). 
Cities like Bogotá (Colombia) and Santiago (Chile) have 
increased BEV bus adoption by improving risk- and cost-
sharing through public-private private partnerships, 
or concession bus-procurement models that allow 
fleet providers to finance, procure, and maintain ZEV 
fleets and provide ZEV buses to bus operators or 
municipalities under stable long-term contracts (Graham 
and Courreges 2020). Green procurement initiatives 
like California’s ZEV bus mandate, which requires all 
municipal buses purchased from 2029 to be BEV or FCEV 
buses (IEA 2021g), can also boost demand and accelerate 
the diffusion of BEV and FCEV buses. 

Scaling up charging and 
refueling infrastructure
Characteristics such as short-distance 

transit routes, especially for urban buses, and 
regular returns to depots allow bus fleet operators 
different options to address charging or refueling, 
which will vary according to topography and climate 
(BloombergNEF 2018; ETC 2019e). While overnight 
charging at depots is currently the cheapest charging 
option for BEV bus operators, it requires buses to 
have larger battery packs, which increases upfront 
costs (Naimoli and Tsafos 2020). Combining depot 
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charging with fast charging infrastructure deployed at 
bus stops or bus terminals can allow buses to operate 
with smaller batteries and reduce upfront costs 
(BloombergNEF 2019b). 

Lack of charging or refueling equipment standardization 
can inflict additional equipment costs and force bus 
operators to choose from a limited number of bus 
models (Gurman 2021; Li et al. 2019). Bus manufacturers 
like Irizar, Solaris, VDL, and Volvo have signaled their 
intention to establish common charging standards 
after agreeing to ensure interoperability of their BEV 
buses with charging infrastructure provided by ABB, 
Heliox, and Siemens in 2016 (BloombergNEF 2018). 
Wireless electric road systems (ERS) on bus routes 
are also being developed and tested. A pilot project in 
Lund, Sweden, has demonstrated that an ERS spanning 
only 1.3 kilometers through the city center can power 
the city’s entire bus network while also allowing other 
vehicles to utilize the same charging infrastructure 
(Intelligent Transport 2020). Similarly, battery swapping 
can allow bus operators to overcome the longer 
charging times of BEV buses. Pilot projects in South 
Korea and India have shown that depleted batteries 
in buses can be replaced with fully charged batteries 
within 1–2.5 minutes (NREL 2021). 

Deploying hydrogen refueling stations at bus depots and 
public transit hubs to support adoption of FCEV buses 
will also require coordinated planning and investments 
among government, industry, and transit officials. 
Different targets are being announced to scale up the 
deployment of hydrogen refueling infrastructure. In the 
United States, the California Fuel Cell Partnership has 
outlined a target of deploying 1,000 refueling stations in 
the state by 2030, while the Hydrogen Roadmap Europe 
report has announced a target of deploying 3,700 refueling 
stations by 2030 across the European Union 
(BloombergNEF 2020e). Growth in FCEV adoption will 
also require significantly expanded production of clean 
hydrogen to lower the price of hydrogen at refueling 
stations (IEA 2021c; Matalucci 2021). 

Setting bus electrification 
targets and adopting  
supportive policies

Bus electrification targets can help develop markets  
for BEV and FCEV buses. The number of national  
and subnational bus electrification targets is rising.  

Thirty-six different cities, including Bogotá, London, Los 
Angeles, Jakarta, and Paris, signed the C40 Fossil Fuel 
Free Streets Declaration signaling their commitment 
to procuring only zero-emissions buses from 2025 
(C40 Cities 2021). The European Union’s mandate 
that 30 percent of all bus sales must be ZEVs by 2030 is 
expected to increase the share of BEV buses in the 
region’s fleet by a factor of five, while emerging markets 
like Chile and Colombia have also implemented sales 
mandates (BloombergNEF 2020a; UNEP 2019). Along with 
financial incentives to lower the upfront cost of vehicles, 
stronger ZEV sales targets can create stable and 
substantial market demand and allow manufacturers to 
attain economies of scale (ICCT 2021). 

In addition to targets, a variety of complementary 
policies and incentives, including subsidies, mandates, 
air quality targets and emissions standards, and 
manufacturing incentives, can enable widespread 
adoption of BEV and FCEV buses (ETC 2019e; IEA 2021c). 

Financing research  
and development 
Along with policies to increase the 

availability of clean power supply, R&D investments 
for smart charging solutions and establishing stable 
interconnected grid systems are needed to ensure that 
electricity supply and grid constraints do not hinder 
widespread adoption, particularly in emerging markets 
that face power-supply and grid-capacity constraints 
(Rocky Mountain Institute 2020). Transit agencies 
and operators generally do not have deep technical 
expertise in electricity infrastructure planning. 
Maintaining grid performance and stability to support 
widespread BEV adoption will require the participation 
of multiple stakeholders, including utilities and grid 
operators who can assess long-term power supply 
requirements and deploy new powerlines or upgrade 
existing grid infrastructure (Li et al. 2019). In addition 
to adopting standards for charging and refueling 
equipment, R&D investments to lower the cost of 
charging or refueling stations are other priorities for 
widespread adoption (BloombergNEF 2019b; ICCT 2021). 
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TR ANSPORT  I NDI CATO R 6:

Share of battery electric vehicle 
and fuel cell electric vehicles  
in medium- and heavy-duty 
vehicle sales
Targets: Battery electric vehicles and fuel cell 
electric vehicles make up 8 percent of global annual 
medium- and heavy-duty vehicle sales by 2025 and 
100 percent in leading markets45 by 2040.

In 2020, the share of battery electric vehicles (BEVs) 
and fuel cell electric vehicles (FCEVs) in global medium- 
and heavy-duty vehicle (MHDV)46 sales was 0.3 percent 
(BloombergNEF 2021a). This was entirely made up of 
battery electric vehicles, as fuel cell MHDVs are so far 
not commercially available. As with buses (see Transport 

Indicator 5), the bulk of global demand in 2019 came from 
China, which accounted for 60 percent of total sales. 
Europe accounted for 23 percent of sales. 

In order to be aligned with the Paris Agreement’s 1.5°C 
temperature goal, the share of BEVs and FCEVs in global 
MHDV sales would need to reach 8 percent by 2025, 
and in leading markets it would need to hit 100 percent 
by 2040. With BEVs constituting such a small percentage 
of total current sales, there is an urgent need to 
bring these technologies to commercial maturity 
and stimulate their adoption across the world if this 
transport subsector is to achieve 1.5°C compatibility. See 
Figure 43 for an illustrative S-curve trajectory for BEVs 
and FCEVs in the global MHDV fleet.

MHDVs made up 29.5 percent of road transport emissions 
and 21.7 percent of total transport CO2 emissions in 2019, 

F IGURE 4 3.  Historical progress and an illustrative S-curve of what’s needed to reach 2025 and 2040 targets for  
the share of battery electric and fuel-cell electric vehicles in medium- and heavy-duty vehicle sales
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almost equaling the combined global aviation and shipping 
emissions for that year (IEA 2020f). In addition, MHDVs, 
which run almost exclusively on diesel, are a significant 
source of other emissions that are harmful to human 
health, such as particulate matter, nitrogen oxides, 
and sulfur oxides. A switch to BEVs and FCEVs would 
reduce premature deaths due to air pollution, while also 
eliminating a key source of urban noise pollution, which 
has been linked to numerous negative impacts on human 
health (European Environment Agency 2020). Heavy-duty 
vehicles are also disproportionately involved in road 
fatalities. New electric models can be designed with 
safety considerations such as low floor cabs and greater 
visibility, enabled by electric motor design that does not 
require a large front end (Broom 2021). 

As the infrastructure needed for operating zero-
emissions long-haul routes is not yet in place, most 
electric MHDVs currently in operation are used in urban 
roles with short routes, which accommodates their 
limited range and need for recharging (EDF 2021). Initial 
efforts to increase the adoption of electric models 
could therefore be aimed at companies and government 
agencies that are engaged in these kinds of applications. 

The first long-range heavy-duty electric trucks have 
begun to enter the market, with Volvo releasing its 
first models in Europe in 2021 (Volvo 2021). The slated 
arrival of the Tesla Semi in 2022 means there will soon 
be models available in Europe and North America. 
This could enable a rapid increase in sales if sufficient 
charging infrastructure and government incentives are 
in place.

In the United States, several delivery companies and 
the US Postal Service have already announced either 
partial or full electrification of their vehicle fleet, 
demonstrating the commercial viability of these models 
(Reuters 2020). In addition, recent and expected ongoing 
growth in e-commerce suggests the overall size of 
such fleets is likely to grow over the coming years 
(eMarketer 2020). City-level policymakers can implement 
bans or restrictions on polluting vehicles in city centers, 
where many deliveries occur. This is already a driver of 
EV deployment and could lead to a rapid uptake of EVs in 
corporate delivery fleets.

Enablers of climate action
The higher total cost of ownership (TCO)47 of BEV and 
FCEV trucks48 relative to diesel trucks and the limited 
availability of charging and refueling infrastructure 
are key barriers to widespread adoption (Victor et al. 
2019). The diffusion of BEV and FCEV trucks is expected 
to begin as they reach TCO parity with diesel trucks 
(BloombergNEF 2020g; Phadke et al. 2021). Along with 
TCO reductions, providing strong market signals to 
manufacturers and fleet operators through policies 
such as sales requirements or performance standards 
and ramping up deployment of charging or hydrogen 
refueling stations can accelerate the adoption of such 
zero-emissions vehicles (Welch et al. 2020). 

Driving down costs through 
technological improvements to 
reach total-cost-of-ownership 
parity with diesel trucks

Due to reductions in capital costs arising from 
rapidly declining lithium-ion battery prices and 
improvements in battery range, BEV trucks are 
expected to reach TCO parity with diesel trucks 
between 2025 and 2030, as shown in Figure 44 (Welch et 
al. 2020; BloombergNEF 2020g). R&D investments and 
targeted incentives to support battery manufacturing 
can make this happen sooner (MacDonnell and 
Facanha 2021). The average energy density of batteries 

F IGURE 4 4.  Five-year total-cost-of-ownership 
outlook for a heavy-duty vehicle in 
urban-duty cycles in China

Note: km = kilometer; BEV = battery electric vehicle.
Source: BloombergNEF (2021a).
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has tripled since 2010 and batteries are now capable 
of offering longer ranges at lower costs and with 
negligible reductions in payload capacity (Field 2020). 
Currently available BEV truck models can cover up 
to 483 kilometers on a single charge—making BEVs 
more feasible for different applications including 
urban deliveries, drayage,49 and other regional haul 
operations (Phadke et al. 2021). BEV truck models with 
a range of 595 kilometers and at least 998 kilometers 
are expected to be available during 2022 and after 2023, 
respectively (IEA 2020s).

FCEVs are expected to be more suitable than BEVs 
for replacing diesel-powered trucks in long-haul 
heavy-duty50 applications, as FCEVs offer range 
flexibility and quicker refueling times (IEA 2020s; 
BloombergNEF 2020g).51 Fuel cell system costs and 
the price and availability of clean hydrogen remain key 
challenges. Since there are no mass market applications 
for fuel cell systems other than powering FCEVs, reducing 
fuel cell system costs will depend on increasing the 
production of FCEVs, with current estimates indicating 
a learning rate of 22 percent (BloombergNEF 2020e).52 
FCEV trucks can reach TCO parity with diesel trucks for 
long-haul heavy-duty applications by 2030 if fuel cell 
system costs decline from $243/kW to below $100/kW 
and the price of hydrogen at refueling stations drops to 
$4 per kilogram or below from the current average of $10 
per kilogram  (BloombergNEF 2020e).53 Achieving such 
targets may require investments totaling $105 billion 
within the next decade to expand FCEV manufacturing 
and deploy hydrogen refueling infrastructure 
(BloombergNEF 2020a). FCEVs can be considered for 
those niche applications that are least favorable to 
BEVs, including construction mining, construction, or 
agricultural vehicles, where FCEVs can offer advantages 
such as lower impacts on payload capacity and quicker 
refueling times compared to BEV trucks (Heid et al. 2021). 

Expanding charging and 
refueling infrastructure
The BEV charging infrastructure market 

is maturing rapidly, with currently available charging 
technologies supplying a power output of up to 350 kW 
and potentially more than 1 MW by 2023 (Welch et 
al. 2020). Between 2015 and 2019, the cumulative 
global investment in charging infrastructure for 
commercial BEVs totaled $13.6 billion, and more 
than 481,000 commercial chargers54 were available 

across Europe, China, and the United States in 2019 
(BloombergNEF 2020g). Coordinated efforts by regional 
stakeholders can enable the development of zero-
emissions freight zones and ensure that charging 
stations are deployed in high-use areas like busy freight 
corridors, distribution centers, or trucking depots. 
Deploying chargers in such areas can offer higher 
utilization rates and improved returns on investment 
(ETC 2019e). Additionally, incentives for smart charging 
solutions, including co-siting with renewable energy 
or energy storage facilities, are needed to maintain 
grid performance and efficiency (MacDonnell and 
Facanha 2021).

Far less progress has been made in the deployment of 
hydrogen refueling infrastructure—with only 350 public 
refueling stations available in the United States, 
China, Europe, Japan, and Korea as of March 2020 
(BloombergNEF 2020e). Significant government and 
industry investment is necessary to scale up deployment, 
with the cost of installing a hydrogen refueling station 
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ranging from $2 million to $3 million in the United States, 
$1 million to $2 million in Europe, and $2.4 million to 
$3 million in Japan (Schreffler 2019; Welch et al. 2020). 

Setting standards that send  
a strong signal to manufacturers
Sales requirements for BEV and 

FCEV trucks can increase both competition among 
manufacturers and model availability (ICCT 2017; 
ETC 2019e). California’s Advanced Clean Trucks (ACT) 
rule, for example, requires that the sales share of 
class 2b to class 8 zero-emissions vehicle (ZEV) 
trucks55 increase to 75 percent by 2035 from 9 percent 
in 2024 and specifies sales targets that manufacturers 
have to meet (California Air Resources Board 2020). 
Fuel economy or CO2 standards are becoming more 
prominent. In 2019, fuel economy or CO2 standards 
covered 70 percent of global truck sales, compared 
to 5 percent in 2005 (IEA 2020q). Canada, China, the 
European Union, India, and the United States have 
implemented fuel economy or CO2 emissions standards 
for trucks, while South Korea is aiming to implement 
MHDV efficiency standards by 2022 (IEA 2020s). See 
Figure 45.

Other key actions, including municipal fleet purchase 
requirements and fleet ZEV adoption commitments, 
can rapidly increase market demand. Current purchase 
commitments from private and municipal fleets and 
logistics companies in markets like China, Switzerland, 
and the United States could create demand for at 
least 130,000 new BEVs and FCEVs (Welch et al. 2020). 
Governments are also offering financial incentives 
like point-of-sale rebates and vouchers to cover cost 
differences between ZEV and diesel-powered trucks. 

Such actions are providing strong market signals 
to manufacturers. The European Automobile 
Manufacturers Association—with major manufacturers 
like Scania, Daimler, Volvo, Ford, DAF, Iveco, and MAN—
has committed to reaching 100 percent fossil-free sales 
share by 2040 (EAMA 2020). As the commercialization 
of BEV and FCEV trucks continues to gather pace, 
smoothly transitioning widespread ZEV adoption will 
require coordinated planning and spending by actors 
including governments, utilities, and industry to support 
sufficient deployment of reliable charging and refueling 
infrastructure (ICCT 2020b). 

TR ANSPORT INDICATOR 7:

Share of low-emissions fuels 
in the transport sector

Targets: The share of low-emissions fuels  
in the transport sector reaches 15 percent  
by 2030 and 70–95 percent by 2050.

A low-emissions fuel is a fuel that, when consumed, 
does not result in a net increase in carbon emissions. 
Low-emissions fuels include electricity from zero-
carbon sources, green hydrogen, synthetic fuels made 
using green hydrogen, and certain biofuels.56 The global 
share of low-emissions fuels in the transport sector 
remained stable between 1 percent and 2 percent 
throughout the 1990s, before beginning to rise early in 
the new century (IEA 2020o). Increased demand was 
especially pronounced in Brazil, the United States, and 
the European Union, where it increased 4-fold, 11-fold, 
and 22-fold, respectively, between 2000 and 2018, due 
in large part to the introduction of biofuel-blending 
mandates (Colares 2008; U.S. Department of Energy 2021; 
Transport Policy 2018).57 Between 2014 and 2017, however, 
increases in both biofuel and electricity demand did not 
outpace the increase in demand for fossil fuels. In 2018, 
the global share of low-emissions fuels for transport 
was 4.3 percent, however much of this share consists 
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of unsustainable conventional biofuels, highlighting 
the urgency of transitioning to advanced biofuels, and 
scaling up electrification. 

If the global transport sector is to align with the Paris 
Agreement’s 1.5°C temperature goal, low-emissions 
fuels will need to start rapidly displacing fossil fuels 
to reach a 15 percent share by 2030, climbing to 
between 70 percent and 95 percent by 2050 (see 
Figure 46). Much of the heavy lifting to reach these targets 
will need to come from the electrification of a rapidly 
increasing share of land-based transport, but there is also 
great potential for advanced biofuels to reduce emissions 
from the existing stock of fossil fuel vehicles. Over the 
medium and long term, hydrogen and synthetic fuels made 
with hydrogen are likely to be required to decarbonize 
harder-to-abate transport emissions from the shipping, 
aviation, and long-distance land freight sectors. Some 
of these key technologies are expected to possibly see 
S-curve shaped growth that, if realized, would contribute 
greatly to achieving the 1.5°C targets.

Eliminating diesel and gasoline demand from land-based 
transport alone would drastically reduce the overall 

global demand for oil, as road transport accounted 
for more than 40 percent of total oil demand in 2019 
(BloombergNEF 2020d). Reduced oil demand would 
eliminate the need for continued exploration in 
increasingly remote and sensitive ecosystems like the 
Arctic and offshore locations, reducing the likelihood 
of highly destructive spills (Hjorth 2019). Shifting from 
conventional to advanced biofuels also could ease 
demand for valuable arable land and help keep global 
food prices stable (IRENA 2019a). 

Enablers of climate action
The transport sector continues to rely heavily on 
fossil fuels. Rail, which has undergone widespread 
electrification, is the only widely used form of motorized 
transport to have made significant progress in the 
adoption of an alternative fuel source. Substituting low-
emissions fuels for those used across the various modes 
of transport is complicated by the diverse characteristics 
of each vehicle type. Consequently, numerous kinds of 
low-emissions fuels and enabling technologies will need 
to be developed in conjunction, each with its own unique 
technological and institutional challenges. Governments 

F IGURE 4 6.  Historical progress toward 2030 and 2050 targets for the share of low-emissions fuels 
in the transport sector

Sources: Data from IEA (2020n); targets from CAT (2020b, 2020a).
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could play a leading role in catalyzing the development 
and diffusion of these fuels, funding research, and 
devising effective policies to support the wide rollout 
of newer transport technologies, while seeking new and 
innovative ways to foster international cooperation for 
transport solutions that span national borders (Cames et 
al. 2021; IEA TCP 2020). 

Establishing supportive policies 
and increasing public finance  
for low-emissions fuels

Low-emissions alternatives to both jet fuel and marine 
bunkers are less advanced in their development than 
electric motor vehicles. The production of synthetic 
fuels, which are still prohibitively expensive but could be 
used in both aviation and shipping, requires hydrogen 
as an input, so supporting the development of a green 
hydrogen industry is a necessary intervention in the 
short term to enable long-term decarbonization (see 
Industry Indicator 5). Support could include setting a 
green hydrogen production target, mandating the mixing 
of green hydrogen into the natural gas network, and 
subsidizing the purchase of electrolyzers to increase 
demand and help manufacturers reach economies 
of scale and thus bring down prices (IRENA 2020b). 
Similarly, investing in an aggressive expansion of 
renewable energy generation would lead to greater 
production of low-cost zero-emissions energy, a key 
requirement for scaling up green hydrogen production 
(Royal Society 2019). Countries with favorable renewable 
energy resources may be the best candidates for large-
scale synthetic fuel production (Luderer et al. 2018). 

Prioritizing R&D  
for low-emissions fuels
Several key innovations are still required 

to bring low-emissions fossil fuel alternatives to market 
and scale them up to the levels necessary to achieve 
wide-ranging emissions reductions. Improvements 
in electrolyzer58 technology is one such example. The 
current cost of electrolyzer technology is prohibitive but 
three strategies have been found to reduce costs over 
time: increasing module size, increasing manufacturing 
scale, and improving stack design and cell composition 
(IRENA 2019a). Improved cell composition could lead to 
higher efficiency, durability, and density, and cheaper 
alternatives could be substituted for rare, expensive, 
and emissions-intensive materials like platinum. 

Figure 47 shows the relative energy and emissions 
intensity of various elements used in electrolyzer 
construction, with commonly used platinum requiring 
the most energy and producing the most emissions, 
followed closely by iridium.

The use of biofuels is often promoted as part of the 
solution to reduce transport emissions; however, 
conventional biofuels require large amounts of arable 
land and water for their production, the impacts of which 
may not be fully captured in emissions accounting. This 
renders their widespread use as a substitute for fossil 
fuels unsustainable (Delucchi 2010). In the United States, 
the production of one gallon of ethanol, the most used 
biofuel, requires between 13 and 240 gallons of water 
(Wu et al. 2018).

Advanced biofuels produced from nonfood or nonfeed 
alternatives, such as algae or waste organic matter, do 
not compete with food production and, if developed, 
could play a significant role in the transition to low-
carbon transport. This is especially the case for hard-to-
abate sectors such as aviation (see Transport Indicator 8) 
and for vehicles still on the road years after fossil fuel 
vehicle sales have ceased. But enabling widespread 

F IGURE 47.  Global warming potential and cumulative  
energy demand for critical materials  
used in electrolyzers

Note: kgCO2e = kilograms of carbon dioxide equivalent; 
MJeq = megajoule equivalents; Pt = platinum; Co = cobalt; Ni = nickel;  
Ir = iridium; Ta = tantalum; Gd = gadolinium; Zr = zirconium;  
La = lanthanum; Ce = cerium; Y = yttrium. 
Source: Nuss and Eckelman (2014).
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adoption of advanced biofuels will require significant, 
ongoing investment in research and development to 
reduce their cost and bring them to scale (IRENA 2019a).

Improving global  
coordination to create  
a green hydrogen market

National governments will inevitably play a significant 
role in introducing the necessary measures at a 
domestic level to develop and generalize the use of new 
low-emissions transport fuels, but they are in a unique 
position to also facilitate the creation of international 
forums for cooperation. Regarding the development of 
green hydrogen and synthetic fuels, individual countries 
can choose to forge ahead as pioneers in this field, but 
achieving the necessary global scale of diffusion and the 
needed capacity and infrastructure will require global 
coordination of efforts (Cames et al. 2021). For example, 
transportation of hydrogen across land borders will likely 
require coordination on blending limits and upgrades to 
natural gas infrastructure.

Countries with a natural advantage in renewable 
energy resources and favorable access to key trading 

routes are prime candidates to establish the necessary 
scale of green hydrogen production that will not be 
possible in many countries. In particular, South Korea 
and Japan, both countries with large industrial and 
transport energy demand but limited suitable land for 
new renewable energy projects,59 will rely heavily on 
other countries to fulfill their future green hydrogen 
demand. Establishing effective international institutions 
with broad participation will be critical to advancing 
the development of the global green hydrogen market 
needed to fulfill such demand (see Industry Indicator 5). 

One recently established example is Germany’s 
Power-to-X (PtX) Hub, which promotes partnerships, 
initiatives, and processes to broaden and share the 
knowledge on promising PtX technologies,60 while 
fostering market development by identifying global 
funding and matching it with projects (PtX Hub 2021). 
To date, collaborations, events, and trainings have 
occurred in Brazil, Chile, and Costa Rica. Numerous 
other constellations of cooperation are possible, 
including those that focus specifically on one transport 
subsector like aviation or shipping, or that primarily aim 
to facilitate the development of global e-fuel supply 
chains (Cames et al. 2021).
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While several countries have begun to develop 
hydrogen strategies, few concrete incentives exist 
for catalyzing a rapid scaling up of green hydrogen 
production capacity. Australia even recently blocked 
a 26 GW wind and solar green hydrogen facility despite 
having a national hydrogen strategy (Vorrath 2021). 
Supporting the rapid development of such projects 
should be a priority for countries that envisage large-
scale future hydrogen production.

TR ANSPORT  I NDI CATO R 8:

Share of sustainable aviation  
fuel in global aviation fuel supply 
Targets: Sustainable aviation fuel comprises  
10 percent of global aviation fuel supply by 2030  
and 100 percent by 2050.

Aviation is currently responsible for 3 percent of 
global CO2 emissions (1 Gt). This share is projected to 
rise to 4.5 percent61 by 2050 (2 Gt) absent a change in 
trajectory as demand for air travel recovers from the 
COVID-19 pandemic and continues to grow (WEF 2020). 
Moreover, experts project that other  GHG emissions 
from burning jet fuel increase the climate impacts of 
aviation by more than three times compared to the 
impacts from CO2 alone (Lee et al. 2021). 

In order to decarbonize aviation, a combination 
of behavioral and technological interventions will 
be required. These interventions include demand 
management techniques, energy efficiency measures, 
and, in the long term, hydrogen and electric battery 
aircraft technologies that do not rely on fossil-based 
jet fuel. However, demand management and energy 
efficiency measures cannot significantly decarbonize 
the industry on their own, and hydrogen and electric 
battery planes are not expected to be commercially 
available for several decades—and may only be able 
to decarbonize short- and medium-haul flights. An 
additional solution is therefore required (ETC 2019c).  

Sustainable aviation fuel (SAF)—already widely 
researched, partially developed, and capable of driving 
significant near- and long-term mitigation—offers 
a particularly viable medium-term contribution to a 
decarbonization pathway for aviation. SAF is a fuel 
source that is nearly chemically identical to fossil-
based jet fuel but, when produced following up-to-date 

emissions accounting standards, is made without 
using any fossil sources. There are currently multiple 
technologically viable pathways for producing SAF, the 
most prominent of which include hydrogenated esters 
and fatty acids (HEFA), gasification + Fischer-Tropsch 
synthesis (gasification-FT), alcohol-to-jet, and power-
to-liquid production pathways.62 Notably, each of 
these SAF technologies can be used directly in existing 
aviation infrastructure and equipment up to a certain 
blend constraint (which may vary by pathway), meaning 
that major equipment overhauls are not necessary for 
facilitating SAF uptake. 

As most SAF pathways (HEFA, gasification-FT, and 
alcohol-to-jet) rely on some quantity of biomass inputs, 
it is important to consider the SAF solution in light 
of ongoing concerns about biomass-based fuels and 
energy (bioresources) (Searchinger et al. 2019). Indeed, 
because production of purpose-grown bioresources 
requires large amounts of land for crop growth, and 
because the availability of land is limited by many other 
demands (e.g., growing food to feed an increasing 
population, preserving biodiversity, and promoting 
climate mitigation through reforestation), experts 
generally advise that policymakers refrain from setting 
bioresource targets (ETC 2021a; Searchinger et al. 2019). 
However, recent estimates suggest that a small amount—
some 40 to 60 EJ—of strictly limited sustainable 
biomass inputs from waste and residues that do not 
have other uses and thus do not jeopardize valuable land 
resources will be available for decarbonizing only the 
hardest-to-abate sectors by midcentury (ETC 2021a). 
As the aviation challenge has no other near-term viable 
solutions and will require less than 40 EJ of biomass for 
total decarbonization, many leading reports argue that 
SAF should be prioritized as an exception to the general 
guidance against bioresources for energy (ETC 2021a; 
WEF 2020; Le Feuvre 2019).

Today, SAF comprises under 0.1 percent of global aviation 
fuel supply, as the HEFA pathway is the only one of the 
four that has reached commercial deployment (the other 
three pathways are currently in development and pilot 
stages).63 However, it has been estimated that global SAF 
uptake should reach 10 percent by 2030 and 100 percent 
by 2050 (Race to Zero 2021b). Reaching these targets will 
require a significant acceleration in the development and 
deployment of all technologically viable SAF pathways 
(see Figure 48).
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Enablers of climate action
Given the high costs and limited production capacity 
of SAF today, the global SAF market is still small. 
Accordingly, a diverse portfolio of both supply- and 
demand-side measures will be necessary to lower costs, 
accelerate development, and promote widespread 
uptake of the technology. These measures can be 
divided into two primary categories: ensuring access 
to production inputs including biomass, renewable 
energy, green hydrogen, and large-scale sustainable 
captured CO2; and implementing policies and financing 
interventions to incentivize both increased supply of and 
demand for SAF. 

Increasing access  
to production inputs 
First, to produce each of the four SAF 

pathways, a combination of different inputs, including 
sustainable biomass, clean and affordable renewable 
energy, green hydrogen, and sustainable CO2,64 are 
needed.65 Each of these inputs require a certain set of 
enablers of its own to fully saturate the market (see Power 
Target 2 and Industry Target 5 for reviews of renewable 
energy and hydrogen, respectively), although good progress 
has been made to date in harnessing and producing each. 
The most important factor in ensuring that the proper 
enabling environment is in place to promote global SAF 
uptake is earmarking adequate quantities of these inputs 
specifically for SAF. Indeed, since there are many other 
competing uses for available sustainable biomass, 
renewable energy, green hydrogen, and sustainable 
CO2 resources, policymakers should ensure that their 
planning allocates enough of each to fully support 
realization of their 2030 and 2050 goals for SAF uptake. 

F IGURE 4 8.  Historical progress and an illustrative S-curve of what’s needed to reach 2030 and 2050 targets  
for the share of share of sustainable aviation fuel in global aviation fuel supply
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Note: The future trajectory of sustainable aviation fuels (SAFs) as a share of the market will likely follow an S-curve, following the pattern of other instances 
of technology adoption. This figure illustrates what growth in SAF market share sales would have to be to reach the  targets on an S-curve trajectory—though 
this is just one potential path among many. Data are currently insufficient to evaluate the pace of progress in SAF sales in a quantitative way, so our evaluation 
of “well off track” is a qualitative judgment. SAFs are still in the emergence phase of the S-curve and require the right government support and economic 
conditions to enter a phase of rapid growth. Whether SAFs reach the diffusion stage and how fast depends on what happens in the near term. 
Source: Targets from Race to Zero (2021a).
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Incentivizing increases  
in SAF supply and demand
In addition to ensuring that the inputs 

needed to produce SAF are accessible, policy and 
financing interventions that directly incentivize or even 
mandate increases in both supply of and demand for 
SAF are also important for enabling further uptake, 
particularly given the high costs of SAF compared 
to fossil-based alternatives. Such interventions may 
include, but are not limited to, the following (WEF 2020; 
ETC 2019d; Le Feuvre 2019): 

• Regulatory portfolio mandates, which specify a 
gradually increasing percentage of aviation fuel 
that must be produced from sustainable sources, 
following rigorous emissions accounting standards.

• Financial derisking measures for production facilities, 
such as grants and loan guarantees for investors and 
production facility developers, which incentivize the 
building of increased capacity for SAF development. 

• Incentives for SAF usage: cost-of-difference 
mechanisms, direct subsidies for the use of low-
carbon fuels, and other support for SAF users, which 
incentivizes uptake.

• Fossil fuel taxes, which, when designed effectively, 
impose a carbon tax on the emissions generated by 
less expensive fossil-based aviation fuels to level the 
playing field for SAF to compete financially.66 

Actors from both government and the private sector 
have a role to play in promoting the implementation 
of these and other interventions. While policymakers 
can advance portfolio mandates, taxes, and financial 
derisking measures in their jurisdictions, industry 
actors (e.g., airlines) may also enact internal-facing 
programs that explicitly target their individual, but 
often large, multinational company operations. Such 
action from both government and industry leaders can 
ensure that as many actors as possible are targeted. 
Civil society can also work with industry leaders to 
lobby government for countrywide policy and financing 
options in order to expand interventions beyond leading 
companies and governments. 

Although SAF—primarily the HEFA pathway—has only 
recently entered the commercial market, several 
policy interventions that have already been enacted 
by government and industry actors serve as promising 
examples from which other public and private leaders 
can learn. For instance, the International Civil Aviation 
Organization has implemented the Carbon Offsetting 
and Reduction Scheme for International Aviation, which 
intends to facilitate carbon-neutral growth of aviation 
beyond 2019 levels through a mix of out-of-sector carbon 
offsets, efficiency improvements, and SAF deployment. 
Although this program provides relatively weak 
incentives, and may depend heavily on carbon offsets, 
weakening its effectiveness, it does include a detailed 
set of methodologies for calculating GHG reductions from 
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SAF use. In another example, the European Commission 
has also launched the Biofuels Flightpath Initiative, 
which is tasked with studying financial tools that can be 
implemented to aid SAF production facility development 
(ICAO 2021). On the industry side, a coalition of large 
airlines including American Airlines, Delta Air Lines, 
JetBlue Airways, Southwest Airlines, and United Airlines 
have recently committed to making 2 billion gallons of 
SAF available annually to U.S. aircraft operators in 2030, 
presumably through the implementation of regulatory 
mandates (Airlines for America 2021).67 

Ultimately, these steps are encouraging foundations 
upon which to build, but much greater global action 
is needed to reach the 2030 and 2050 targets for SAF 
uptake. To this end, other countries, regions, and 
industry actors should glean lessons in best practice 
from these early starters as they embark on establishing 
appropriate enabling environments of their own. 

TR ANSPORT  I NDI CATO R 9:

Share of zero-emissions fuels in 
international shipping fuel supply
Targets: The share of zero-emissions fuels reaches 
5 percent for international shipping fuel supply by 
2030 and 100 percent by 2050.

Maritime shipping, the backbone of global commerce, 
accounts for almost 3 percent of global GHG emissions 
(IMO 2020). Roughly 85 percent of these emissions come 
from international shipping, namely the transport of 
goods by containerships, bulk carrier ships, and tankers 
(ETC 2019b). While shipping has become more energy-
efficient since 2012, emissions from the sector could 
increase by up to 30 percent above 2008 emissions 
by 2050 due to a continued increase in demand for 
internationally shipped goods (IMO 2020). 

A suite of solutions will be needed to align international 
shipping with a 1.5°C pathway, including demand 
management measures, energy efficiency measures, 
and zero-emissions fuels (ETC 2019b). However, due to 
the expected growth in demand, full decarbonization 
is only possible if long-haul shipping vessels transition 
away from carbon-intensive heavy fuel oil (HFO) to 
zero-emissions fuels. Zero-emissions fuels include 
sustainable biofuels (e.g., biomethanol), synthetic 
carbon-based fuels (e.g., methanol combined with 

direct air capture), and blue and green hydrogen and 
ammonia. Green hydrogen and ammonia (which are 
produced using renewable energy) are widely viewed as 
the most promising fuels due to their favorable life-cycle 
GHG emissions, economics, and scalability (Englert and 
Losos 2021; ETC 2019b; BloombergNEF 2020c; Victor 
et al. 2019; Shell 2020a). Green ammonia, however, is 
favored over hydrogen because it requires less onboard 
storage, is easier to handle as it requires less cooling, 
and has lower flammability (Englert and Losos 2021).

The role of liquified natural gas (LNG), once thought 
to be a potentially scalable and cleaner fuel than HFO 
(specifically in terms of sulfur emissions), is now being 
debated as to what extent it could actually contribute 
to decarbonizing shipping. Recently analysis suggests 
that LNG might not actually decrease life-cycle GHG 
emissions compared to HFO regardless of the engine 
used, due largely to upstream methane leakage (Englert 
et al. 2021; Pavlenko et al. 2020). Furthermore, switching 
to LNG risks disincentivizing zero-emissions fuels 
because it would require high capital investment that 
could not be used to support drop-in zero-emissions 
fuels (Englert et al. 2021; Victor et al. 2019).

Scenarios aligned with a 1.5°C pathway suggest that at 
least 5 percent of fuel used in international shipping will 
need to be zero-emissions fuel by 2030 and 100 percent 
of fuel by 2050 (Osterkamp et al. 2021) (Figure 49). There 
will most likely be a mixed portfolio of zero-emissions 
fuels as different fuels are being shown to be optimal 
for different ship types, sizes, and operating profiles 
(Englert and Losos 2021). Recent analysis suggests that 
ammonia will take a leading role over the next decade 
and grow more rapidly after about 2040. Ammonia could 
supply 75–99 percent of the market for shipping fuel 
by 2050 (Raucci et al. 2020). 

Analysis by University Maritime Advisory Services 
(UMAS) and the High-Level Climate Champions has 
identified priority segments of the international shipping 
industry that could be targeted for action to advance 
the 2030 zero-emissions fuel goal. Decarbonization 
of these priority segments would greatly benefit from 
coordinated stakeholder action. Container shipping is 
a prime candidate, as only a few ports and deep-sea 
routes account for a large share of shipping volume. 
Ammonia and liquefied petroleum gas tankers are also 
well-suited to early action because their storage and 
systems are well-suited for ammonia. Finally, niche 
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international routes (noncontainer shipping) between 
countries that have supportive national policies for 
green hydrogen and ammonia could be targeted, such as 
Chile–United States, Japan-Australia, Dubai-Singapore, 
Australia-Singapore, and Denmark-Norway (Cronin 2021). 

Enablers of climate action
Zero-emissions fuels for international shipping are still in 
the early emergence phase of technological deployment. 
While the technologies exist to produce these fuels, 
there are multiple challenges to accelerating deployment 
in international shipping to ensure that these fuels are 
available in the right quantities and at the right locations. 

One key challenge is cost. HFO is one of the dirtiest 
and cheapest fuels available, so zero-emissions fuels 
will likely never be competitive without policy and 
industry support. At a green hydrogen price of $2 per 
kilogram, a carbon price of at least $108/tCO2, higher 
than nearly all enacted carbon prices today, would be 
needed to make ammonia more competitive with HFO 
(BloombergNEF 2020c). Furthermore, the cumulative 
total capital investment required to decarbonize 

international shipping is estimated to be $1 billion to 
$1.9 billion (Raucci et al. 2020). Fuel supply infrastructure 
costs, that is, the costs to produce green hydrogen and 
ammonia, comprise 85–90 percent of total capital costs. 
The remaining 10–15 percent costs include onboard-
ship costs (e.g., capital costs for equipment including 
machinery, storage, and energy efficiency investments) 
(Raucci et al. 2020). 

A second challenge is that no internationally trading 
shipping vessels are currently equipped to use 
green hydrogen or ammonia, so ship and engine 
manufacturers’ concerns about safety, storage, and 
costs have not been appropriately tested and addressed. 

A third challenge concerns the significant amount of 
hydrogen that will be required and whether this demand 
will be prioritized over hydrogen demands from other 
sectors. A negligible amount of green ammonia for 
shipping is currently being produced (Gallucci 2021; 
Victor et al. 2019). 

Recent studies suggest that investments in ZEF pilot 
projects, early policy action at national and regional levels, 

F IGURE 4 9.  Historical progress toward 2030 and 2050 targets for the share of zero-emissions fuel 
in international shipping fuel supply
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and greater coordination between the public and private 
sector can help address these challenges in the near term. 

Investing in pilot projects 
One of the key drivers to decarbonize 
international shipping will be major 

investment in more coordinated large-scale 
demonstration and testing of zero-emissions fuel 
technology, especially hydrogen and ammonia (Victor et 
al. 2019). This will help address concerns about hydrogen’s 
flammability and ammonia’s toxicity and corrosiveness, 
and questions relating to onboard storage, all of 
which will require new design and management 
measures (Englert and Losos 2021). Generating this 
level of investment will require strong support from 
the International Maritime Organization, national 
governments, industry actors, and investors (ETC 2019b; 
Victor et al. 2019). Several demonstration projects will be 
testing hydrogen- and ammonia-powered ships as soon 
as 2024 (Gallucci 2021), and coalitions to catalyze action 
are growing. For example, the Getting to Zero Coalition 
aims to bring a wide variety of over 120 public and private 
stakeholders together to scale up demonstrations and 
pilots (Global Maritime Forum 2021). 

Regional and 
national policy action 
The International Maritime Organization 

is the UN agency responsible for regulating shipping 
emissions. In 2018, it released its initial strategy 
to reduce GHG emissions, establishing a target of 
a minimum 50 percent reduction in GHG emissions 
by 2050 relative to a 2008 baseline. The strategy has been 
criticized for not being aligned with a 1.5°C pathway and 
vagueness concerning how the target might be achieved 
(Serra and Fancello 2020). It is likely necessary that “first 
mover” national and regional government initiatives will 

need to generate evidence that can support stronger 
global policies, such as an international green fuel 
mandate, and create ambition loops with industry actors 
(ETC 2019b; Victor et al. 2019; Englert and Losos 2021). 
Policies recommended by experts include economic 
incentives to promote zero-carbon fuels like national 
procurement mandates and shipping emissions targets, 
as well as policies that disincentivize the lock-in of HFO 
and LNG fuels, like a carbon tax (ETC 2019b; Englert et al. 
2021). Policy action is also needed to ramp up hydrogen 
production. Many leading economies are already betting 
big on hydrogen. Australia has committed about 
US$500 million to back new hydrogen projects under 
its National Hydrogen Strategy (Australia Department 
of Industry, Science, Energy and Resources 2019) 
and China’s 13th Five-Year Plan outlines a target of 
supporting demand for 60 million tonnes of hydrogen 
by 2050 (Matalucci 2021). The United States recently 
called for a 100 percent reduction in shipping emissions 
by 2050. These efforts need to ramp up substantially, 
however, to ensure adequate supplies.

Strengthening coordination  
between public  
and private sectors

Another key driver for international shipping is likely 
to be coordination by national governments and ports 
along priority deep-sea routes and niche international 
routes to aggregate economy-wide demand for 
hydrogen-derived fuels and agree on emissions and/or 
fuel standards (Victor et al. 2019; Lewis 2020). National 
governments, ports, and major industry players like 
ship and engine manufacturers, ship operators, and 
fuel providers can motivate action by setting industry 
targets. Existing coalition efforts, like those by Getting 
to Zero, need to be scaled up with stronger government 
engagement (Victor et al. 2019). 



7TECHNOLOGICAL 
CARBON REMOVAL
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CARBON REMOVAL CAN INCLUDE NATURAL 
approaches, like tree planting, as well as 
technological solutions like direct air capture 
(DAC)—both will be critical parts of a larger 

carbon removal portfolio (see Chapter 8, “Land use and 
coastal zone management,” for discussion of natural 
carbon removal approaches).68 A portfolio of approaches 
also reduces cost and the risk that any one solution will 
fail to provide expected level of removal (Mulligan et al. 
2020). Solutions like tree planting are generally ready for 
wider deployment, but they are ultimately limited by land 
availability, can compete with agricultural production, and 
have inherent issues related to the permanence of carbon 
storage (National Academies of Sciences, Engineering, 
and Medicine 2019). Technological carbon removal 
includes approaches like DAC, carbon mineralization, 
and bioenergy with carbon capture and storage (BECCS), 
which are less ready for deployment than natural solutions 
but have attracted increased interest and public and 
private investment recently as it has become clearer 
that carbon removal will be needed alongside mitigation 
(Institute for Carbon Removal Law 2021). 

A key indicator for tracking progress on carbon removal 
is identifying how many tonnes of carbon have been 
captured from the air and stored permanently (Table 11). 

Permanent storage requires the secure sequestration 
of CO2 from the atmosphere, either through injection 
into deep geological formations, or through the creation 
of stable carbonate minerals. To count as carbon 
removal, CO2 must be captured from the atmosphere, 
for example, via direct air capture or photosynthesis 
(point source capture, for example at a cement or fossil 
fuel power plant, is preventing emissions from entering 
the atmosphere and would be mitigation rather than 
carbon removal). Once CO2 is captured, it can also be sold 
for use in various products rather than being injected 
underground to help offset the cost of capture. When 
used in products, the duration of storage varies depending 
on the product: uses like beverage carbonation and fuel 
production provide storage for days to weeks (so would 
not count as permanent removal), whereas use in building 
materials provides virtually permanent storage. Only a 
small portion of the CO2 captured from the atmosphere 
today is stored permanently. 

DAC provides few co-benefits aside from jobs, and uses 
nontrivial amounts of energy to operate, which must 
be non–carbon emitting to provide the greatest carbon 
removal benefit. Renewable energy is an obvious 
choice to power DAC: in some cases, production that 
would otherwise be curtailed could be used or new 

To achieve the Paris Agreement goal of limiting warming to 1.5°C, the latest climate 
science indicates that we need to reach net-zero CO2 emissions by midcentury. 
Reducing new emissions into the atmosphere is essential and should be the priority, 
but it is not enough if we want to avoid the worst impacts of climate change.  
We will also need to pull carbon out of the air to counterbalance emissions that will 
be very difficult to mitigate in the coming decade or two (e.g., long-haul aviation) 
and to deal with excess CO2 already in the atmosphere through carbon dioxide 
removal (CDR or carbon removal) (National Academies of Sciences, Engineering, and 
Medicine 2019). 

TA BL E 1 1 .  Summary of progress toward 2030 technological carbon renewal target

Indicator Most recent 
historical data 
point (year)

2030 target 2050 target Trajectory of change Status Acceleration factor

Rate of technological carbon 
removal (MtCO2 removed/yr)

0.52  
(2020)

75 4500 Exponential possible n/a; U-turn needed

Note: n/a = applicable; MtCO2/yr = million tonnes of carbon dioxide per year.
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capacity can be constructed. BECCS provides energy 
as a part of its process, offset by the energy required 
to power the capture equipment and to access and 
transport the feedstock. Other processes such as 
gasification can provide energy services (e.g., hydrogen 
production) while also allowing for storage of process-
based CO2. Depending on the specific approach used, 
mineralization can provide the co-benefit of storing 
CO2 in products like concrete or remediation of mine 
tailings, but it also requires energy to access and 
transport feedstock materials. 

Scale-up of carbon removal will require consideration 
beyond just tonnes of carbon removed. Environmental, 
social, and equity impacts also need to be considered for 
each approach to ensure that, among other concerns, 
carbon removal deployment doesn’t exacerbate existing 
pollution burdens, benefits and negative impacts are 
equitably distributed, and stakeholders are informed and 
can provide input into project plans. 

TE C HNOLOGICA L CARB ON 
R EM OVAL  IND I CATO R 1 : 

Rate of technological  
carbon removal 
Targets: The rate of technological carbon removal 
(e.g., DAC, mineralization, and BECCS) scales 
up to sequester 75 MtCO2 annually by 2030 and 
4.5 GtCO2 annually by 2050.

Technological carbon removal, as assessed here, 
includes DAC, carbon mineralization—for example, 
through enhanced weathering—and BECCS. The amount 
of carbon removal that will be needed by 2050 depends 
on how much decarbonization has happened by that time 
as well as the amount of carbon removed through natural 
solutions. Recent comprehensive assessments point to 
a potential need for roughly 8–10 GtCO2/year in carbon 
removal from both natural and technological solutions 
by 2050 (National Academies of Sciences, Engineering, 
and Medicine 2019; IPCC 2018), with roughly 5–6 GtCO2 of 
that being provided by natural approaches (Roe et al. 
2019; Fuss et al. 2018). Considering the Paris-compatible 
scenarios assessed by the IPCC that meet sustainability 
criteria set out in Fuss et al. (2018), around 4.5 GtCO2/
yr from technological CDR may be needed by 2050 
(roughly equivalent to the combined GHG emissions of 
the European Union and Japan in 2018), with an interim 

target of 75 MtCO2/yr by 2030 (roughly equivalent to 
the GHG emissions of Austria in 2018) in order to limit 
warming to 1.5°C (IPCC 2018; ClimateWatch 2021).69 The 
scale-up of carbon removal would need to accelerate 
significantly to reach the 2030 and 2050 targets. 

DAC, which uses large fans to push air over reactive 
chemicals that bind CO2, is promising because it can 
be configured to have a smaller land area footprint to 
capture CO2 than many other carbon removal approaches. 
While trees would need an estimated 860 km2 to 
capture 1 million tonnes of CO2 per year, today’s DAC 
systems would require 0.4–24.7 km2, with almost all of 
the land in the larger configurations used for renewable 
energy (Lebling et al. 2021). DAC also has flexibility in 
where it can be sited—for example on marginal land or 
near geologic storage basins to reduce transport costs 
for captured CO2. At the same time, DAC plants have 
nontrivial energy requirements and must be coupled 
to renewable or other zero-carbon energy sources to 
achieve their maximum potential as a carbon removal 
technology. Today, only a few companies are developing 
DAC, with a total of around 6,000 tCO2 captured per year 
(though not all of that is stored permanently) (BPC 2021). 
A handful of projects are in the pipeline, including two 
that would capture up to 1 million tCO2/yr (one in Texas 
that would do enhanced oil recovery (EOR) and one in 
Scotland that would do non-EOR geological storage) 
(Carbon Engineering 2020, 2021) (Figure 50). 

BECCS involves burning biomass and capturing and 
storing the resulting emissions. Plants pull CO2 from 
the air through photosynthesis and then that embodied 
carbon is captured by CCS equipment upon combustion 
and stored underground. Climate mitigation models 
assessed in the IPCC’s SR15 rely heavily on BECCS, but 
there are concerns about its large-scale deployment 
due to significant land area needs for energy crops that 
could impact food security or result in land-use change 
that increases emissions and is potentially misaligned 
with broader sustainability goals (Fuss et al. 2018). More 
recent assessments include roles for waste biomass 
gasification to hydrogen and CO2 (Larson et al. 2021; 
Baker et al. 2020). A handful of biomass-based carbon 
removal projects are in development the United States, 
with a few more in the planning stages in other countries 
(CATF 2020; AU 2020; Weetch 2021). 

Mineralization, also referred to as enhanced weathering, 
involves accelerating natural reactions between 
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certain minerals and CO2. There are several ways to 
do this, including adding certain types of crushed rock 
to agricultural land, coastal areas, or the open ocean 
or accelerating reactions of certain mine tailings or 
industrial waste with ambient air (National Academies of 
Sciences, Engineering, and Medicine 2019). Mineralization 
can also be used to store already captured CO2 by 
injecting CO2-enriched fluids into certain types of rock or 
to include the CO2 in products like cement and concrete. 
Mineralization, where CO2 chemically reacts to form solid 
carbonates, is of particular interest given that CO2 is 
permanently stored, unlike carbon stored terrestrially, 
which can be returned to the air when trees are cut 
down or burned, for example (Jeffery et al. 2020a). A 

few companies are using CO2 (not necessarily from DAC) 
to make building materials (e.g., Blue Planet, Solidia 
Technologies) and to develop projects that store captured 
CO2 underground via mineralization (e.g., Climeworks Orca 
plant) or both capture and store CO2 via mineralization 
(e.g., Project Vesta and Green Sand) (AirMiners 2021). 

Reaching 2030 and 2050 goals will require rapid scale-
up across a portfolio of approaches to reduce costs 
and the risk that any one approach fails to provide 
sufficient removal (Mulligan et al. 2020) (Figure 51). 
Achieving this will depend on several factors, including 
policy support, federal and private investment, market 
demand, and others.

F IGURE 5 0. Locations of demonstration and commercial direct air capture plants

In progress (announced, in development, or under construction) Not currently operatingOperational

Note:  Figure includes demonstration and commercial scale plants from 1 to 1,000,000 tonnes of CO2 per year capture capacity.
Source: Carbon180 (2021) and BPC (2021).
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Enablers of climate action
Key obstacles to accelerating carbon removal 
technologies today include high cost, insufficient 
supportive policies, insufficient demand, and the 
need for enabling infrastructure. Additionally, carbon 
removal, unlike other sectors that provide an economic 
good or service that people pay for directly, is above 
all a public good, which can also pose challenges for 
scale-up. Several supportive measures can address 
these barriers.

Scaling up  
federal investments in RD&D 
Government investment in RD&D is needed 

to develop entirely new carbon removal approaches 
and refine proposed and existing ones to help optimize 
technologies and pathways and bring down costs. In the 

United States, for example, federal investment in carbon 
removal RD&D has increased from around $10 million 
total from 2009 to 2019 to $82.5 million in 2021 
(Figure 52), as it has become clear that carbon removal 
will need to play a potentially significant role.

Adopting supportive policies  
that incentivize deployment of CDR
Supportive policies incentivize deployment in a variety 
of ways: reducing investment or operating costs, 
creating regulation that enhances certainty for project 
development, reducing financing costs, or providing 
incentives to procure certain products, among others. 
The 45Q tax credit in the United States provides a 
credit of $35–$50/tCO2 captured and has been a 
driver for the only large-scale DAC project (as well as 
a number of CCS projects) to enter planning stages. At 

F IGURE 5 1 .   Historical progress and an illustrative S-curve of what’s needed to reach 2030 and 2050 targets for 
the rate of technological carbon removal

M
tC

O
2

2010 2020 2030 2040 2050

0

1,000

2,000

3,000

4,000

5,000

WELL OFF TRACK: Change is heading in the right direction, but well below the required pace Exponential Likely

75 MtCO2
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0.52 MtCO2

(2020)

4,500 MtCO2
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Note: MtCO2 = million tonnes of carbon dioxide. The historical data in this graph only show CO2 that has been captured from the air and put in permanent 
geologic storage; CO2 captured from the air but not stored permanently is not included here (and CO2 captured from point sources and stored permanently 
is also not included). To be on track for reaching the 2030 target, the historical rate of change needs a step change in action.
The future trajectory of technological carbon removal may follow an S-curve, following the pattern of other instances of technology adoption. This figure 
illustrates what growth of technological carbon removal would have to be to reach the  targets on an S-curve trajectory—though this is just one potential path 
among many. Data are currently insufficient to evaluate the pace of progress of technological carbon removal in a quantitative way, so our evaluation of “well 
off track” is a qualitative judgment. Technological carbon removal is still in the emergence phase of the S-curve and requires the right government support 
and economic conditions to enter a phase of rapid growth. Whether it reaches the diffusion stage and how fast depends on what happens in the near term. 
Source: Author’s analysis and EPA (2020); Doyle (2021); and Climeworks (2021) for historical data.
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the state level, California’s low-carbon fuel standard 
was revised in 2019 to include DAC and provides a 
credit close to $200/tCO2 today for DAC development 
anywhere.70 A number of pieces of legislation propose 
increasing the 45Q credit value to better cover the 
costs of early DAC plants, which are expected to range 
from $250–$600/tCO2 (Keith et al. 2018; Tollefson 2018), 
while other legislation includes new tax credits and 
other policies that would support deployment. 

Establishing corporate 
commitments, coupled with 
investments in technological CDR

Corporate commitments and investments in carbon 
removal technology have increased in the past 
few years. As many countries have set net-zero 
commitments, companies have taken similar action to 
reduce their own emissions and respond to customer 
and investor concerns over climate change. Companies 
like Microsoft and Amazon have pledged to reduce 
their own emissions and have also invested in carbon 
removal projects to help them reach net zero and 
even net negative for Microsoft. Other companies, like 
the financial services provider Stripe, have not only 
pledged to purchase tonnes of carbon removal but have 
also provided upfront investments to support project 
development (Stripe 2021). Many other companies have 

indicated a long-term goal of net zero but have not 
provided details on how those targets will be achieved 
(Institute for Carbon Removal Law 2021). Corporate 
commitments are critical to increasing the supply of 
carbon removal but must complement internal emissions 
reductions goals based on climate science. 

Expanding  
enabling infrastructure 
Enabling infrastructure, such as 

CO2 pipelines, geological storage, and abundant 
renewable and zero-carbon energy to power carbon 
removal projects, is critical to scaling up carbon removal 
technology. CO2 pipelines would be needed where CO2 is 
captured in a different location from storage or use 
and would be relevant for DAC and BECCS (as well as for 
CO2 captured through CCS at industry or power facilities). 
There are around 5,200 miles of CO2 pipelines already 
in the United States (U.S. Council on Environmental 
Quality 2021), but this network would need to be 
significantly scaled up to accommodate the expected 
need in a few decades. Estimates for geological storage 
capacity vary, but the National Academies (2019) points 
to a global technical potential of 2,000 GtCO2 through 
the end of the century. This amount may be lower 
in practical terms based on locations of capture in 
relation to storage, and even with this high potential, 

F IGURE 5 2 .  U.S. federal funding for carbon removal research, development, and demonstration  
at the Department of Energy

Sources: Burns (2020); Cunliff and Nguyen (2021); U.S. House (2021); U.S. Senate (2021).
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each site needs to be validated, and annual injection 
rates may be limited to avoid pressure buildup. For DAC, 
abundant zero-carbon energy will be needed to power 
DAC facilities to maximize net carbon removal. Based 
on the energy requirements of the systems we have 
today, capturing a billion tonnes of CO2 could use up 
to 10 percent of U.S. energy consumption today (National 
Academies of Sciences, Engineering, and Medicine 2019; 
Mulligan et al. 2020). 

Creating markets for products 
made with captured CO2 

Large-scale markets for products made 
with captured CO2 can provide a demand signal to project 
developers and an economic incentive for captured 
CO2. While dedicated storage in underground geologic 
formations maximizes net carbon removal, building up 
the market for products made with captured CO2 can 
help compensate for high capture costs in the near term. 
Utilization pathways vary in degree of permanence, 
ranging from synthetic fuels, which provide very 
short-lived storage but can be a less carbon-intensive 

alternative to conventional jet fuel, to use of CO2 as a 
curing agent for concrete made with novel cement, 
which provides permanent storage. Market incentives 
that focus on utilization of captured CO2 in more 
permanent storage media (e.g., in the buildings sector) 
are particularly important to foster and support (Jeffery 
et al. 2020a). 

While many factors in the enabling environment show 
that change is moving in a direction that will help 
facilitate a more rapid scale-up of carbon removal 
technology, we are still far from where we need to be in 
terms of developing and deploying these technologies 
to be on a trajectory for multigigatonne-scale removal 
by midcentury. These technologies hold significant 
promise, but, ultimately, we want to minimize the extent 
to which we need to rely on them in the future, which 
means reducing emissions as much as possible in the 
coming few decades as well as scaling up deployment of 
natural carbon removal approaches. 



8LAND USE AND 
COASTAL ZONE  
MANAGEMENT
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BETWEEN 2007 AND 2016, FOR EXAMPLE, 
annual net CO2 emissions from land use and 
land-use change were approximately 5.2 ± 
2.6 GtCO2 (IPCC 2019). And in 2018, according 

to one estimate, emissions from land use change and 
forestry accounted for 2.8% of global GHG emissions 
(Figure 53) (ClimateWatch 2021). 

Improved protection, management, and restoration of 
forests, peatlands, coastal wetlands, and grasslands are 
essential for limiting warming to 1.5°C by the end of the 
century. This includes stopping deforestation as a top 
priority, and then increasing restoration. These efforts 
can also help communities better adapt to the impacts 
of climate change by building resilience and reducing 
vulnerabilities to extreme weather events. For example, 
mangroves protect coastal lands against rising seas and 
tidal surges, while inland forests moderate temperature 
fluctuations and stabilize water supply (Sato et al. 2019). 

In this chapter, we examine some of the transitions in 
the land use and coastal zone management sector by 
focusing on forests, peatlands, and coastal wetlands. 
The transitions required in the agriculture sector 
are addressed separately in Chapter 9. Specifically, 
for forests, we focus on reduced deforestation 
(indicator 1), restored tree cover (indicator 2), and, 
relatedly, increased carbon sequestration through 
these tree cover gains (indicator 3). For peatlands, we 
look at reduced destruction (indicator 4) and increased 
restoration (indicator 5), and similarly, for coastal 
wetlands, we examine reduced conversion (indicators 6) 
and increased restoration (indicator 7). 

Of the seven indicators, only three have historical rates 
of change that are headed in the right direction, but 
these are also well below levels required for 2030; one 
is heading in the wrong direction, and a step change 
in action is needed; and, for the remaining three, data 
are insufficient to assess the rate of historical change 
and current gap in action (Table 12). In particular, while 

Land use is both a major source of emissions and a major natural carbon sink 
(Roe et al. 2019; IPCC 2018, 2019; Griscom et al. 2017; Searchinger et al. 2019). 
Depending on the way land is used in future, it can either contribute to or help 
solve global climate change.

F IGURE 5 3.  Role of the land-use and coastal zone 
managment sector in global greenhouse 
gas emissions

Note: Estimates of greenhouse gas emissions from forestry are subject 
to high uncertainties. Data featured in this figure is from ClimateWatch 
(2021), which relies on 2018 forestry emissions data from FAOSTAT. This 
differs from IPCC (2019), which includes older forestry emissions data 
from FAOSTAT, as well as data from a number of other global models, to 
estimate net CO2 emissions from land use and land-use change. 
Source: ClimateWatch (2021).
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gross tree cover gain is increasing, an abrupt halt to 
deforestation is required simultaneously. Reforestation 
is not a substitute for protecting forests (especially 
for the world’s remaining tropical primary forests), as 
discussed further in this chapter.

Actions to protect and restore these carbon-rich 
ecosystems come with tremendous co-benefits and 
are often linked with the achievement of several SDGs. 
For example, forests support the livelihoods of millions 
of people across the globe, through the use and sale of 
firewood, nontimber products, timber, fruits, and raw 
materials for medicine (Sato et al. 2019). Forests also 
help ensure water availability by capturing rainfall and 
stabilizing water supplies for drinking and irrigation (Sato 
et al. 2019).

At the same time, some difficult trade-offs can 
emerge in the land sector, which must be considered 
and managed responsibly (FAO 2018; Searchinger 
et al. 2019). With an increasing global population, 
there is a growing demand for food, fuel, and fiber, 
which has resulted in the ongoing expansion of 
agricultural land at the expense of forests (e.g., it is 
estimated that nearly 500 million hectares of forests 
and woody savannas were cleared for agriculture 
between 1962 and 2010). Recent work conducted by 
WRI, the World Bank, UN Environment, and the UN 
Development Programme (UNDP) concludes that it is 
possible to feed 10 billion people by 2050 while halting 
deforestation and reducing GHG emissions in line with 
a 1.5°C pathway, but this will require a range of actions, 
from changes in food production and consumption 
patterns (see Chapter 9) to the types of ecosystem 
protection and restoration measures addressed in this 
chapter (Searchinger et al. 2019).

TA BL E 12 .  Summary of progress toward 2030 land use and coastal zone management targets

Indicator Most recent historical data point 
(year)a

2030 target 2050 target Trajectory  
of change

Status Acceleration factor

Deforestation rate (Mha/yr) 6.77 
(2020)

2.01 0.33 Exponential 
change unlikely

n/a, U-turn needed

Reforestation (cumulative Mha) 80.60 
(cumulative gain from 2000–2012)

259 678 Exponential 
change unlikely

3.2x

Rate of carbon removal from 
reforestation (GtCO2/yr)

0.71 
(annual sequestration  
rate as of 2012)

3 7.85 Exponential 
change unlikely

4.2x

Peatlands conversion rate 
 (Mha/yr) 

0.78  
(1990–2008 annual average)

0.23 0.04 Exponential 
change unlikely

Insufficient data

Peatlands restoration 
 (cumulative Mha) 

No data 22 46 Exponential 
change unlikely

Insufficient data

Coastal wetlands conversion rate  
(Mha/yr) 

0.63  
(1990–2005 annual average)b

0.19 0.03 Exponential 
change unlikely

Insufficient data

Coastal wetlands restoration  
(cumulative Mha)

0.43 
(cumulative gain, 2015–16)c

7 29 Exponential 
change unlikely

2.7x

Note: n/a = not applicable; MtCO2/yr = million tonnes of carbon dioxide per year; GtCO2/yr = gigatonnes (billion tonnes) of carbon dioxide per year; Mha/yr = 
million hectares per year. 
a   For indicators with limited data availability, we use the average annual rate of change across the most recently available time period (e.g., 2000–2012) 

to estimate the annual rate of change during the target’s baseline year (2018 for all indicators in this table). We calculate the future rate of change 
required to reach the 2030 target against this estimated baseline year rather than the most recent year of data. 

b   Historical data are assessed over a 15-year period for mangrove forests (1990–2005) but over significantly longer periods for salt marshes and seagrass 
meadows. Annual data for all three ecosystems are not available.

c   Due to data limitations, historical data are assessed for mangroves only.
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L AND INDICATOR 1 :

Deforestation rate
Targets: The global deforestation rate declines  
70 percent by 2030 and 95 percent by 2050,  
relative to 2018.

The world’s forests are a net carbon sink (Harris et al. 
2021), but that fact obscures the gross emissions that 
occur as a result of deforestation, or the conversion 
of forest to another land cover or land use. A recent 
report on humid primary tropical forests, for example, 
found that losses in these forests resulted in 2.64 Gt 
of CO2e in the year 2020 alone (WRI 2021d). Reducing 
deforestation, then, offers an immediate opportunity 
to reduce emissions. 

Our targets are set according to the Roe et al. (2019) 
land sector roadmap for 1.5°C,71 and highlight the 
need to quickly lower the rate of annual deforestation 

(Figure 54). This largely aligns with existing goals and 
commitments around forests that aim to rapidly reduce 
deforestation, such as the New York Declaration on 
Forests Goal 1 to end natural forest loss by 2030. 

Unfortunately, the global rate of deforestation has not 
declined in accordance with these ambitions. Annual 
deforestation and associated emissions have risen 
since 2010 and increased slightly from 6.75 million 
hectares (Mha) in 2019 to 6.77 Mha in 2020.72 More 
than 96 percent of deforestation since 2001 has 
occurred in the tropics, where the vast majority of forest 
loss is driven by conversion to agriculture, with much 
of the production destined for international markets 
(WRI 2021c). As a result, reducing deforestation is closely 
linked to simultaneously achieving the agricultural 
targets explored in Chapter 9, such as improving 
agricultural productivity, reducing food loss and waste, 
and—in countries where meat consumption is high—
shifting dietary patterns toward plants. 

F IGURE 5 4. Historical progress toward 2030 and 2050 targets for deforestation rate

Note: Mha = million hectares. Deforestation is defined here as tree cover loss due to commodity-driven deforestation, urbanization, or shifting agriculture 
where it overlaps with tropical primary forests (Hansen et al. 2013; Curtis et al. 2018; Turubanova et al. 2018). The spike in deforestation in 2016 and 2017 is 
related to anomalous fires in Asia and South America (Weisse and Goldman 2017); our method to determine the rate of change results in a positive trend 
over time despite these data points, and the historical data indicate an upward trend as well. The data used in this indicator have faced several changes 
over time that may result in temporal inconsistencies before and after 2015 (Weisse and Potapov 2021), which is another reason we use the last five years 
to determine the trend for this indicator.
Source: Historical data from GFW (2021b); 2030 and 2050 targets from Roe et al. (2019).
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Humid tropical primary forests, some of the world’s most 
important landscapes for biodiversity and carbon (Barlow et 
al. 2007; Gibson et al. 2011; Berenguer et al. 2014; Harris 
et al. 2021), have similarly been lost at an alarming rate. 
The rate of losses in these primary forests has remained 
around 3 Mha per year since record keeping began 
in 2002 and increased by 12 percent between 2019 and 2020 
(WRI 2021d). Some countries, such as Indonesia, have 
succeeded in reducing their rate of humid tropical 
primary forest loss in recent years, while the majority 
of other countries, such as Brazil and the Democratic 
Republic of the Congo, have experienced stable or even 
increasing rates of loss (WRI 2021d) (see Figure 55).

Enablers of climate action
Efforts to reduce deforestation are hampered by a number of 
powerful economic and political barriers, including allocation 
of forests for political gain, the economic gains from forest 
conversion (linked to growing demand for commodities), 
lack of finance for conservation, lack of land tenure, 
unaligned management strategies, and unchecked illegality 
(Chaturvedi et al. 2019). Despite this complex situation, the 
following supportive measures have shown success in 
reducing deforestation in certain contexts and regions.

Strengthening forest  
policiesand enforcement 
Two of the most recognized examples 

of reducing deforestation in recent years, in Brazil 

and Indonesia, are due in part to improvement and 
enforcement of policies around forests. In Indonesia, 
new policies limiting fires and deforestation in sensitive 
areas and a moratorium on the granting of oil palm 
concessions in the wake of the devastating 2015 fires 
has resulted in four years in a row in declines in primary 
forest loss (WRI 2021d). In Brazil, increased coordination 
around enforcement, expansion of protected areas, 
blacklisting of municipalities with high rates of 
deforestation, and reinstatement of the Forest Code 
contributed to the dramatic reduction of deforestation 
in the Brazilian Amazon in the early 2000s (Nepstad et 
al. 2014). However, recent increases in deforestation 
in Brazil show how fragile these reductions can be if 
the political will to conserve forests is not maintained 
(Seymour 2021). 

Boosting public finance  
for forests
The potential for tropical countries to 

reduce deforestation and associated emissions at 
relatively low cost (Griscom et al. 2017) has prompted 
interest in programs to reduce emissions from 
deforestation and degradation (REDD+), whereby 
industrialized countries compensate forest-rich 
countries for preserving their forests. While many 
tropical countries are engaged in REDD+ programs, 
the concept has still not fully been tried at scale due 
to its complexity and lack of international finance to 
date (Seymour et al. 2018). However, we may soon see 

F IGURE 5 5.  Deforestation and loss of humid tropical primary forests, and associated emissions

Note: Mha = million hectares; GtCO2e = gigatonnes (billion tonnes) carbon dioxide equivalent.
Source: GFW (2021a, 2021b, 2021c).
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a turning point as interest increases; for example, 
the newly announced LEAF (Lowering Emissions by 
Accelerating Forest Finance) Coalition will mobilize over 
$1 billion in results-based finance for the protection of 
tropical forests.

Increasing  
supply chain interventions
Conversion to agriculture remains the 

leading driver of deforestation, but commodities like 
oil palm and soy have begun to decouple from forest 
conversion since 2000 (Figure 56) (WRI 2021a). While some 
of the decline in rates of forest conversion is linked to lower 
prices for these commodities, supply chain interventions 
such as corporate sustainability commitments and the 
industry-led “soy moratorium” in the Brazilian Amazon are 
also likely playing a role (Macedo et al. 2012; Gibbs et al. 
2015; Gaveau et al. 2019; Austin et al. 2018). These efforts 
to reduce deforestation within supply chains are generally 
voluntary and driven by consumer demand in importing 
countries, but there are also discussions underway in the 
European Union and the United States to legally restrict 
the import of commodities from recently deforested land 
(Taylor 2021; Korte 2021).

Securing Indigenous land tenure
Slowing deforestation will entail continuing 
to conserve the world’s remaining areas of 

intact forests, at least 36 percent of which are located 
within Indigenous lands (Fa et al. 2020). Numerous 
studies have shown that Indigenous territories in the 
Amazon significantly reduce deforestation rates, in 
some cases as well as or better than strictly protected 
areas (Nolte et al. 2013; Ding et al. 2016; Schleicher et al. 
2017; Baragwanath and Bayi 2020). Securing Indigenous 
tenure in forested lands and building capacity for 
Indigenous Peoples to manage existing forests are 
low-cost investments significant potential for carbon 
mitigation and reduced deforestation, in addition to 
social and human rights benefits (Ding et al. 2016; Slough 
et al. 2021).

Improving forest monitoring
Forest monitoring is an important tool 
to understand where deforestation 

is happening in order to slow it and understand the 
effectiveness of the above interventions. The past two 
decades have seen major advancements in monitoring, 
at the global scale and within individual countries, with 
monitoring occurring operationally on annual and up to 
daily scales (Petersen et al. 2018). Several studies have 

F IGURE 5 6. Forest area replaced by commodity production

Note: Mha = million hectares
Source: WRI (2021a).
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shown that the use of near-real-time forest monitoring 
products can be successful in reducing deforestation 
(Assunção et al. 2013; Weisse et al. 2019; Slough et al. 2021; 
Moffette et al. 2021). Forest monitoring is also a critical 
component of results-based payments.

L AND INDICATOR 2:

Reforestation
Targets: Reforestation, as measured by gross tree 
cover gain,73 occurs across a total of 259 million 
hectares by 2030, reaching 678 million hectates 
by 2050, relative to 2018.74

Reforestation75 is not a substitute for protecting forests, 
particularly the world’s remaining humid tropical 
primary forests. However, limiting global temperature 
rise to 1.5°C will require both halting deforestation 
and regrowing forests to remove carbon from the 
atmosphere. Many IPCC pathways with no or limited 
overshoot of 1.5°C rely on large-scale reforestation, 
with some calling for global forest cover to expand by 
upward of 950 million hectares (Mha) by 2050 relative 
to 2010 (IPCC 2018). Yet reforesting such vast areas 
will likely prove difficult as global population growth 
and rising incomes intensify competition over land for 
food, feed, fiber, and fuel, as well as for cities and other 
infrastructure. When considering biodiversity, food 
security, and fiber production safeguards, and excluding 
areas in which tree planting could unintentionally 
increase warming, Griscom et al. (2017) estimate a total 
maximum reforestation potential of 678 Mha globally 
(an area more than twice the size as India).76 Regrowing 
forests across this area, while feeding a population 
of nearly 10 billion people, is theoretically possible 
provided that sustainable intensification of ruminant 
meat production and dietary shifts toward plant-based 
foods release millions of hectares of existing grazing 
lands (see Agriculture Targets 3 and 6).

Countries have already committed to restoring forest 
cover across 349 Mha within their NDCs and under the 
Bonn Challenge, which includes regional initiatives like 
the African Forest Landscape Restoration Initiative 
(AFR100) and Latin America’s Initiative 20×20 (Figure 57) 
(Cook-Patton et al. 2020). Yet the limited data available 
show that gross tree cover gain increased by an 
average of just 6.7 Mha per year from 2000 to 2012, 
with the world gaining a total of 80.6 Mha over that 12-

year period (GFW 2021d). A systematic review of the 
literature suggests that a fraction of these recent 
increases in tree cover were made within historically 
forested landscapes—just 20.5 Mha were reforested 
from 2000 to 2019. Additional tree cover gains likely 
occurred across agricultural lands (Box 7) or within 

F IGURE 5 7.  Targets and pledges compared  
to actual reforestation

Note: FLR = forest landscape restoration; Mha = million hectares;  
NDCs = nationally determined contributions.
Source: GFW (2021d); Cook-Patton et al. (2020); Roe et al. (2019); Griscom 
et al. (2017).
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BOX 7.  The importance of trees outside forests

Trees outside the world’s forests—those growing across 
farmlands, throughout cities, and alongside rivers and roads—
also have a critical role to play in limiting global temperature 
rise to 1.5°C, especially as competing pressures on land for 
food, fiber, livestock feed, and urban infrastructure intensify 
(Roe et al. 2019; IPCC 2019). Through agroforestry systems, such 
as farmer-managed natural regeneration, alley cropping, and 
windbreaks, farmers could integrate trees into an estimated 
608 million hectares of croplands worldwide without reducing 
yields or harming biodiversity—a climate mitigation strategy that 
could remove 1.0 gigatonnes (billion tonnes) of carbon dioxide per 
year (Griscom et al. 2017). Done well, planting trees across these 
agricultural landscapes can also deliver a wide range of co-
benefits to farmers and rural communities, including diversifying 
livelihoods, increasing agricultural productivity, improving 
croplands’ resilience to climate impacts, and stabilizing soils to 
combat land desertification and degradation (IPCC 2019). 

Yet limited data on trees outside forests constrain efforts to 
set and track progress toward climate mitigation targets. The 

world’s current global-scale forest monitoring systems rely 
on medium-resolution satellite data, from which trees outside 
forests are often difficult to identify. Gross tree cover gain 
data, for instance, primarily detects trees over five meters tall 
and only when the initial cover is at least 10 percent per pixel. 
While this indicator may capture some dense agroforestry 
systems, such as shaded coffee, it generally does not allow 
scientists to measure more dispersed or shorter trees. 
Similarly, national governments’ forest resource assessments 
often exclude trees outside forests. For example, in its global 
estimate of trees outside forests, the Food and Agriculture 
Organization of the United Nations (FAO) a`ggregates data 
submitted by national governments, but less than half of 
countries reported this information during FAO’s most 
recent assessment in 2020 (WRI 2021e). Due to these data 
limitations, this report does not establish a target focused on 
increasing trees outside of forests, despite their significance 
in mitigating climate change and delivering important benefits 
to local communities.

F IGURE 5 8. Historical progress toward 2030 and 2050 targets for reforestation 

Note: Mha = million hectares.
The average historical rate of change is calculated over 12 years rather than 5 years due to data availability. 
2030 and 2050 targets are defined against a baseline year (2018). Due to limited data availability, we use the average annual rate of change across the 
most recently available time period (2000–2012) to estimate the annual rate of change during the baseline year (2018), and we calculate the future rate of 
change required to reach the 2030 target against this estimated baseline year rather than the most recent year of data.
Sources: Historical data from GFW (2021d). 2030 and 2050 targets from authors’ analysis of Griscom et al. (2017); Roe et al. (2019); Cook-Patton et al. (2020).
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Note: Mg C = megagram (tonne) of carbon. This map provides one potential roadmap for reforesting 678 million hectares and highlights where aboveground 
carbon sequestration gains are highest (dark green). 
Source: Cook-Patton et al. (2020).

Aboveground carbon
sequestration rate in 
potential reforestation areas
(Mg C ha-1 yr-1)
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F IGURE 5 9.  Map of aboveground carbon sequestration rates across the potential reforestation area  
of 678 million hectares

other natural landscapes with no recent history 
of forest cover (NYDF Assessment Partners 2019). 
Reforesting 678 Mha by 2050 will instead require gross 
tree cover gains of 21.6 Mha per year from 2018 to  
2030 and 21 Mha from 2030 to 2050—rates that are 
more than 3 times faster than the historical pace of 
change (Figure 58). 

L AND INDICATOR 3 :

Rate of carbon removal  
from reforestation 
Target: Reforested lands begin removing 
3.0 GtCO2 annually by 2030 and 7.8 GtCO2 annually  
by 2050.77

The IPCC finds that all pathways limiting global 
warming to 1.5°C with no or limited overshoot rely 
on carbon removal. Recent analysis suggests that 
achieving this temperature goal will likely entail 
removing 8–10 GtCO2 annually by midcentury and up 
to 20 GtCO2 per year by 2100 through both natural and 
technological CDR (IPCC 2018c; UNEP 2017; National 
Academies of Sciences, Engineering, and Medicine 2019). 
When compared to technological CDR approaches, such 
as direct air capture or mineralization (see Technological 
Carbon Removal Indicator 1), increasing forest cover 
is currently a more affordable and readily available 
approach that, done right, can also deliver significant 

climate resilience, biodiversity, and sustainable 
development co-benefits (UNEP 2017). 

Reforesting 259 Mha could remove 3.0 GtCO2 annually 
by 2030, which Roe et al. (2019) estimate is needed to 
help limit global temperature rise to 1.5°C (Griscom 
et al. 2017; Cook-Patton et al. 2020). Additional forest 
cover gain across 419 Mha (678 Mha in total) may be 
required by 2050 should technological CDR strategies 
encounter challenges during scale-up or delays in 
reducing emissions across other key sectors (see 
Power, Buildings, Industry, Transport, and Agriculture 
Targets) increase the magnitude of temperature 
overshoot beyond 1.5°C.78 Reforesting 678 Mha 
(see potential reforestation area and variations in 
aboveground carbon sequestration rates in Figure 59) 
could remove an estimated 7.8 GtCO2 per year by 2050—
more than the combined emissions of the United 
States and Japan in 2018 (Griscom et al. 2017; Cook-
Patton et al. 2020; ClimateWatch 2021)—provided 
that changes in food production and consumption 
also reduce agricultural land demand accordingly 
(see Agriculture Targets 2–6). Reaching both targets 
entails the removal of an additional 0.25 GtCO2 annually 
through 2030 and 0.24 GtCO2 annually from 2030 to 2050—
rates of change more than quadruple the historical 
pace of progress (Figure 60). 

But carbon sequestration rates from reforestation will 
not continue indefinitely; eventually, they will saturate. 
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Also, as with all land-based CDR strategies, the carbon 
stored within forests remains vulnerable to reversal, 
as wildfires or clear-cutting trees for farmlands would 
release sequestered carbon back into the atmosphere. 
Protecting these ecosystems from such disturbances 
will depend partly on their ability to support local 
livelihoods and ecological functions, so that they are 
valued by nearby communities rather than perceived as 
carbon sinks created solely to mitigate global emissions. 

Enablers of climate action
Despite their tremendous benefits, reforestation efforts 
still encounter a wide range of political and economic 
barriers in many countries. Incentives to degrade or clear 
forests still outweigh those to restore them; insecure 
land rights prevent those charged with reestablishing 
trees from accruing the benefits of their labor; weak 
institutions struggle to implement reforestation 
commitments; failure to meaningfully engage local 

communities threatens long-term success; and limited 
finance constrains forest recovery efforts (Chaturvedi et 
al. 2019; NYDF Assessment Partners 2019; Hanson et al. 
2015; FAO and UNEP 2020; Meyfroidt and Lambin 2011). But 
analyses of past instances of successful forest landscape 
restoration79—a process that includes reforestation, as 
well as increasing tree cover across agricultural lands or 
in ecosystems with naturally occurring trees—indicate 
that supportive policies, strong institutions, engagement 
with local communities, and readily available finance can 
help overcome these obstacles. 

Adopting policies to help reduce 
competing pressures on land that 
prevent reforestation

Past forest restoration experiences suggest that 
decision-makers should not only establish national 
reforestation commitments but also translate these 
pledges into policies that reduce competing demands 

F IGURE 6 0. Historical progress toward 2030 and 2050 targets for the rate of carbon removal from reforestation
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for degraded forestland (Hanson et al. 2015). Measures 
designed to sustainably intensify agricultural production, 
such as reforming perverse agricultural subsidies or 
incentivizing the adoption of more efficient technologies, 
can help reduce many of these pressures on forested 
areas, as well as liberate farmland for forest restoration 
(Searchinger et al. 2020). Productivity increases, for 
instance, have helped enable significant forest regrowth 
across Europe and the United States since the 1990s 
(Chaturvedi et al. 2019; Hanson et al. 2015). But to ensure 
that these yield gains do not trigger local rebound 
effects,80 countries should pair efforts to sustainably 
intensify agricultural productivity with policies that 
prevent forest loss by safeguarding Indigenous lands, 
establishing protected areas, and placing moratoriums 
on the conversion of forests into agricultural lands. 
To complement such actions undertaken in producer 
countries, consumer nations can enact policies to lower 
consumption of land-intensive agricultural commodities 
(see Agriculture Target 6), and all countries can reduce 
food loss and waste (see Agriculture Targets 4 and 5) 
that unnecessarily increase agricultural land demand 
(Hanson et al. 2015; Chaturvedi et al. 2019; Meyfroidt and 
Lambin 2011; Searchinger et al. 2019; Folberth et al. 2020). 

Clarifying land tenure regimes 
and simplifying processes to 
secure land rights 

Following in the footsteps of Costa Rica, China, 
and the United States, governments can further 
incentivize reforestation through direct payments 
(e.g., payment for ecosystem service schemes), tax 
credits, or concessional loans. Yet the success of 
these measures often depends on clear, secure tenure 

regimes—another driver of successful forest restoration 
(Chaturvedi et al. 2019; FAO and UNEP 2020; Hanson et 
al. 2015). Insecure, ambiguous, or contested land rights 
discourage investments in long-term land uses, such as 
reforestation. Without assurances that they will accrue 
the benefits of forest restoration, local communities 
may have little incentive to invest their time, labor, 
and resources into reestablishing trees (Meyfroidt and 
Lambin 2011; Reid et al. 2017; Gregersen et al. 2011). But 
land tenure regimes across much of the developing 
world remain complex, particularly for collectively 
held lands, characterized by overlapping claims and 
expensive land rights formalization processes that 
impose disproportionately high burdens on Indigenous 
Peoples and local communities (Notess et al. 2018; 
RRI 2015). Clarifying land tenure regimes, as well as 
simplifying processes to secure land rights, could go a 
long way in supporting reforestation efforts. 

Strengthening institutions to 
improve enforcement
Over 60 countries have made forest 

restoration commitments under the Bonn Challenge, 
and nearly 130 nations included forest restoration–
aligned activities in their first NDCs (IUCN 2020). While 
this immense showing of political will does represent a 
critical step forward, it has largely failed to spur action—
just 26.7 Mha of the Bonn Challenge’s 2020 goal of 150 Mha 
have been restored (NYDF Assessment Partners 2019). In 
some countries, corruption impedes forest restoration, 
while in others, resource constraints limit officials’ 
ability to deliver ambitious pledges (FAO and UNEP 2020; 
Chaturvedi et al. 2019). Policy fragmentation across 
agencies and administrative scales can also hinder 
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implementation, creating confusion among ministries 
that govern forests, incoherence in regulations, or 
even conflict among officials. Past successful forest 
restoration experiences underscore the importance of 
strengthening institutions to overcome these obstacles 
and improve enforcement (Hanson et al. 2015; FAO and 
UNEP 2020; Chaturvedi et al. 2019). 

Meaningfully engaging 
communities in reforestation 
decision-making processes

Ensuring that forest restoration initiatives deliver 
economic, environmental, and/or cultural benefits 
to local communities (Figure 61) and proactively 
communicating those benefits have underpinned 
past reforestation successes. Inclusive, participatory 
decision-making processes are another related hallmark 
of effective forest restoration. Done well, these forums 
enable local communities to actively shape reforestation 
goals and ensure that they address their priorities, 
such as alleviating poverty. This can increase local 
communities’ investment in forest restoration, as well 
as their willingness to continue to care for reestablished 
trees after projects end (Hanson et al. 2015; FAO and 
UNEP 2020; Chaturvedi et al. 2019; Reid et al. 2017; Höhl 
et al. 2020). Long-term success also depends on the 
transfer of knowledge, technologies, and practices to 
those implementing and monitoring forest restoration. 
These efforts to build local capacity can take many 

forms—farmer-to-farmer peer networks, radio 
broadcasts, or trainings, for example—and should be 
bidirectional (Hanson et al. 2015). 

Increasing public and private 
finance for reforestation
Readily available, accessible finance is a 

prerequisite for forest restoration. Achieving existing 
targets—restoring 350 Mha by 2030—may require up 
to $67 billion per year (FAO and UNCCD 2015; NCE 2018). 
Yet globally, public and private climate finance directed 
toward agriculture, forestry, land use, and natural 
resource management reached an annual average of 
just $18 billion in 2017 and 2018, with only a fraction of 
that amount going to restoration (Buchner et al. 2019). 
National public finance for forest restoration is especially 
limited in many developing countries, where revenues 
for such initiatives are often confined to the relatively 
small budgets of environmental ministries. These same 
states have also struggled to fill forest restoration funding 
gaps with private sector finance. Underdeveloped capital 
markets constrain access to loans; private sector lenders 
tend to perceive restoration investments as too risky; 
and tree-planting projects are often too small to attract 
funding from institutional investors (Ding et al. 2017; 
Chaturvedi et al. 2019).

Increasing subsidies for forest restoration, redirecting even 
a small fraction of agricultural subsidies (currently valued 

Sources: Chaturvedi et al. (2019); Seymour and Busch (2016).

F IGURE 6 1 .  The benefits of healthy forests to development
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at $600 billion annually), and integrating forest restoration 
initiatives into the budgets of better-funded ministries 
(e.g., agriculture or energy) could increase public funding 
for restoration, while constructing mechanisms that lower 
risks (e.g., tax credits, insurance guarantees, or first-loss 
capital structures) could help attract private sector capital. 
Similarly, intermediary financial mechanisms that bundle 
smaller forest restoration projects together could also 
make these initiatives more attractive to investors (Ding et 
al. 2017; Chaturvedi et al. 2019; Löfqvist and Ghazoul 2019). 
Increasing access to microfinance, as well as smaller-scale 
grants, could also help ensure that restoration finance 
actually reaches those implementing tree-planting projects 
(FAO and UNCCD 2015). 

L AND INDICATOR 4:

Peatlands conversion rate
Targets: The degradation and destruction of 
peatlands drops 70 percent by 2030 and 95 percent 
by 2050, relative to 2018.

Peatlands are a type of wetland made up of 
accumulated organic matter that serve as a significant 
carbon sink. While peatlands cover only 3 percent 
of the global land surface across boreal, temperate, 
and tropical climates (roughly 380–460 Mha), they 
store more carbon than the global forest biomass, 

around 500–600 billion tonnes (Humpenöder et al. 
2020; IUCN 2021). In terms of annual emissions flux, 
intact peatlands produce methane emissions due 
to decomposition of organic matter in anaerobic 
conditions, but they are still a moderate carbon sink, 
storing more carbon each year (Humpenöder et al. 
2020). Peatlands also provide a number of important 
ecosystem services, like biodiversity and water 
regulation, that make them critical for more than 
carbon storage (Joosten et al. 2012).

An estimated 15 percent of peatlands have been drained 
for agriculture, plantation forestry, and other uses, 
with the most recent changes occurring in tropical 
regions (Griscom et al. 2017). Unlike emissions from 
deforestation, once peatlands are drained, they can 
emit 60–100 tCO2/hectare each year for decades to 
centuries, as successive layers of organic matter are 
oxidized (Joosten 2010; Joosten et al. 2012). Globally, 
drained peatlands emit an estimated 1.3–1.9 GtCO2/yr, or 
around 5 percent of global CO2 emissions (Humpenöder 
et al. 2020). Dried peatlands are also prone to fires, 
which can lead to additional emissions. 

Around 10 percent of peatlands are in the tropics, but these 
account for more than 80 percent of emissions associated 
with peatland degradation (Roe et al. 2019). While most 
peatland drainage in temperate and boreal regions 
happened centuries ago (Conchedda and Tubiello 2020), 
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F IGURE 6 2 . Historical progress toward 2030 and 2050 targets for peatlands conversion rate

Note: Mha = million hectares. Indicator status and acceleration factor cannot be calculated due to lack of comprehensive time series data for the historical 
rate of peatlands conversion. (The target is a reduced rate of change, so we need to know not only the historical rate of change, but whether that rate is 
increasing or decreasing over time, for which there are insufficient data.)
Sources: For historical data, Griscom et al. (2017); for targets, Roe et al. (2019).
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rising temperatures are now causing thawing and burning 
of permafrost, a type of peatland, which is releasing 
significant emissions, particularly in Russia (Patel 2020). 

Protecting peatlands by keeping them wet is an effective 
way to prevent future increases in emissions and retain 
the ecosystem services peatlands provide (peatlands 
that are drained for agriculture become sources of 
CO2 emissions). Because of their significant stores of 
carbon and the fact that recovering lost carbon storage 
could take centuries, protecting peatlands is critical to 
staying within our carbon budget (Goldstein et al. 2020). 

While some data are available on the net change in 
peatland area over time, as with tree loss and tree 
restoration, it can be helpful to look at peatlands 
conversion and restoration separately. The most 
recent data available for peatlands conversion include 
a cumulative value for 1990–2008, or an average 
annual conversion rate of 0.78 Mha/yr across boreal, 
temperate, and tropical peatlands (Griscom et al. 
2017). Nearly half of degraded peatlands are in the 
tropics, and more than one-third of peatlands are in 

Indonesia (EIU 2020). The degradation of peatlands, 
which is driven by demand for palm oil and pulpwood, 
as well as for other agricultural uses, needs to slow 
significantly for the world to be on track—this would 
mean reducing peatland degradation 70 percent 
by 2030 and 95 percent by 2050 (Figure 62). The 
maximum mitigation potential of this type of effort is 
estimated to be 0.7 GtCO2/yr, about 4.7 percent of the 
total mitigation needed in the land sector (Griscom et 
al. 2017; Roe et al. 2019). 

L AND INDICATOR 5:

Peatlands restoration 
Targets: Worldwide, 22 Mha of peatlands are 
restored by 2030, reaching 46 Mha by 2050,  
relative to 2018.

Although protection of existing peatlands is the highest 
priority, depending on how peatlands are degraded (e.g., 
drainage, burning, cutting, grazing), restoration may 
be possible to varying extents. If carbon is removed 
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or destroyed through removing peat, for example, 
the carbon is irrecoverable on relevant timescales. 
However, if peatlands are drained, they may be 
rewetted to prevent further emissions and subsidence, 
and other restoration activities can help restore the 
original hydrology of the site (International Peatland 
Society 2021). If peatlands targeted for restoration are 
being used for agriculture, that lost food production 
will need to be made up elsewhere, ideally through yield 
increases so as not to just transfer land conversion and 
associated GHG emissions to another location.

Peatlands restoration across 22 Mha (roughly the area 
of Guyana) is estimated to be needed by 2030 to align 
with global climate goals and would sequester 0.4 GtCO2e 
per year (Griscom et al. 2017; Roe et al. 2019) (Figure 63). 
The maximum potential for peatlands restoration is 
estimated to be an additional 24 Mha (46 Mha total, or 
roughly the area of Papua New Guinea), which would 
provide an additional 0.4 GtCO2e annually in carbon 
sequestration (0.8 GtCO2e pear year by 2050 across 
the 46 Mha) (Griscom et al. 2017; Roe et al. 2019). If this 

were accomplished by 2050, it would provide continuous 
emissions benefits (as drained peatland would otherwise 
continue to produce emissions for decades) toward 
the 1.5°C temperature goal. 

Enablers of climate action
Degradation and destruction of peatlands, particularly 
in the tropics, happens through drainage and sometimes 
fire that is driven by demand for agricultural products, 
mainly palm oil and pulpwood. In countries like Indonesia 
and Malaysia, which have seen the highest recent 
rates of peatland drainage, peatlands are drained to 
expand land availability for cultivation (Conchedda and 
Tubiello 2020; Harris and Sargent 2016). Key barriers 
to accelerated action on protection of and restoration 
of lost peatlands include lack of sufficient data, lack 
of national policies (and in some cases enforcement 
of policies that do exist), insufficient finance, and 
high demand for commodities like palm oil that can be 
cultivated in unsustainable ways.

F IGURE 6 3. Historical progress toward 2030 and 2050 targets for peatlands restoration

Note: Mha = million hectares. Indicator status and acceleration factor cannot be calculated due to lack of time series data for the historical rate of 
peatlands restoration.
Source: For targets, Roe et al. (2019).

C
u

m
u

la
ti

ve
 M

h
a

0

20

10

30

40

50

2015–2020 2030 2050

INSUFFICIENT DATA: Data are insufficient to assess the rate of historical change and the gap in action Exponential Unlikely

NO
HISTORICAL
DATA

22 Mha
(2030 target)

46 Mha
(2050 target)



142STATE OF CLIMATE ACTION 2021  | Chapter 8. LANd uSE ANd COASTAL zONE  MANAgEMENT

Improving data availability
Consistent, comprehensive, and updated 
data on peatland extent and change over 

time (as well as emissions impacts) are scarce, which 
makes managing existing peatlands and preventing 
degradation difficult (Xu et al. 2018). Data availability 
is constrained: there are different definitions of what 
counts as “peatland” in different places; maps are often 
out of date and have coarse spatial resolution (in part 
because peatlands cannot be identified in satellite 
imagery); maps often don’t include information on peat 
thickness, which is critical to understanding where 
priority conservation areas should be; and in some 
cases the peatland itself is not well-defined (Hamzah 
and Juliane 2016; Xu et al. 2018). Without accurate maps, 
conservation and restoration efforts are less effective. 
A recent meta-analysis of peatland distribution data 
shows peatland extent based on existing knowledge 
(Figure 64) (Xu et al. 2018). Other efforts like Indonesia’s 
Peat Prize are working toward improved data availability 
(Packard Foundation 2018). 

Adopting policies to protect  
and restore peatlands
Policies that protect existing peatlands 

are needed, including forbidding the conversion of 
peatland for cultivation of palm oil or logging, along with 
better enforcement. In 2015, Indonesia experienced 
particularly damaging fires across 2.6 Mha, one-third 
of which occurred on peatlands. The fires contributed 

to 42 percent of the country’s emissions that year and 
cost the economy $16 billion (Hamzah and Juliane 2016; 
EIU 2020). After the fires the Indonesian government 
banned the use of fire in clearing peatlands, created 
a Peatlands Restoration Agency, and pledged to 
restore 2 Mha of peatlands by 2020 (UNEP 2018). A 
four-year extension was granted in 2020 to reach this 
restoration goal after delays caused by overlapping 
legal authorities across government agencies and data 
resolution that was too low (Astuti et al. 2020). 

Reducing commodity  
production impact on peatlands 
Peatlands have been drained for 

agricultural production, in particular palm oil, as well as 
pulpwood production from acacia trees. Palm oil is used 
in a number of consumer products, to cook food, and in 
biodiesel, and acacia feeds nearby pulp and paper mills. 
Both can be grown in areas that were forested, but as 
fertile land runs out, peatlands are drained for cultivation 
(Harris and Sargent 2016). Oil palms are up to 10 times 
more productive per hectare than other oil crops, which 
incentivizes producers to switch to growing palm rather 
than other oils. And acacia is fast-growing but requires 
deep drainage to be productive. Palm oil cultivation 
is driven by domestic and international demand and 
continues to increase—biofuel targets in the European 
Union and other countries have driven and continue 
to drive demand growth beyond what the human food 
supply requires (Lustgarten and Gilbertson 2018). 

F IGURE 6 4. Global extent of peatlands based on meta-analysis of existing data sets

Source: Xu et al. (2019).
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At the same time, demand for sustainably produced palm 
oil is growing. More than 130 companies that operate in 
the palm oil supply chain have made commitments to 
peatland protection (Supply Change 2021), and initiatives 
like the Roundtable on Sustainable Palm Oil (RSPO) and 
the Global Peatlands Initiative have been established. As 
the leading global certification scheme for palm oil, the 
RSPO brings together stakeholders across the supply 
chain and has developed criteria for sustainable palm 
oil production. While the RSPO has certified 19 percent 
of global production as sustainable (RSPO n.d.), a few 
recent studies have indicated the need for stronger 
enforcement of sustainability criteria (Morgans et al. 
2018; Cazzolla Gatti and Velichevskaya 2020).

Scaling up finance for peatlands
Intact peatlands provide noneconomic 
services (i.e., public goods), while 

degraded peatlands can provide immediate cash flow 
through agricultural production or other means. For this 
reason government policy and funding are needed to 
protect and restore peatlands to ensure that short-term 
economic gain does not outweigh long-term benefit, 
including to compensate farmers and communities for 
not using the land and to carry out restoration activities 
(Searchinger et al. 2019). Aside from international 
development funding, financing peatlands restoration 
will depend on being able to monetize the benefits, for 

example through cultivating native species that grow 
in the wet environment of intact peatlands or through 
carbon markets (EIU 2020). 

Halting peatland destruction and protecting existing 
peatlands will require a range of actions from different 
players and will be dependent on the location. However, 
across all areas, increasing policy ambition and 
enforcement will be critical, as will improving data 
availability and monitoring, reducing unsustainable 
demand, and increasing consumer education. Increasing 
the number of investors interested in peatlands 
restoration will also be critical to success. 

L AND INDICATOR 6:

Coastal wetlands conversion rate 
Targets: Coastal wetlands conversion falls  
70 percent by 2030 and 95 percent by 2050,  
relative to 2018.81

Stretching across just 49 Mha (an area nearly the size 
of Spain), coastal wetlands—mangrove forests, salt 
marshes, and seagrass meadows82—are global carbon 
storage hotspots, with annual soil carbon burial rates 
that, on average, are 30–50 times greater per hectare 
than those of terrestrial forests (Figure 65) (Pendleton 
et al. 2012; Mcleod et al. 2011). Such high, long-term soil 

F IGURE 6 5.  Average long-term rates of soil carbon sequestration in tropical, temperate, and boreal forests,  
as well as in coastal wetlands

Note: g C m-2 y-1 = grams of carbon per square meter per year. The error bars show each ecosystem’s maximum rates of accumulation
Source: Mcleod et al. (2011).
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carbon sequestration rates enable these ecosystems 
to store between 50 percent and 90 percent of all 
carbon sequestered within their submerged marine 
sediments or waterlogged soils, where tidal inundation 
slows decomposition of organic matter and allows vast, 
relatively stable carbon stocks to accumulate over 
centuries to millennia (Howard et al. 2017; Pendleton et 
al. 2012). Global estimates of these deposits, which also 
include carbon stored within above- and belowground 
biomass, range from 111 tonnes of carbon per hectare in 
seagrass meadows to 265 tonnes of carbon per hectare 
in salt marshes to 502 tonnes of carbon per hectare 
in mangrove forests (Goldstein et al. 2020).83 These 
figures, however, often underestimate the magnitude of 
coastal wetlands’ carbon stocks, as many only measure 
carbon stored within the top meter of soil, and in some 
locations, these carbon-rich sediments can extend down 
to depths of 10 meters (Howard et al. 2017; Duarte et al. 
2013; Mcleod et al. 2011; Pendleton et al. 2012).

Not only does the conversion of coastal wetlands limit 
their capacity to sequester carbon, but for mangrove 
forests and salt marshes, specifically, exposure of 
their waterlogged soils to the air—for example, when 
drained to create croplands, extracted to constructed 
aquaculture ponds, or excavated to build port, marina, 
and harbor infrastructure—also oxidizes soil carbon 

and releases it as CO2 (Hiraishi et al. 2014). Globally, 
the conversion and degradation of all three of these 
ecosystems emit an estimated 0.15–1.02 GtCO2 annually 
(Pendleton et al. 2012). Once lost, this carbon can take 
decades to centuries to reaccumulate (Goldstein et al. 
2020). Protecting these ecosystems, then, is among 
the most readily available mitigation strategies that 
can help avoid future emissions over the next three 
decades and play a critical role in limiting global 
temperature rise to 1.5°C. Roe et al. (2019) estimate 
that annual emissions of 0.3 GtCO2e can be avoided by 
reducing the conversion of coastal wetlands 70 percent 
by 2030 and 95 percent by 2050, relative to 2018 (Roe et 
al. 2019; Griscom et al. 2017).84

Yet, already, between 25 percent to 50 percent of these 
ecosystems have been lost since the 1940s. Although 
mangrove deforestation has slowed in recent years, the 
limited data available suggest that seagrass meadow 
degradation remains consistent and widespread, with 
losses still outweighing gains globally (Duarte et al. 2013; 
UNEP et al. 2020; Dunic et al. 2021). In aggregate, the 
world now loses 0.63 Mha of coastal wetlands annually 
(an area roughly half the size of Vanuatu) (Griscom et 
al. 2017).85 Achieving these targets will require this 
historical rate of loss to drop sharply, reaching 0.19 Mha 
in 2030 and 0.03 Mha in 2050 (Figure 66). 
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L AND INDICATOR 7:

Coastal wetlands restoration 
Targets: A total of 29 Mha of coastal wetlands  
are restored by 2050, reaching 7 Mha by 2030, 
relative to 2018.86

Restoring coastal wetlands cannot replace efforts to 
protect intact mangrove forests, salt marshes, and 
seagrass meadows. Rather, both strategies will be 
needed to achieve the goals of the Paris Agreement. 
Reestablishing these ecosystems not only enhances 
their ability to sequester carbon but may also reduce 
GHGs that they would otherwise continue to release 
after certain disturbances (e.g., drainage). Mangrove 
forests and salt marshes, for example, can emit CO2 and 
methane for decades after they have been degraded 
and, depending on the intensity of the disturbance, can 
shift from net carbon sinks to sources (Crooks et al. 
2011). But restoring these ecosystems, in particular by 

reestablishing natural hydrological regimes, can help 
prevent the release of GHGs and improve their capacity 
to store carbon (Kroeger et al. 2017; Lewis et al. 2019). 
Once reestablished, all coastal wetland ecosystems can 
accumulate soil carbon for thousands of years, because, 
unlike terrestrial forests, they accrete sediment 
vertically, building new soils atop progressively carbon-
saturated layers (Mcleod et al. 2011; Crooks et al. 2011). 

Restoring 7 Mha of coastal wetlands could enable these 
ecosystems to sequester 0.2 GtCO2 annually by 2030, 
which Roe et al. (2019) suggest is required to limit 
global temperature rise to 1.5°C (Griscom et al. 2017). 
Additional restoration across 22 Mha (29 Mha in total) 
may be needed by 2050 should emissions reductions 
across other systems stall or the deployment of 
technological CDR approaches face delays. Recovered 
mangrove forests, salt marshes, and seagrass meadows 
across 29 Mha (an area roughly the size of Italy) could 
begin removing an estimated 0.8 Gt CO2 annually 

F IGURE 6 6. Historical progress toward 2030 and 2050 targets for coastal wetlands conversion rate

Note: Mha = million hectares. Griscom et al. (2017) derive this global estimate of the average annual rate of coastal wetlands conversion from Siikamäki et 
al. (2013) and Giri et al. (2011) for mangrove forests and Pendleton et al. (2012) for salt marshes and seagrass meadows. These global annual rates of loss 
were estimated over specific time periods, which varied considerably by ecosystem. For mangrove forests, the time period was 1990–2005 (as shown on 
the graph), but the time periods for salt marshes and seagrass meadows are significantly longer, stretching back to the 1800s in some instances. Due to 
this lack of consistent historical data on annual losses of coastal wetland extent, an acceleration factor could not be calculated. 
Sources: The 2030 and 2050 targets are adopted from Roe et al. (2019) and Griscom et al. (2017). Historical data are taken from Griscom et al. (2017), 
Siikamäki et al. (2013), Giri et al. (2011), and Pendleton et al. (2012).

M
h

a/
yr

0

0.4

0.2

0.3

0.1

0.5

0.6

0.7

 0.19 Mha
(2030 target)  0.03 Mha

(2050 target)

0.63 Mha
(1990–2005 average)

INSUFFICIENT DATA: Data are insufficient to assess the rate of historical change and the gap in action Exponential Unlikely

20102005 2020 2030 2040 2050



146STATE OF CLIMATE ACTION 2021  | CHAPTER 8. LANd uSE ANd COASTAL zONE  MANAgEMENT

by 2050, with mangrove restoration accounting for 
over 70 percent of this mitigation potential (Griscom 
et al. 2017).87 Reaching these targets will require the 
restoration of 0.6 Mha per year through 2030 and 1.1 Mha 
per year from 2030 to 2050 (Figure 67). 

Although efforts to recover coastal wetlands are 
increasing in number, size, and effectiveness, they 
remain mostly small-scale. Notable exceptions include 
replanting 18,000 hectares of mangroves in Vietnam and 
restoring 58,900 hectares of tidal marshes along the 
U.S. coastline (Hoegh-Guldberg et al. 2019; Buckingham 
and Hanson 2015). While advances in mapping methods 
and remote sensing techniques are improving global 
estimates of coastal wetland extent, particularly for 
mangroves, data are insufficient to assess the rate of 
historical change for all ecosystems (Duarte et al. 2013; 
Ramsar Convention on Wetlands 2018). 

Enablers of change
Although political awareness of these “blue carbon” 
ecosystems is increasing, efforts to protect and restore 
coastal wetlands still face a number of challenges 
(Thomas et al. 2020). Across many countries, limited data 
constrain efforts to include these ecosystems in climate 
mitigation targets, competing pressures on coastal 
wetlands coupled with a general lack of awareness of their 
benefits have given rise to the perception that conversion 
equates to economic gain, and a substantial finance 
gap persists (Macreadie et al. 2019; Steven et al. 2020; 
Crooks et al. 2011; Duarte et al. 2008; Ramsar Convention 
on Wetlands 2018; Hoegh-Guldberg et al. 2019; Sumaila 
et al. 2020). While the drivers of successful coastal 
wetland conservation remain complex and likely vary 
across contexts, the following measures can help nations 
surmount these obstacles. 

F IGURE 6 7. Historical progress toward 2030 and 2050 targets for coastal wetlands restoration

Note: Mha = million hectares. Historical data shown for mangrove forest gain only, given data limitations for salt marshes and seagrass meadows, and the 
average historical rate of change is calculated over 2 years rather than 5 years due to data availability. Similarly, an acceleration factor is calculated for 
mangroves only. Also, 2030 and 2050 targets are defined against a baseline year (2018). Due to limited data availability, we use the average annual rate 
of change across the most recently available time period (e.g., 2015–2016) to estimate the annual rate of change during the baseline year (2018), and we 
calculate the future rate of change required to reach the 2030 target against this estimated baseline year rather than the most recent year of data.
Historical data from Bunting et al. (2018). 2030 and 2050 targets from Roe et al. (2019); Griscom et al. (2017).
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Improving coastal wetlands data
Accurate estimates of coastal wetlands’ 
global extent, as well as annual gains and 

losses in area, are prerequisites for assessing their 
contributions to climate change, including GHGs emitted 
once degraded or carbon removed when restored. 
Without comprehensive, consistent, and timely data, 
decision-makers can neither establish mitigation targets 
to conserve these ecosystems nor track progress toward 
achieving these goals (Crooks et al. 2011). Although 
scientists have made significant gains in using remote 
sensing to map mangrove forests, uncertainties remain, 
for example in measuring the extent of scrub mangroves 
(Bunting et al. 2018; Macreadie et al. 2019). Worldwide 
distribution of salt marshes is also poorly understood, 
with estimates ranging from 2.2 to 40 Mha (Pendleton et 
al. 2012). To date, these ecosystems have been mapped 
in 43 countries, representing just 14 percent of the 
total potential area (Macreadie et al. 2019). Available 
data on seagrass meadows face similar challenges of 
geographic bias due to uneven mapping and monitoring 
efforts among regions, with approximately one-tenth of 
the potential area suitable for this ecosystem mapped 
with moderate to high confidence (Macreadie et al. 2019; 
McKenzie et al. 2020; Jayathilake and Costello 2018). 

Additional research is also needed to construct a more 
accurate global carbon budget for coastal wetlands, 
to effectively account for non-CO2 GHG emissions in 
estimates of carbon sequestration rates, to better 
understand how climate impacts will affect carbon 
accumulation, and to identify management actions 
that will enhance carbon sequestration (Macreadie 
et al. 2019). Improving data across all 151 countries 
with coastal wetlands, as well as prioritizing these 
research questions within the scientific community, 

will prove critical to developing effective, evidence-
based conservation programs, as well as underpin 
efforts to include these ecosystems within national 
GHG inventories, establish mitigation targets within 
NDCs, and secure results-based payments for reducing 
emissions or increasing carbon removals (Northrop et al. 
2021; Herr and Landis 2016; Hoegh-Guldberg et al. 2019). 

Strengthening coastal  
wetland protection  
and restoration policies

Competition for land along the world’s shorelines is 
intensifying, with coastal wetlands facing increased 
pressures from agriculture, aquaculture, industry, 
tourism, and urbanization. To protect and restore these 
ecosystems, governments can pair policies that limit 
the supply of public lands available for conversion with 
those that increase the costs associated with illegal 
degradation (Chaturvedi et al. 2019; Steven et al. 2020). 
Establishing, expanding, or strengthening limitations 
on harmful human activities within marine protected 
areas,88 prohibiting coastal wetlands conversion, and 
recognizing that other effective conservation measures, 
like locally managed marine areas, can help reduce loss 
of these ecosystems. At the same time, strengthening 
institutions, ensuring policy coherence, and reducing 
corruption can improve enforcement (Sala and 
Giakoumi 2018; Gill et al. 2017; Steven et al. 2020). 

To disincentivize land uses that compete with 
mangroves, in particular, governments can also 
support “land-sparing” measures that sustainably 
intensify aquaculture and agriculture production, which 
together accounted for nearly half of global mangrove 
deforestation from 2000 to 2016 (Goldberg et al. 2020). 
Specific policies vary by context and commodity, but 
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they broadly include using spatial planning to optimize 
aquaculture siting, incentivizing productivity gains 
through tax credits and subsidies, investing public funds 
in sustainable agricultural research and development, 
strengthening shrimp and rice pond regulations, and 
developing monitoring systems to reduce harmful 
impacts to nearby ecosystems (Searchinger et al. 2019). 

Similarly, rapid urbanization along the coast has 
increased the opportunity costs of protecting and 
restoring coastal wetlands, particularly for salt marshes 
(Steven et al. 2020). Urban planning practices that limit 
the outward expansion of cities, coupled with policies 
that encourage residents to retreat from the shoreline, 
can also help relieve the pressure of competing 
demands on these ecosystems. For example, zoning 
regulations—such as establishing no-build zones, 
requiring setbacks from the shoreline, or allowing 
landowners to transfer their development rights from 
one “managed retreat” zone that contains coastal 
wetlands to another “accommodation zone”—can help 
shift urban development away from intertidal zones 
(City of Coral Gables 2016; South Florida Regional 
Planning Council 2013). Doing so could also enable inward 
mangrove forest and salt marsh migration—one process 
by which these ecosystems adapt to sea level rise 
(Kirwan et al. 2016; Schuerch et al. 2018). 

Because coastal wetlands sit at the intersection of land 
and sea, conserving these ecosystems will also require 
policymakers to go beyond reducing direct habitat loss 
to addressing the underlying drivers of degradation—
nutrient pollution, overfishing, and sediment loading 
in seagrass meadows (Waycott et al. 2009; Heithaus et 
al. 2014; Maxwell et al. 2017), as well as sea level rise, 
shoreline hardening (e.g., building seawalls or jetties), 
and declining sediment delivery due to damming rivers 

for mangroves and salt marshes (Crooks et al. 2011; Leo 
et al. 2019). Absent comprehensive actions to address 
these indirect drivers of coastal wetlands loss and 
to manage coastal wetlands holistically, even highly 
protected areas that limit direct human disturbances 
within their borders may still experience significant 
levels of degradation. 

Raising the public’s awareness 
of the benefits coastal wetlands 
provide to shoreline communities

Efforts to ensure that policymakers, the private sector, 
and local communities recognize the overlooked, 
often undervalued benefits that ecosystems provide 
have often underpinned the success of large-scale 
restoration projects (Hanson et al. 2015). Historically 
perceived as worthless, coastal wetlands deliver a wide 
range of ecosystem services that extend far beyond 
carbon sequestration to include improving water quality, 
protecting shorelines from erosion, safeguarding coastal 
communities from sea level rise and storm surges, and 
providing nursery grounds for fisheries. Site-specific 
economic valuations of these individual benefits range 
widely, from roughly $20 to $8,000 per hectare per 
year, while Costanza et al. (2014) estimate the global 
annual value of these ecosystems services to be 
nearly $29,000 per hectare for seagrass meadows and 
$194,000 per hectare for mangroves and salt marshes 
(Barbier et al. 2011; Costanza et al. 2014).89 

Although recognition of these benefits is growing, 
particularly among policymakers, with more 
than 30 countries including coastal or marine nature-
based solutions in their new or updated NDCs (as of 
June 2021), these ecosystems’ contributions to human 
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well-being, economic development, and climate 
change are still largely overlooked (Ramsar Convention 
on Wetlands 2018; Lecerf et al. 2021). Seagrass 
meadows, salt marshes, and mangrove forests are 
underrepresented in global ecosystem assessments 
that influence conservation policy priorities and funding, 
while some species of mangroves are excluded from 
national forest inventories that inform countrywide 
accounting of emissions from deforestation (Brown 
et al. 2021). Similarly, less media attention, a proxy for 
measuring levels of public awareness, has been paid 
to these coastal wetlands relative to more charismatic 
marine ecosystems like coral reefs (Duarte et al. 
2008). Increasing our collective understanding of the 
many benefits that mangrove forests, salt marshes, 
and seagrass meadows provide, as well as ensuring 
that these benefits accrue to nearby communities 
and those charged with protecting and restoring 
these ecosystems, can help incentivize and sustain 
conversation efforts. In Vietnam, for example, clear 
benefits of mangroves, namely storm protection, 
food security, and livelihood diversification, helped 
motivated the government to reforest 18,000 hectares 
(Buckingham and Hanson 2015). Meaningful engagement 
with local communities have also proved critical to such 
restoration successes, particularly when inclusive, 
participatory decision-making processes enable those 
living nearby protected coastal wetlands or those tasked 
with the long-term management of these ecosystems to 
shape conservation goals (Hanson et al. 2015; FAO and 
UNEP 2020; Chaturvedi et al. 2019; Reid et al. 2017). 

Increasing finance  
for coastal wetland protection 
and restoration

Although it varies widely across countries, the 
average cost of coastal wetlands restoration per 
hectare is relatively high, particularly when compared 
to forest landscape restoration—approximately 

$19,000 for mangroves, $67,000 for salt marshes, and 
$107,000 for seagrass meadows (Ding et al. 2017; Konor 
and Ding 2020; Bayraktarov et al. 2016). Still, the benefits 
of healthy, restored coastal wetlands far outweigh 
these high price tags. A recent cost-benefit analysis, for 
example estimates that every $1 invested in mangrove 
restoration generates $2 in benefits. Protecting this 
ecosystem is even more cost-effective, with the cost-
benefit ratio rising to 1:88 (Konar and Ding 2020). 

Despite these significant benefits, public and private 
finance lag behind need. An estimated $300 billion global 
gap in conservation finance exists across all biomes, 
but the proportion of this gap that speaks specifically 
to the protection and restoration of mangrove forests, 
salt marshes, and seagrass meadows has not yet been 
quantified. However, analyses of existing flows to the 
ocean, including climate finance to coastal protection, 
suggest low levels of investment in these wetland 
ecosystems (Buchner et al. 2019; Sumaila et al. 2020). 
Increasing public funding for coastal wetlands—for 
example, by redirecting revenues from harmful 
fisheries subsidies that incentivize overfishing to the 
conservation of these ecosystems—is needed but on its 
own will likely not meet estimated needs. Private finance 
will also be required, with some experts expecting 
it to grow quickly, as methodologies to quantify GHG 
emissions reductions and carbon removals increasingly 
include the conservation of coastal wetlands 
(Jones 2021). To mobilize additional private sector 
funding across a wide range of sources, governments 
should explore new innovative approaches, including 
derisking private investments in coastal wetlands (e.g., 
through first-loss capital structures or tax credits), 
issuing blue bonds, or restructuring debt into funding 
for marine protection initiatives (Sumaila et al. 2020). 
Success in marshaling revenues for coastal wetlands 
will likely depend partially on improvements in data 
collection, supportive policies, and recognition of the 
many benefits that these ecosystems provide. 
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AN D  W H I L E  T H E  W O R L D  W O R K S  T O 
eliminate hunger—which affected between 
720 million and 811 million people in 2020 (FAO 
et al. 2021)—the world must also strengthen 

the livelihoods of people working in agriculture and across 
food supply chains, while at the same time reducing the 
food system’s impacts on the climate, forests (see Land 
Indicators 1–3), and freshwater supplies.

From 2007 to 2016, GHG emissions from agriculture and 
land-use change accounted for about one-quarter of 
global emissions annually, with agricultural production 
alone contributing 11.9 percent in 2018 (Figure 68) 
(IPCC 2019; FAO et al. 2021; ClimateWatch 2021). While 
reducing fossil fuel emissions remains critical for 
limiting warming to 1.5°C, meeting the Paris Agreement 
goals will also require major changes to food production 
and consumption (Clark et al. 2020). 

With increasing global demand for food, feed, and fiber, 
large-scale reductions in deforestation and increases 
in reforestation will only be possible if the world greatly 
improves the efficiency of land use. This will require 
increasing crop yields, as well as meat and milk output per 
hectare of pasture, at higher than historical rates, while 
protecting soil health and freshwater resources. Across 
the board, the agricultural sector will also need to reduce 
emissions from each of its key sources, including from 
livestock, fertilizers, rice production, and energy use. At 
the same time, given the scope of the challenge, it will be 
essential to further slow the rate of growth in food and 
agricultural land demand by reducing food loss and waste, 
shifting diets away from high levels of meat (especially 
beef and other ruminant meat) consumption, and avoiding 
further expansion of bioenergy production. Taken together, 
a nearly 40 percent reduction in agricultural production 
emissions, coupled with carbon removals from large-scale 
reforestation (Land Indicator 3), could theoretically achieve 
a net-zero-emissions land sector by 2050, even while 
feeding a growing world population (Searchinger et al. 2019).

Across the six Agriculture Targets, three are moving in 
the right direction but not yet at the right speed (crop 

The world’s population will likely reach nearly 10 billion by 2050 (UN DESA 2019). 
Population and income growth are projected to lead to a 45 percent increase in food 
demand between 2017 and 2050 (Searchinger et al. 2021; FAO 2018).

F IGURE 6 8.  Role of the agricultural sector  
in global greenhouse gas emissions

Note: Estimates of greenhouse gas emissions from forestry are subject 
to high uncertainties. Data featured in this figure is from ClimateWatch 
(2021), which relies on 2018 forestry emissions data from FAOSTAT. This 
differs from IPCC (2019), which includes older forestry emissions data 
from FAOSTAT, as well as data from a number of other global models, to 
estimate emissions from agriculture, forestry, and other land use.  
Source: ClimateWatch (2021).
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yield growth, ruminant meat productivity growth, and 
declining ruminant meat consumption in high-income 
regions). Trend data are not yet globally available for 
the two food loss and waste targets. And emissions 
from agricultural production, which need to peak as 
soon as possible and decline between now and 2050, 
are still rising (Table 13). For each indicator, we draw 
from the World Resources Report: Creating a Sustainable 
Food Future (Searchinger et al. 2019) to detail the main 
technical mitigation options as well as high-priority 
policies, technologies, and investments to accelerate 
progress toward the 2030 and 2050 targets. 

There are numerous potential synergies among 
agricultural mitigation strategies. Boosting crop and 
livestock productivity can increase the efficiency of 
resource use, leading to less land and water needed per 
unit of food produced. Similarly, strategies to reduce 
methane emissions from rice production can save 
water and boost yields. Efforts to improve soil health 
can sustain productivity while also building resilience to 
climate change—and there are many other opportunities 
to practice mitigation and adaptation at the same time. 
Demand-side strategies can further reduce the challenge 
of feeding a growing population with a finite land base and 
a need to greatly reduce emissions. Supply- and demand-
side strategies can also potentially improve health and 
nutrition outcomes. And there are crucial synergies 
with the forest sector: large-scale forest protection and 
restoration will only be possible if the world can peak 

and then reduce agricultural land demand, even while 
feeding a growing population, through the measures 
discussed in this section. Importantly, it will be necessary 
to link agricultural intensification with establishment and 
enforcement of strong forest protection measures to 
achieve the agriculture and forest targets simultaneously.

There are also potential trade-offs. The Green Revolution 
combination of synthetic fertilizers, irrigation, and 
scientifically bred seeds led to enormous production 
and productivity gains, but it also brought serious 
issues such as water scarcity, pollution, and excessive 
reliance on chemical and fossil-based inputs. A major 
challenge will be to further accelerate productivity 
gains, in a changing climate, while minimizing such 
detrimental effects. And while the global prevalence 
of hunger declined from 2005 to 2014, it slowly rose 
between 2014 and 2019 and ticked sharply upward 
in 2020 under COVID-19 to an estimated 768 million 
people (FAO et al. 2021). Furthermore, without 
complementary measures to protect forests, yield gains 
can create a “rebound effect” due to the increased 
profitability of agriculture, and lead to additional land 
clearing. And another trade-off looms in the other 
direction: without productivity gains (or with shifts 
to lower-input, lower-output forms of agriculture), 
agricultural land demand will continue to grow along with 
global food demand, increasing pressure on forests and 
potentially pushing zero-deforestation and climate goals 
out of reach. 

TA BL E 1 3.  Summary of progress toward 2030 agriculture targets

Indicator Most recent historical 
data point (year)

2030 target 2050 target Trajectory  
of change

Status Acceleration factor

Agricultural production GHG 
emissions (GtCO2e/yr)

5.35  
(2018)

4.17 3.27 Exponential  
change unlikely

n/a, U-turn needed

Crop yields  
(t/ha/yr) 

6.64  
(2019)

7.67 9.44 Exponential  
change unlikely

1.9x

Ruminant meat productivity  
(kg/ha/yr) 

27.07  
(2018)

33.42 41.57 Exponential  
change unlikely

1.6x

Share of food production lost  
(%) 

14  
(2016)

7 7 Exponential  
change unlikely

Insufficient data

Food waste  
(kg/capita/yr) 

121  
(2019)

60.50 60.50 Exponential  
change unlikely

Insufficient data

Ruminant meat consumption 
in the Americas, Europe, and 
Oceania (kcal/capita/day) 

93.55  
(2018)

78.98 60 Exponential  
change unlikely

1.5x

Note: n/a = not applicable; GtCO2e/yr = gigatonnes (billion tonnes) of carbon dioxide equivalent per year; t/ha/yr = tonnes per hectare per year;  
kg/ha/yr = kilograms per hectare per year; kg/capita/yr = kilograms per capita per year; kcal/capita/day = kilocalories per capita per day.
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AGR IC ULT URE I NDI CATO R 1 :

Agricultural production  
GHG emissions
Targets: Global GHG emissions from agricultural 
production decline 22 percent by 2030 and 
39 percent by 2050, relative to 2017.

At roughly 12 percent of global GHG emissions, and 
growing steadily for decades (FAOSTAT 2021) (Figure 69), 
peaking and then lowering emissions from agricultural 
production is an important ingredient in keeping warming 
below 1.5°C. Without reducing emissions from agriculture 
and deforestation, emissions from global food systems 
alone could put the Paris Agreement temperature goals 
out of reach (Clark et al. 2020; Searchinger et al. 2019). 
This indicator measures annual emissions of GHGs 
(expressed in terms of CO2e) from agricultural production, 
including fossil fuel use, livestock and rice production, 
and use of synthetic fertilizers and manure (Figure 70). 
It excludes emissions from land-use change caused by 
agriculture, which are covered in Chapter 8, “Land use and 
coastal zone management.”

F IGURE 6 9.  Historical progress toward 2030 and 2050 targets for agricultural production  
greenhouse gas emissions

Note: GtCO2e = gigatonnes (billion tonnes) of carbon dioxide equivalent. 
Sources: Historical data from FAOSTAT (2021); 2030 and 2050 targets adapted from Searchinger et al. (2019).
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Global agricultural production emissions have roughly 
doubled since 1961 (Figure 70) (FAOSTAT 2021), and under 
a business-as-usual scenario are projected to grow by 
another 27 percent between 2017 and 2050. However, 
to limit global temperature rise to 1.5°C, emissions 
in 2050 would need to move in the other direction, 
falling by 39 percent relative to 2017 (Searchinger et 
al. 2019) (Table 14). Emissions reductions would be 
required across all world regions and all emissions 
sources relative to 2017 but would be less stringent in 
regions with high projected population and food demand 
growth, such as sub-Saharan Africa. Both supply-
side (e.g., improvements in livestock feed and manure 
management, improvements in nitrogen use efficiency, 
improvements in rice management and breeds) and 
demand-side (e.g., reductions in food loss and waste 
and dietary shifts) actions are important to achieve the 
necessary level of emissions reductions.

Global agricultural production emissions stayed 
relatively steady between 2017 and 2018 (FAOSTAT 2021), 
and only grew by 6 percent between 2010 and 2018, 
perhaps suggesting that a peak is near, even as food 
production continues to grow (Figure 69).

Enablers of climate action

F IGURE 7 0. Breakdown of agricultural production emissions

Note: GtCO2e = gigatonnes (billion tonnes) of carbon dioxide equivalent. Data for “Burning—savanna” and “Cultivation of organic soils” only available since 1990. 
Source: FAOSTAT (2021).
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TA BL E 1 4.  Disaggregated targets by major  
agricultural production emissions sources

Emissions 
source

Historical trend 
(2013–18)

Target 
(2017–30)

Target 
(2017–50)

Enteric 
fermentation

+4% −17% −29%

Manure 
management

+4% −21% −38%

Manure  
on pasture

+6% −13% −19%

Soil fertilization +2% −19% −36%

Rice cultivation +1% −24% −46%

Total +4% −22% −39%

Sources: FAOSTAT (2021) for historical trend; Searchinger et al. (2019) for 
2030 and 2050 targets.
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While agricultural production emissions have nearly 
doubled since 1961, total agricultural output has 
roughly tripled during that time frame, whether 
measured by value or by total calories in the human 
food supply (FAOSTAT 2021). Therefore, the emissions 
intensity of agriculture is steadily falling even while 
absolute agricultural production emissions continue 
to rise. The question is how to accelerate emissions 
intensity improvements so that overall emissions 
peak as soon as possible—and then decline toward 
the 2030 and 2050 targets. Low levels of funding for 
agricultural research and development in general—and 
for agricultural mitigation in particular—reduce the 
likelihood of the world’s meeting these mitigation 
targets, as well as the likelihood of meeting the 
agricultural productivity targets described below 
(indicators 2 and 3). Increasing investment in 
research, development, and deployment—which can 
be further stimulated through flexible regulations to 
incentivize innovation—could help accelerate progress 
(Searchinger et al. 2019).

Investing in innovative 
technologies and approaches
A number of promising technological 

innovations and other approaches on the horizon could 
help the agricultural sector drive down each major 
source of GHG emissions while feeding a growing  
world population:

• Improved feed conversion efficiency. The majority 
of agricultural production emissions are from 
livestock (the bottom four layers in Figure 70), with 
roughly two-thirds of livestock emissions from cattle 
(Gerber et al. 2013). Improving animal feeds and 
breeding can increase efficiency, reducing emissions 
per kilogram of meat or milk. Such efficiency 
improvements are largely responsible for previous 
improvements in livestock emissions intensity, 
although overall emissions have continued to climb.

• Enteric methane inhibitors. The largest source of 
agricultural production emissions come from “enteric 
fermentation” (cow burps)—and researchers and 
companies are working on feed compounds that 
reduce enteric methane emissions while maintaining 
or increasing productivity. These include chemical feed 
additives such as 3-nitrooxypropan (3-NOP) (Hristov et 
al. 2015), as well as seaweeds (Roque et al. 2020). 

• Improved manure management. “Managed” manure, 

which originates from animals raised in intensive 
production systems, accounts for 6–9 percent of 
agricultural production emissions. Separating liquids 
from solids, capturing methane in digesters, and 
other approaches can help reduce these emissions 
(Searchinger et al. 2019). 

• Improved nitrogen management. Fertilizers, 
including synthetic and organic (manure), account 
for about 20 percent of emissions from agricultural 
production. And about half of all nitrogen applied 
to crops is not taken up by the plants, resulting in 
excess emissions and water pollution. Compounds 
called “nitrification inhibitors” that prevent formation 
of nitrous oxide—a powerful GHG—can reduce both 
emissions and water pollution. Cover crops can 
also trap nitrogen in the soil, reducing the need 
for fertilizers and reducing soil erosion and water 
pollution. Overall, better nutrient management 
will continue to play an important role in reducing 
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fertilizer emissions by curbing overuse (Cui et al. 
2018), including through emerging precision farming 
systems (Rees et al. 2020).

• Lower-methane rice production. Paddy rice 
production produces methane and is responsible for 
10–15 percent of agricultural production emissions. 
Management practices that draw down water during 
the growing season can help reduce methane 
emissions, and some researchers have identified rice 
varieties that emit less methane.

• Reduce fossil fuel use in agricultural production. 
Energy emissions from fossil fuel use account for 
about 20 percent of global agricultural production 
emissions and include emissions from heat and 
electricity use in farm buildings, fuel for tractors and 
other heavy equipment, as well as nitrogen fertilizer 
manufacturing. As in other sectors, increasing energy 
efficiency and shifting to renewable energy sources 
can mitigate these emissions. 

While some of the above approaches have been 
applied in many places (e.g., improving feed conversion 
efficiency over time; drawing down water in rice 
production in China, Japan, and South Korea), others 
need to be scaled up through additional investments 
and supportive policies (e.g., cover crops) or further 
developed and then deployed (e.g., enteric methane 
inhibitors and nitrification inhibitors).

Strengthening government 
action to reduce agricultural 
GHG emissions

Reasons for previous declines in emissions intensity 
include advances in efficiency driven by improvements 
in technology and management practices, and increased 
uptake of such technologies and practices. For example, 
improvements in feed quality—leading to faster animal 
growth per unit of feed, and less feed needed per liter of 
milk produced—are one key reason why dairy emissions 
intensities (in terms of kilograms of CO2e per liter of milk) 
are 80 percent lower in the most efficient countries than 
in the least efficient (Gerber et al. 2013). Approaches to 
increase adoption of better practices and technologies 
include securing farmers’ property rights, investing 
in agricultural extension services, and redirecting 
agricultural subsidies to focus more on the synergies 
between boosting food production and simultaneously 
reducing agricultural emissions (Searchinger et al. 2020; 

Searchinger et al. 2019; Gerber et al. 2013). Countries 
should also fully integrate ambitious agricultural 
mitigation targets and actions into their NDCs that are 
tailored to each country’s unique circumstances and 
needs (Ross et al. 2019). 

However, expanding adoption of current best practices 
and technologies will not be enough. Across the board, 
the size of the necessary GHG emissions reductions and 
the fact that not all mitigation approaches immediately 
increase farm profitability or “pay for themselves” 
suggest a strong need for government action and 
investment to spur additional technological development 
and deployment and drive down costs. Flexible 
regulations can help give incentives to the private sector 
to develop needed innovations (Searchinger et al. 2019). 
This can help the agricultural sector “catch up” to the 
energy sector where low-emissions technologies (e.g., 
solar and wind) are more mature.

AGRICULTURE INDICATOR 2:

Crop yields
Targets: Crop yields increase by 18 percent by 
2030 and 45 percent by 2050, relative to 2017.

Even as crop yields are expected to increase in the 
coming decades (FAO 2018), models tend to project 
continued cropland expansion out to 2050 as the 
global population grows (Schmitz et al. 2014; Bajželj et 
al. 2014; Searchinger et al. 2019), implying continued 
encroachment of cropland onto forests. Therefore, 
yields must increase even faster than historical rates over 
the next 30 years in order to boost crop production on 
existing agricultural land and avoid additional expansion. 
Increasing productivity is the single most important step 
toward simultaneously meeting food production and 
environmental goals—and underpins the forest protection 
and restoration goals in Chapter 8, “Land use and coastal 
zone management”—but it must be done in ways that 
protect soil health, as well as water quantity and quality.

Globally, if the world boosted crop yields by 45 percent 
by 2050 relative to 2017, productivity would keep pace 
with projected crop demand growth (Searchinger et 
al. 2021), and it would eliminate the need for further 
cropland expansion. Worldwide, crop yields have grown 
steadily by about 70 kilograms per hectare per year (kg/
ha/year) since the 1960s, although yield growth was 
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lower (46 kg/ha/year) since 2014 (Figure 71). To boost 
yields another 18 percent by 2030 and 45 percent by 
2050, annual crop yield growth will need to be nearly 

F IGURE 7 2 .  Historical progress toward 2030 and 2050 targets for crop yields

Note: t/ha/yr = tonnes per hectare per year.  
Sources: Historical data from FAOSTAT (2021); 2030 and 2050 targets adapted from Searchinger et al. (2021).

F IGURE 7 1 .  Historical change in crop yields

Note: t/ha/yr = tonnes per hectare per year. Crop yields are calculated 
using harvested production (fresh weight), across all crops, and 
weighted by harvested area.
Source: FAOSTAT (2021).
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twice as high—at 90 kg/ha/year (0.09 t/ha/year)—than 
it was between 2014 and 2019 (Figure 72).

Enablers of climate action
While the steady progress on this indicator for the 
past six decades is encouraging, two caveats are 
necessary. First, this global growth represents an 
enormous amount of effort by farmers, agricultural 
researchers, and others, meaning that accelerating 
crop yield growth over the next three decades, in a 
changing climate with increasing resource constraints, 
will be a major undertaking. In addition, in many 
parts of the world, most of the “easier” approaches 
to increase yields (such as adding irrigation, using 
chemical inputs, and introducing basic machinery) 
have already occurred. Second, the global growth in 
yields masks wide variation among regions, and yields 
in sub-Saharan Africa remain far below the global 
average and have grown more slowly than elsewhere 
(Figure 73). While yield gains are necessary across 
all world regions, particular attention is warranted in 
areas like sub-Saharan Africa where current yields 
are low and where climate change without adaptation 
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F IGURE 7 3.  Variation in cereal crop yields across 
world regions

Note: t/ha/yr = tonnes per hectare per year. Cereal crop yields are 
calculated using harvested production (fresh weight) and weighted by 
harvested area.
Source: FAOSTAT (2021).
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is expected to significantly depress yields (Porter et al. 
2014; Verhage et al. 2018).

Advancing innovative 
technologies and approaches
Two major approaches have helped to 

improve crop yields in previous decades and have the 
potential to further boost productivity: 

• Improved crop breeding. Breeding improvements 
have historically driven about half of all yield gains 
(Evenson and Gollin 2003; Tischer et al. 2014). 
Breeding can both increase the maximum potential 
yield of a crop and also help farmers achieve better 
yields through characteristics that resist sources 
of crop stress (e.g., drought, flooding, diseases), 
which is particularly relevant in a changing climate. 
New technologies are also helping breeders improve 
crops faster than before, such as genomics and 
gene editing.

• Improved soil and water management. Soil 
degradation, particularly in the drylands of sub-
Saharan Africa, can keep yields low and threaten 
food security. Approaches such as agroforestry 
(integrating trees and shrubs on farmland), rainwater 
harvesting (practices that block water runoff), and 
“microdosing” of fertilizer can help increase soil 
fertility and moisture, boosting yields and increasing 
resilience to climate change while keeping input 
costs low. More research is needed to systematically 
understand the full range of conditions under which 
agroforestry systems are successful, in order to scale 
up their adoption. 

Boosting public, private,  
and civil society action 
to sustainably intensify  
crop production

Increasing public and private crop breeding budgets—
particularly in developing countries and focusing on 
“orphan crops” that are important for food security 
but have not historically been researched as much as 
maize, wheat, rice, and soybeans—can help accelerate 
needed improvements. Breeding programs should take 
advantage of new technologies, such as those listed 
above. University researchers, research partnerships like 
CGIAR (formerly the Consultative Group for International 
Agricultural Research), ministries of agriculture, and 
agribusinesses all have a role to play in accelerating 
improvements in crop breeding. 

In addition, increasing support for improved soil and 
water management practices is essential, especially 
in regions where progress is slower. Strengthening 
agricultural extension can help spread awareness and 
uptake of these practices. Building the capacity of local 
institutions, like village development committees, to 
formulate and enforce rules around natural resource use 
and access, can help ensure protection of trees on and 
around farms. And policy reforms—including overhauling 
forest codes that discourage farmers from growing trees 
on farms, and securing smallholders’ land tenure and 
management rights over trees—can further accelerate 
uptake (Reij and Garrity 2016). 
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AGR IC ULT URE I NDI CATO R 3 :

Ruminant meat productivity
Targets: Ruminant meat productivity per hectare 
rises 27 percent by 2030 and 58 percent by 2050, 
relative to 2017.

Between now and 2050, population and income growth 
are likely to be concentrated in the developing world, 
where meat consumption levels currently are relatively 
low. These population and income trends suggest that 
global demand for ruminant meat (and dairy products) 
is likely to increase even more than demand for crops, 
at nearly 70 percent growth between 2010 and 2050 
(Searchinger et al. 2019). While it will be important to 
moderate meat consumption in high-income countries 
(see indicator 6 below), the fact that billions of people are 
likely to enter the global middle class in coming decades 
suggests that boosting the productivity of animal 
agriculture will also be necessary to reduce pressures on 
land and the climate.

Pastureland—where ruminant animals such as cattle, 
sheep, and goats graze—currently accounts for 

more than 3 billion hectares, or about two-thirds of 
all agricultural land (FAO 2011b). Searchinger et al. 
(2019) estimated that in a business-as-usual scenario, 
pasture could increase by roughly 400 million hectares 
between 2010 and 2050. Such an area of pastureland 
expansion (larger than the size of India) would put 
forest protection and restoration goals out of reach. 
And in contrast to poultry and pork production, where 
concentrated production systems are approaching 
biological limits in terms of efficiency and reaching 
or exceeding limits on humane conditions for raising 
animals, there is still ample technical potential to 
increase the productivity and efficiency of meat and milk 
production from ruminants (Gerber et al. 2013). 

Improving the productivity of ruminant meat production 
by 58 percent by 2050 relative to 2017 could help 
eliminate the need for further pastureland expansion 
(Searchinger et al. 2019). While productivity has grown 
over the past six decades, including by 0.35 kg/ha/year 
since 2013, hitting the 2030 productivity target would 
require accelerating progress 1.6 times faster than 
from 2013 to 2018 (Figure 74), and hitting the 2050 target 
would require accelerating progress 1.2 times faster 

F IGURE 74. Historical progress toward 2030 and 2050 targets for ruminant meat productivity

Note: kg/ha/yr = kilograms per hectare of pastureland per year. 
Sources: Historical data from FAOSTAT (2021); 2030 and 2050 targets adapted from Searchinger et al. (2019).
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than from 2013 to 2018. Because much of the world’s 
pastureland is dry or sloped, achieving a global goal of a 
nearly 60 percent increase in ruminant meat production 
per hectare by 2050 would require improvements on 
nearly every suitable hectare of wetter pastureland.

Enablers of climate action
The wide range in ruminant productivity across 
countries—as evidenced by large variations in the 
amount of land use or amount of GHG emissions per 
kilogram of beef (Figure 75)—suggests great potential 
for improvements. And while some of the most GHG-
efficient systems in developed countries are due 
to establishment of concentrated feedlots, large 
productivity gains are possible on pastureland in 
developing countries without a shift to feedlot systems. 
For example, in Colombia, farmers across 4,000 hectares 
have established intensively managed “silvopastoral” 
systems that integrate improved grasses, shrubs, and 
trees—boosting productivity while also resisting drought 
(Murgueitio et al. 2011). And in Brazil’s Cerrado, improving 
grasses and adding legumes and fertilizers has doubled 
productivity or more (Cardoso et al. 2016). However, even 
though pastureland covers twice the area of cropland 
globally, attention to sustainable livestock intensification 
(as compared to boosting crop yields) has lagged. 

Accelerating adoption  
of innovative technologies  
and approaches

The main opportunities to boost pasture productivity, 
which can also build resilience to climate change, are 
well known:

• Improve feeds. Improved breeds of pasture grasses, 
and integrating legumes and shrubs or trees 
into pastures, can increase the amount of meat 
produced per hectare. Improving feed compositions 
to improve digestibility can increase feed efficiency 
(i.e., the amount of meat or milk produced per 
kilogram of feed). Supplementing grass-based 
feeds in dry or cold seasons with crops and/or 
crop residues can further improve feed efficiency, 
although dedicating additional cropland to animal 
feed increases land-use competition.

• Improve animal breeds and health care. Animals 
bred for faster weight gain can boost productivity 
per hectare, and improving veterinary services can 
reduce disease and increase production.

• Improve grazing and other management practices. 
For example, rotational grazing, which moves animals 
through different parts of a pasture area, can help 
animals consume grass when it is most nutritious and 
also maximizes grass growth.

F IGURE 7 5.  Greenhouse gas emissions efficiency and productivity of beef production  
vary widely across countries

Note: kgCO2e/kg protein = kilograms of carbon dioxide equivalent per kilogram of protein.
Source: Herrero et al. (2013).
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Linking government  
support for productivity 
improvements with ecosystem 
protection measures

The greatest potential to improve productivity of 
ruminant meat production is across the tropics 
(Figure 75). Governments should set productivity 
targets—which would help focus attention on the need 
for sustainable livestock intensification—and support 
farmers to improve production through technical and 
financial assistance. Countries should also develop 
monitoring systems to understand current and 
potential performance, in terms of productivity and 
GHG emissions, from the level of the farm to that of 
the nation. Such systems could help governments and 
private researchers understand how to target assistance 
and identify knowledge gaps to guide future research. 
Productivity improvements should be achieved in ways 
that ensure humane conditions for raising animals.

Programs to support productivity improvements—whether 
of cropland (described above) or pastureland—should 
be linked whenever possible to policies that support 
ecosystem protection. This is because just boosting yields 
can increase profitability, encouraging further conversion 
of forests or other natural ecosystems. Conversely, 
policies to protect forests (described in Chapter 8, “Land 
use and coastal zone management”) that do not also 
seek to boost productivity can lead to forest conversion 
elsewhere (“leakage”). Development assistance, 
agricultural loans, corporate supply chain commitments, 
and land-use planning all provide opportunities for 
actors to explicitly link “produce and protect,” that is to 
produce more food per hectare of agricultural land and 
simultaneously protect forest or other natural lands.

AGRICULTURE INDICATOR S 4  AND 5:

Share of food production lost  
and food waste

Targets: The share of food production lost  
declines 50 percent by 2030, relative to 2016,  
and these reductions are maintained through 2050.

Targets: Worldwide per capita food waste is 
reduced by 50 percent by 2030, relative to 2019,  
and these reductions are maintained through 2050.

Roughly one-third of all food produced in the world each 
year (by weight) is lost or wasted between the farm 
and the fork (FAO 2011a), resulting in high economic 
losses, contributing to food insecurity in lower-income 
countries, adding to GHG emissions, and representing 
a “waste” of agricultural land and water resources. SDG 
Target 12.3 calls for reducing per capita global food 
waste at the retail and consumer levels by 50 percent 
by 2030, and reducing food losses (including post-
harvest losses) where possible along production and 
supply chains (United Nations 2015).

FAO has estimated that in 2016, 14 percent of food produced 
was lost from the farm up to, but excluding, the retail 
stage of the supply chain (FAO 2019) (Figure 76). UNEP’s 
first Food Waste Index report estimates that in 2019, 
17 percent of food available at retail, or 121 kilograms per 
person, was wasted (including 74 kilograms in households, 
32 kilograms in food service, and 15 kilograms in retail) 
(UNEP 2021a). To stay in line with SDG Target 12.3, 
the 2030 food waste target should be half of that level, 
or 60.5 kilograms per person per year (kg/capita/yr) 
(Figure 77). Food loss and waste targets for 2050 have 
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F IGURE 7 6. Historical progress toward 2030 and 2050 targets for share of food production lost
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F IGURE 7 7. Historical progress toward 2030 and 2050 targets for food waste

Note: kg/capita/yr = kilogram per capita per year. Data are unavailable to establish a historical rate of change or acceleration factor. Targets for food 
waste are based on Sustainable Development Goal Target 12.3, which is to reduce food waste 50 percent by 2030, with reductions in food loss where 
possible. We therefore set 50 percent targets for both food loss and food waste for 2030 to be ambitious. The same targets are maintained for 2050 
recognizing the need to maintain that progress and that further progress beyond 50 percent becomes increasingly difficult.
Sources: Historical data from UNEP (2021a); 2030 and 2050 targets adapted from United Nations (2015).
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not been quantitatively defined, so here we have set 
targets of 50 percent reduction in the rate of food loss 
and food waste by 2030, and maintaining that 50 percent 
reduction by 2050 (Figures 76 and 77). Reducing food 
loss and waste could have large benefits in terms of 
reducing agricultural land demand and GHG emissions. 
Searchinger et al. (2019) estimated that a 50 percent 
reduction in food loss and waste by 2050 would reduce 
land needs (and deforestation) by about 310 Mha and 
annual agriculture and land-use change emissions 
by roughly 3 GtCO2e, relative to “business as usual.” 
However, while the theoretical opportunity is large, 
barriers to reducing food loss and waste loom as well. 
Loss and waste occurs in every country and every 
food supply chain, and across supply chains from 
agricultural production, to handling and storage, 
processing, distribution and marketing, consumption, 
and disposal. It can be unintentional (e.g., due to 
inadequate infrastructure or refrigeration) or due to 
wasteful behaviors (e.g., poor stock management, buffet 
overproduction, neglect). Sizable reductions therefore 
require efforts by many actors across supply chains, and 
must be carefully targeted and monitored.

Enablers of climate action

 
 

Adopting and implementing  
a “Target-Measure-Act” approach
Countries and companies have been using a Target-
Measure-Act approach to reduce food loss and waste 
since the adoption of the SDGs in 2015:

• Target. Governments and companies have been 
setting targets in line with SDG Target 12.3 for the year 
2030. As of September 2020, countries and regions 
representing about half of the world’s population 
had set targets in line with the SDG target (Figure 78) 
(Lipinski 2020).

• Measure. Quantifying food loss and waste within 
borders, operations, or supply chains can help 
countries understand where “hotspots” are and 
design effective strategies to reduce food loss 
and waste. Measurement is also necessary to 
understand progress against targets. The United 
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Kingdom, Japan, and the United States were among 
the first countries to measure food loss and waste at 
the national level during the 2010s. Other countries 
have more recently established measurement 
efforts, and UN agencies are coordinating the Food 
Loss Index (FAO 2019) and Food Waste Index (UNEP 
2021a) to monitor progress at the global level and 
help standardize national government measurement 
efforts. As the data improve, it should become 
easier to understand situations across regions and 
countries and trends over time, as with the other 
indicators in this Agriculture chapter.

• Act. Countries and companies can take a variety 
of actions to reduce food loss and waste across 
food supply chains. Figure 79 lists some of the 
most promising near-term actions. In developing 
countries, food loss and waste tends to occur in 
the production, handling, and storage stages, and 
improved harvesting techniques, storage and cold 
chain technologies, and infrastructure can help 
reduce losses. In developed countries, food loss and 
waste tends to occur toward the consumption end 
of the supply chain, and changes in retail and food 
service environments, as well as in households, can 
reduce waste. “Early mover” countries are starting 
to see results. For example, the United Kingdom 
reduced food loss and waste per capita by 27 percent 

between 2007 and 2018, making it the first country 
to be more than halfway to the 2030 target of halving 
waste. To achieve this, the country set a target in line 
with SDG Target 12.3, completed four national food 
loss and waste measurements, led a collaboration 
with food companies to voluntarily reduce food loss 
and waste while providing companies with clear 
advice for food loss and waste reduction, innovated 
in food packaging and labeling, and directly engaged 
consumers with a “Love Food Hate Waste” campaign. 
The Netherlands also achieved a 29 percent reduction 
in household food waste between 2010 and 2019, with 
some similar success factors, including food loss and 
waste measurement, public-private partnerships, and 
consumer engagement (Lipinski 2020). 

While awareness and ambition are rising, food loss 
and waste measurement is still relatively new in many 
places, and the progress demonstrated by a handful 
of major actors must now be scaled across the entire 
world. In addition, the COVID-19 pandemic exposed the 
fragility of food supply chains to large shifts in demand, 
labor shortages, and fluctuations in income—leading to 
increases in food loss and waste in some areas in 2020. 
More governments and companies need to adopt the 
Target-Measure-Act approach to ensure action to reduce 
food loss and waste at the necessary scale.

F IGURE 7 8.  National and regional governments with food loss and/or food waste reduction targets aligned  
with Sustainable Development Goal Target 12.3 (as of September 2020)

Note: SDG = Sustainable Development Goal.
Source: Lipinski (2020).
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AGR IC ULT URE I NDI CATO R 6:

Ruminant meat consumption 
Targets: Across high-consuming regions (the 
Americas, Europe, and Oceania), daily per capita 
ruminant meat consumption decreases to 
79 kilocalories by 2030 and to 60 kilocalories by 2050.

As incomes rise and people move to cities, diets tend to 
become more varied and higher in resource-intensive 
foods like meat and dairy. Consumption of animal-
based foods is projected to grow by nearly 70 percent 
between 2010 and 2050 on an absolute basis (Searchinger 
et al. 2019), an estimate roughly in line with several other 
researchers’ estimates (e.g., Willett et al. 2019; Tilman and 
Clark 2014; Springmann et al. 2016). This projected growth 
makes climate mitigation goals, particularly those related 
to forest protection (see Chapter 8, “Land use and coastal 
zone management”), more challenging: for instance, 
beef production requires 20 times more land and leads 
to 20 times more GHG emissions per gram of protein than 
beans. Beef and other ruminant meat production is also 
roughly seven times as land- and GHG emissions-intensive 
as poultry and pork production (Ranganathan et al. 2016). 

Modest increases in consumption of animal-based foods 
can boost nutrition in low-income countries. However, 
in high-income countries, where protein consumption 
is well above dietary requirements and substitutes 
for animal protein are widely available, shifting diets 
toward plant-based foods and especially away from 
beef and other ruminant meats can reduce agricultural 
land demand and GHG emissions. If ruminant meat 
consumption in high-consuming countries declined 
by 2050 to 60 kilocalories per person per day, or about 
1.5 burgers per person per week, it would reduce 
agricultural land demand by more than 500 Mha, and 
decrease agriculture and land-use change emissions 
by more than 5 GtCO2e, relative to “business-as-usual” 
(Searchinger et al. 2019).

Across the Americas, Europe, and Oceania—all regions 
with consumption above the 60 kcal/person/day target—
per capita ruminant meat consumption has already 
receded by about 30 percent from its peak in 1990 
(FAOSTAT 2021). However, to reach the target by 2050, 
consumption would need to fall by another 35 percent-
-accelerating 1.5 times the rate of decline observed 
between 2013 and 2018. This faster rate of decline will 

F IGURE 7 9. Potential approaches to reduce food loss and waste

Source: Hanson and Mitchell (2017).
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also be needed to achieve the more immediate 2030 
target of reducing daily, per capita consumption to 79 
kilocalories (Figure 80).

Enablers of climate action
Much of the shift away from ruminant meat consumption 
in Europe and the United States has been toward 
consumption of poultry meat (FAOSTAT 2021), likely 
due to a combination of cheaper and more convenient 
chicken products on the market, and health concerns 
around red meat (Bentley 2017; Tonsor et al. 2009). While 
a shift from beef toward chicken consumption greatly 
reduces diet-related GHG emissions (Ranganathan et al. 
2016), it can also increase animal welfare concerns, due 
to more animals being eaten overall and often raised in 
more crowded conditions. A shift toward plant-based 
foods would avoid this trade-off and further increase 
environmental benefits (Searchinger et al. 2019). Three 
approaches can help shift consumption patterns toward 
lower-impact diets: product innovation; promotion and 
marketing; and policy and pricing.

Directing investments  
toward innovation in plant-based 
and blended products

Consumers make food purchasing decisions based 
on factors such as taste, price, and convenience. 
Therefore, products such as plant-based meats, 
and blends of meat and plants, can help satisfy 
consumers’ tastes while reducing GHG intensity. In 
the United States, retail sales of plant-based meats 
grew by 72 percent between 2018 and 2020, but they 
still only represent 1.4 percent of sales in the meat 
category (Good Food Institute 2021). Therefore, the 
plant-based industry will need to accelerate growth in 
order to have a significant effect on meat consumption 
at global or national levels. Food service outlets are 
also innovating blended beef-mushroom burgers that 
reduce beef content per burger by 20–35 percent and 
can outcompete 100 percent beef burgers on taste 
(Myrdal Miller et al. 2014). If costs can come down, cell-
cultured or “cultivated” meat could also be an important 
innovation. Businesses should continue to invest in 
developing meat substitutes and drive down their prices 
until they are competitive with conventional meats.

F IGURE 8 0.  Historical progress toward 2030 and 2050 targets for ruminant meat consumption  
in the Americas, Europe, and Oceania

Note: kcal/capita/day = kilocalories per capita per day. Consumption data are given in availability, which is the per capita amount of ruminant meat 
available at the retail level and is a proxy for consumption. 
Sources: Historical data from FAOSTAT (2021); 2030 and 2050 targets adapted from Searchinger et al. (2019).
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Using behavioral science  
to promote and market  
climate-friendly meals

Moving beyond consumer education campaigns to 
improving presentation and marketing of plant-
based foods and plant-rich dishes can help make the 
more sustainable choice the more desirable choice. 
Behavioral science is showing that “nudges” that change 
the placement, presentation, and promotion of plant-
centered meals can increase sales of climate-friendly 
options (Attwood et al. 2020). Businesses and civil 
society can both be more sophisticated in helping guide 
consumers toward more sustainable choices. Retailers 
and food service providers can use strategies from 
the “Shift Wheel” (Ranganathan et al. 2016) to minimize 
disruption to consumers who enjoy meat, better sell the 
benefits of plant-based or plant-rich products, maximize 
awareness and availability of the products, and evolve 
social norms over time (Figure 81).

Pairing supportive policies with 
financial incentives to shift diets
Governments can use the power of 

procurement to support shifts toward lower-impact 
diets. For example, national school lunch programs feed 
tens of millions of students each day in the United States 
and Brazil, and incorporating more plant-rich meals into 
school menus can have a large impact. At the city level, 
Milan, Italy, reduced its GHG emissions related to food 
procurement by 20 percent between 2015 and 2019 by 
changing menus in schools and other public places 
(Moore 2020). Governments can also advance policies 

that incentivize businesses to make the above 
changes. Incorporation of environmental sustainability 
into national dietary guidelines can also support 
development of policies to help consumption shift 
toward healthier and more sustainable patterns (Fischer 
and Garnett 2016). Changes to taxes and subsidies—ones 
that would favor consumption of lower-emitting foods 
over higher-emitting foods—are politically more difficult, 
but if meat substitutes compete with conventional 
meats on price and taste, these changes may become 
easier in the future. 

F IGURE 8 1 .   The Shift Wheel's four strategies  
to shift food consumption patterns

Source: Ranganathan et al. (2016).
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I N THIS SECTION, WE EXAMINE KEY 
indicators for how finance can unlock greater 
climate action: scaling up climate finance (both 
public and private); measuring, reporting, and 

managing climate risks; and properly pricing emissions. 
For four indicators, historical rates of change are headed 
in the right direction but are below levels required for 
2030; for the carbon-pricing indicator, progress has 
stagnated, with a near flat historical rate of change; 
and, for the climate risk disclosure indicator, data are 
insufficient to assess the historical rate of change and 
the gap in required action (see Table 15). 

FINANCE INDICATOR 1 :

Total climate finance
Targets: Global climate finance flows reach  
$5 trillion per year by 2030 and are sustained  
through 2050.

Mobilizing investment is vital for implementing climate 
action. These are investments that will pay dividends in 
reduced climate damages and more efficient, inclusive, 
and sustainable economies (NCE 2014; UNCTAD 2019). 
Both public and private finance can play important, 
and complementary roles. There is substantial debate 
about what should and should not be counted as 

Finance is a key means to enable climate action. As other chapters have shown, 
investment and aligning financial incentives is often a critical driver itself for 
achieving other sectoral transformations covered in this report.

Indicator Most recent 
historical data 
point (year)

2030 target 2050 target Status Acceleration factor

Total climate finance 
(billion US$)

640  
(2020)

5,000 5,000 13x

Public climate finance 
(billion $)

300  
(2020)

1,250 1,250 5x

Private climate 
finance (billion $)

340  
(2020)

3,750 3,750 23x

Corporate climate risk 
disclosure

No data Jurisdictions representing three-quarters of global 
emissions mandate TCFD-aligned climate risk 
reporting and all of the world’s 2,000 largest public 
companies report on climate risk in line with TCFD 
recommendations by 2030.

No target defined Insufficient data

Share of global 
emissions covered by 
a carbon price of at 
least $135/tCO2e (%)

0.08 
(2021)

51% of global emissions at a price  
of at least $135/tCO2e

51% of global 
emissions at a 
price of at least 
$245/tCO2e

n/a; historical  
data flat

Total public financing 
for fossil fuelsa 
(billion $) 

725  
(2019)b

0 0 1.1x

Note: n/a = not applicable; TCFD = Task Force on Climate-Related Financial Disclosures; tCO2e = tonnes of carbon dioxide equivalent. 
a   Public financing for fossil fuels includes production and consumption subsidies for 81 economies, public fossil fuel finance from multilateral 

development banks and G20 countries’ export credit agencies and development finance institutions, and state-owned entity fossil fuel investment for 
G20 countries.

b   Data for public fossil fuel finance from multilateral development banks and G20 countries’ export credit agencies and development finance institutions 
were unavailable for 2019, so this figure comprises only production and consumption subsidies for 81 economies and fossil fuel investment by state-
owned entities for G20 countries.

TA BL E 1 5.  Summary of progress toward 2030 finance targets
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climate finance, both in terms of sectors and types of 
financial flows. For the purposes of this section, we use 
the operational definition of the UNFCCC’s Standing 
Committee on Finance: “Climate finance aims at 
reducing emissions, and enhancing sinks of GHGs and 
aims at reducing vulnerability of, and maintaining and 
increasing the resilience of, human and ecological 
systems to negative climate change impacts” (UNFCCC 
Standing Committee on Finance 2014). The majority 
of data on climate finance flows used here come from 
Climate Policy Initiative’s (CPI)  Global Landscape of 
Climate Finance reports, which track “primary capital 
flows directed toward low-carbon and climate-resilient 
development interventions with direct or indirect 
GHG mitigation or adaptation benefits,” including 
grants, project-level debt and equity, and balance 
sheet financing, drawing on data from a variety of 
bilateral and multilateral public financial institutions, 
private sector analysts, and civil society organizations 
(Buchner et al. 2019).

It is also challenging to accurately project total 
climate financing needs due to continually improving 
understanding of climate science, rapidly falling 
technology costs, and societal shifts. Based on different 
assessments of climate investment needs for energy, 
transportation, water and sanitation, nature-based 
solutions, and adaptation by the IPCC (2018), IEA (2021c), 
OECD (2017), and UNEP (2021b, 2016), we suggest 
that climate finance flows will need to reach at least 
$5 trillion per year by 2030 and sustain this this level 
through 2050 (see Table 16). 

Sector, scope, and temperature 
pathway

Source 2030 2050

Energy, global, 1.5°C IPCC (2018)a $2.32 n/a

IEA (2021c)b $4.4 $4.2

Energy, transport, water, 
sanitation and telecommunication 
infrastructure, global, 2°C

OECD (2017)c $6.9 n/a

Mean of energy-focused assessments $4.54 $4.2

Nature-based  
solutions, global

UNEP (2021b)d $0.354 $0.536

Adaptation finance,  
developing countries

UNEP (2016)e $0.14–$0.3 $0.28–$0.5

TOTALf $5.03–$5.19 $5.02–$5.24
Note: n/a = not applicable.
a   The Intergovernmental Panel on Climate Change's (IPCC) review of 

integrated assessment models of global energy investment needs for 
a 1.5°C scenario found a mean value of $2.32 trillion annually between 
2015 and 2035 (IPCC 2018). 

b   The International Energy Agency's (IEA) net-zero roadmap for 1.5°C projects 
that total energy investment needs will be $4.98 trillion per year by 2030, 
of which $4.4 trillion will be for clean energy systems, and $4.53 trillion 
by 2050, of which $4.2 trillion will be for clean energy (IEA 2021c). 

c   The Organisation for Economic Co-operation and Development (OECD) 
assessed global infrastructure investment needs across the energy, 
transport, water, sanitation, and telecommunication sectors for a 2°C 
scenario to be $6.9 trillion annually between 2016 and 2030, of which 
$0.6 trillion was incremental to a baseline scenario without additional 
climate action (OECD 2017). 

d   The United Nations Environment Programme (UNEP) estimates 
finance needed for nature-based solutions to meet climate change, 
biodiversity, and land degradation targets to be $354 billion per year in 
2030 and $536 billion per year in 2050 (UNEP 2021b). 

e   UNEP estimated annual adaptation finance needs in developing 
countries to be between $140 billion and $300 billion by 2030 and 
$280 billion to $500 billion by 2050 (UNEP 2016). 

f   Adding the nature-based solutions and adaptation finance estimates 
to the $4.54 trillion energy and infrastructure mean investment needs 
from the IPCC, IEA, and OECD would take the total investment needs 
to $5.03 trillion to $5.19 trillion per year in 2030. Only the IEA included 
a 2050 energy investment needs estimate of $4.2 trillion; adding the 
nature-based solution and adaptation finance needs estimates takes 
total investment needs to $5.02 trillion to $5.24 trillion per year in 2050.

TA BL E 1 6.    Estimates of annual climate investment 
needs (trillion US$)
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Total global flows of climate finance as tracked by CPI, 
however, are still much lower, reaching $640 billion 
in 2020, an average increase of $33.6 billion per year 
over the preceding five years (CPI 2021). By comparison, 
total global investment in fossil fuels was estimated at 
$726 billion in 2020 (IEA 2021f), 13 percent more than 
total tracked climate finance. The amount of global 
climate finance would need to increase nearly eightfold 
to reach $5 trillion per year by 2030, an average 
increase of $436 billion a year between 2020 and 2030. 

This is 13 times the historical rate of increase. It should 
be noted that a number of gaps exist in the climate 
finance tracking data, and CPI takes a conservative 
approach to collecting and reporting data,90 meaning 
actual climate-related finance flows may be higher 
(Buchner et al. 2019). Nonetheless, that gap between 
investment needs and climate finance flows remains 
large (see Figure 82), beyond what may be missed due 
to tracking issues, so a significant scale-up in both 
public and private finance will be necessary.

F IGURE 8 2 . Historical progress toward 2030 and 2050 targets for total climate finance

Sources: Historical data from Buchner et al. (2019); Macquarie et al. (2020); and CPI (2021). 2030 and 2050 targets based on analysis of IPCC (2018); IEA 
(2021c); OECD (2017); and UNEP (2016; 2021b).
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FINANC E INDICATO R 2:

Public climate finance 
Targets: Global public climate finance flows  
reach at least $1.25 trillion per year by 2030  
and are sustained through 2050.

Scaled up public finance is vital to ensuring a 
rapid transition to net-zero and resilient societies, 
particularly for areas where private finance is not well 
suited to meeting objectives at the speed and scale 
necessary, such as public services and infrastructure 
(e.g., transportation and energy networks), research, 
development and deployment of new technologies, job 
training, and ecosystem protection. Public finance also 
plays a pivotal role in supporting, creating and shaping 
markets, and catalyzing private investment in new 
technologies and regions (OECD et al. 2018). Lastly, public 
finance is important for ensuring equitable outcomes 
and a just transition, which markets alone do not 
guarantee (see Chapter 11, “Equity and just transition”).

While it is difficult to determine the precise breakdown 
between public and private finance needed to meet 

climate goals, the IPCC cites the World Bank’s projection 
that a quarter of global climate investment will come 
from public sources (IPCC 2018). Based on this, global 
public climate finance would need to be $1.25 trillion 
per year by 2030 (Figure 83). Global public climate 
finance flows as tracked by CPI amounted to $300 billion 
in 2020, an average growth of $19 billion per year 
between 2015 and 2020 (CPI 2021). It is important to note 
that while international public climate finance flows are 
well tracked, comprehensive data on domestic public 
climate finance are available only for some countries 
(Buchner et al. 2019), so total public climate finance may 
be higher than is currently tracked. Based on available 
data, public climate finance would need to quadruple 
to reach $1.25 trillion per year by 2030, growing at an 
average rate of $95 billion per year between 2020 and 
2030. This represents a 5-fold increase compared to 
historical growth rates.

Smaller tax bases and sovereign creditworthiness 
limit lower-income countries’ ability to raise domestic 
public expenditures, so these countries will require 
international public finance to meet some of their public 
climate investment needs. In 2009, developed countries 

F IGURE 8 3. Historical progress toward 2030 and 2050 targets for public climate finance

Sources: Historical data from Buchner et al. (2019); Macquarie et al. (2020); and CPI (2021). 2030 and 2050 targets based on analysis of IPCC (2018); IEA 
(2021c); OECD (2017); and UNEP (2016; 2021b).
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committed to mobilizing $100 billion annually in climate 
finance from public, private, and alternative sources 
for developing countries by 2020 (UNFCCC 2010, para. 
8). In 2015, developed countries agreed to maintain 
this mobilization goal until 2025, by which point a new 
collective quantified goal from a floor of $100 billion per 
year would be agreed (UNFCCC 2016, para. 53). 

The Organisation for Economic Co-operation and 
Development (OECD) estimated that public climate 
finance from developed to developing countries reached 
$65.5 billion in 2019 (see Figure 84),91 an average growth 
of $4.3 billion per year since 2013 (OECD 2021c). This 
represents a fifth of global tracked public climate 
finance in 2019 of $343 billion (CPI 2021). These figures 
are based on developed countries’ self-reporting, and 
other analyses have suggested that climate finance may 
be flowing at lower rates (Carty et al. 2020). Developed 
countries did not likely meet their commitment of 
$100 billion by 2020 (Battacharya et al. 2020). So as not 
to prejudge the outcomes of negotiations on the new 
collective quantified goal under the UNFCCC, we do 
not set a specific 2030 or 2050 target for developed to 
developing country public climate finance, but it will be 
extremely important to establish an ambitious goal to 
ensure sufficient public finance for developing countries 
to make the needed investments in climate action.

Enablers of climate action
There are several key barriers to scaling up public 
finance: institutional arrangements that restrict 
governments’ ability to raise public spending, lack of 
political leadership to make ambitious public spending 
commitments, and social norms that may be averse 
to greater levels of public spending. The following 
measures can help overcome these obstacles. 

Increasing fiscal space  
for government spending  
on climate action

Increased government spending generally requires 
fiscal space, either through more tax revenues, more 
debt issuance, or reductions in spending in other 
areas. Raising taxes on wealthy individuals and major 
corporations are the most politically popular and 
equitable approaches to increasing government tax 
revenues. Efforts within the OECD and G20 to establish 
a global minimum corporate tax rate, which have been 
backed by the G7, can help tackle tax evasion and are 
estimated to raise tax revenue by between $60 billion 
and $100 billion a year (OECD 2021b; G7 2021). Another 
form of progressive taxation is a financial transaction 
tax, a small levy on sales of stocks, bonds, and other 
financial contracts. Many jurisdictions already have 
some form of financial transaction tax (FTT), and 
the European Union and United States are currently 
considering proposals (Dowd 2020). Academics have 
estimated a globally applied FTT of 0.1 percent on shares 
and bonds and 0.01 percent on derivative contracts 
(the same rates as the European Union is considering) 
could raise between $237.9 billion and $418.8 billion per 
year (Pekanov and Schratzenstaller 2019).92 Proceeds 
from carbon pricing (carbon tax revenues and proceeds 
from auctions of emissions trading credits) could also 
be used to finance increased government spending on 
climate action;93 carbon-pricing instruments generated 
$53 billion in revenue in 2020, the majority in European 
countries (World Bank 2021b). Researchers at the 
International Monetary Fund (IMF) estimated that a carbon 
tax on international transportation fuels of $75 per 
tonne in 2030 would raise $120 billion a year in revenue 
(IMF 2019). Finance Indicator 5 goes into more detail on 
carbon pricing. But even a broad carbon price is not 
implemented, targeted modest taxation of fossil fuels 
could also raise substantial revenues. The International 
Institute for Sustainable Development (IISD) estimated 
that tax increases of $0.125 per liter on gasoline and 

F IGURE 8 4.  Developed to developing country  
public climate finance flows

Source: Adapted from OECD (2021c).
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diesel and $5 per tonne on coal globally could raise 
$430 billion in revenues per year (Sánchez et al. 2021). 

International financial institutions could also be more 
accommodating of governments spending more in 
climate action, both through the policy advice they 
offer and by facilitating additional financing for 
poorer countries (UNCTAD 2019; Gallagher and Kozul-
Wright 2019; Volz 2020). Countries with high debt 
levels and/or poor credit ratings may struggle to raise 
additional resources through further debt issuance, and 
indeed climate impacts are already raising the cost of 
capital for vulnerable countries (Buhr et al. 2018). Debt 
relief and reform of international capital markets can 
improve governments' ability to raise public finance 
through borrowing (Volz et al. 2020; Fresnillo 2020). 
Reducing public spending on fossil fuels and other 
emissions-intensive sectors can also free up resources 
to invest in climate action. The IISD estimated that 
ending consumer fossil fuel subsidies on transportation 
fuels and coal could raise $123 billion per year (Sánchez 
et al. 2021). Table 17 provides an overview of potential 
revenues from these different sources, while Finance 
Indicator 7 goes into more detail on the scale of fossil 
fuel subsidies and efforts to phase them out.

Strengthening leadership  
from governments to invest  
more public money on climate

Scaled-up public spending can also be unlocked by 
governments showing leadership by increasing public 
investments, even if they may not be immediately 
politically popular. Developed countries also need to 
provide more clarity on how they will scale up public 
climate finance for developing countries, including 
individual pledges, in order to meet and exceed the 
$100 billion mobilization goal. 

Shifting social norms  
to support government  
spending and policies

Shifting social norms toward greater public support 
for government spending can help drive increases 
in public climate finance by giving political leaders 
a mandate to show leadership by raising public 
spending. In a recent UNDP poll of 1.2 million people 
in 50 countries covering 56 percent of the world’s 
population, 64 percent of respondents said that climate 
change was an emergency and 50 percent supported 
governments investing more in green businesses and 
jobs. In 12 G20 countries, investment in green businesses 
in jobs enjoyed majority support (UNDP 2021).94 Changing 

TA BL E 1 7.    Potential sources of revenue for increased 
public climate finance

Type of revenue-raising 
mechanism

Amount per 
year

Source

Global minimum 
corporate tax

$60 billion to 
$100 billion

OECD (2021b)

Global financial 
transaction tax

$238 billion to 
$419 billion

Pekanov and 
Schratzenstaller 
(2019)

Current carbon-pricing 
revenues

$53 billion World Bank (2021b)

Carbon tax on international 
transportation fuels ($75/
tonne)

$120 billion IMF (2019)

Tax increase on 
transportation fuels 
($0.125 per liter) and coal 
($5/tonne)

$430 billion Sánchez et al. (2021)

Ending consumer fossil 
fuel subsidies

$123 billion Sánchez et al. (2021)

Note: These figures cannot simply be added together due to potential 
overlaps between different approaches to raising revenues (e.g., deploying 
carbon pricing, taxation of fuels, and reduction of fossil fuel consumption 
subsidies all affect fossil fuel consumption, and therefore the potential 
revenues that could be derived from each mechanism). Nonetheless, 
the figures illustrate that these mechanisms have the potential to go a 
significant way toward meeting public climate finance targets.
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attitudes toward increased taxation or debt financing 
can also help open up political space for greater public 
spending. Responsive and representative governance 
institutions will be necessary for shifts in public opinion 
to translate into policy change.

FINANC E INDICATO R 3 :

Global private climate finance 
Target: Global private climate finance flows reach  
at least $3.75 trillion per year by 2030.

It is also important to scale up private climate finance, 
since private finance comprises the largest share of the 
global economy and is not yet aligned with climate goals. 
Private investments in activities that are misaligned with 
the Paris Agreement will need to be scaled down, and if 
these are then shifted toward climate objectives, it could 
play a substantial role in contributing to total climate 
finance needed. There is a lack of data on the degree to 
which private investments are misaligned, and Finance 
Indicator 4 on measuring, managing, and disclosing 

carbon risks can help address these gaps. Assuming 
public sources of climate finance will meet a quarter of 
the investment needed, as discussed in the preceding 
section on public climate finance (IPCC 2018), private 
climate finance flows of at least $3.75 trillion per year 
will be necessary by 2030 (Figure 85). 

Global private climate finance flows from financial 
institutions, institutional investors, corporations, 
and households amounted to $340 billion in 2020, 
only 13 percent more than global public climate finance 
flows, although significant data gaps exist for private 
climate finance tracking data sets,95 so actual climate-
related finance flows may be higher (CPI 2021). Private 
climate finance grew by an average of $14.6 billion per 
year between 2015 and 2020, less than the growth in 
public climate finance over the same period. Based on 
available data, to date, businesses do not yet appear 
to be investing in climate at anywhere near the level 
required. The total amount of private climate finance 
will need to increase more than 11 times by 2030 to reach 
$3.75 trillion per year needed, requiring an average 
growth rate of $341 billion per year between 2018 and 
2030. This is 23 times the historical growth rate.

F IGURE 8 5. Historical progress toward 2030 and 2050 targets for private climate finance

Sources: Historical data from Buchner et al. (2019); Macquarie et al. (2020); and CPI (2021). 2030 and 2050 targets based on analysis of IPCC (2018), IEA 
(2021c), OECD (2017), and UNEP (2016; 2021b).
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Enablers of change
Significantly scaling up private climate finance faces 
complex challenges and requires actions from both the 
private and public sectors. Increasing private sector 
climate finance commitments and actions can help 
mainstream climate into decision-making within the 
private sector that, in turn, can help reallocate capital to 
climate finance. It’s also important to have supportive 
government policies and regulations to provide a 
conducive environment for private investment in climate 
mitigation, as the social return on climate mitigation 
investments are often greater than financial return due 
to the negative externalities of climate change. 

Increasing private sector  
climate finance commitments—
and translating them into action

Many financial sector sustainability initiatives have 
been launched in recent years to encourage financial 
institutions to commit to increasing their climate-aligned 
finance (see Figure 86). Of the 50 largest private-sector 
banks globally, only 23 had a sustainable finance target 
as of July 2019 (WRI 2019a). The recent Glasgow Financial 
Alliance for Net-Zero brings together net-zero alliances 
of asset managers, asset owners, and banks, comprising 
over 250 firms collectively responsible for more than 

$80 trillion in assets. These actors have committed to 
science-aligned interim and long-term goals to reach 
net zero no later than 2050 (Carney 2021; UNFCCC 2021). 
Translating these commitments into concrete actions 
that reallocate capital away from high-emissions 
activities and toward climate-aligned investments will be 
important. To do this, climate needs to be mainstreamed 
into everyday decision-making throughout companies. 
Ensuring company boards of directors have sufficient 
climate expertise and linking executive compensation 
to performance on climate metrics could help move 
climate leadership commitments from rhetoric to reality 
(WEF 2019). 

Adopting policies that  
encourage private investments 
in climate mitigation

Other sections of this chapter cover a number of ways to 
encourage and direct private investment toward climate 
objectives: financial policies and regulations influence 
private investment flows through force of law (see 
Finance Indicator 4); fiscal policy levers change price 
signals to influence private investment decisions (see 
Finance Indicators 5 and 6); and direct public financing 
can be used to reduce the financial risk for private 
investors (see Finance Indicator 2) (Whitley et al. 2018).96

F IGURE 8 6. Sustainability coalitions and initiatives in the financial sector

Note: IDFC-MDB = International Development Finance Club–Multilateral Development Bank. UN = United Nations; MDB = multilateral development bank;  
EU = European Union
Source: Adapted from Tonkonogy and Choi (2021).
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FINANC E INDICATO R 4:

Corporate climate risk disclosure
Targets: Jurisdictions representing three-quarters 
of global emissions mandate aligning climate risk 
reporting with the recommendations of the Task 
Force on Climate-Related Financial Disclosures 
(TCFD), and all of the world’s 2,000 largest public 
companies report on climate risk in line with TCFD 
recommendations by 2030.

Measuring, managing, and disclosing climate-related 
risks is a crucial component for the financial market 
to allocate resources efficiently to the assets and 
investments that are best positioned to mitigate 
and adapt to climate change. Accurate, timely, and 
comparable material information from companies, 
such as financial disclosures, provide a realistic picture 
of firms’ past performance and future prospects. 
This type of information is essential for investors, 
creditors, regulators, and other market participants to 
correctly price assets and efficiently allocate capital 
(Glassman 2003). Climate change could have significant 
financial implications across economic sectors and 
industries (TCFD 2017). Measuring, managing, and 
disclosing climate-related risks in a way that is similar to 
financial reporting would be useful to decision-makers in 
understanding these risks. 

The Financial Stability Board, an international 
body under the G20 that monitors and makes 
recommendations about the global financial system, 
created the TCFD to improve and increase reporting of 
climate-related risks. The TCFD divided climate-related 
risks into risks related to the transition to a lower-carbon 
economy and risks related to the physical impacts 
of climate change. It developed a comprehensive 
framework to help companies and other organizations 
more effectively disclose those risks in 2017 (TCFD 2017). 
It has become the standard framework for climate-
related financial disclosures (Kröner and Newman 2021).

Many companies and financial institutions have 
endorsed or adopted the TCFD recommendations. 
Financial institutions—investors, banks, insurers, and 
pension funds—responsible for assets of $150 trillion 
have endorsed or adopted the TCFD recommendations 
and are demanding that companies they invest in assess 
and disclose climate-related risks. Larger companies 
are more likely to disclose information aligned with 

these recommendations: 42 percent of companies with 
a market capitalization (the value of a company that is 
traded on the stock market) greater than $10 billion did 
so, while only 15 percent of companies with a market 
capitalization less than $2.8 billion did, suggesting that 
smaller businesses may encounter greater challenges 
in complying with disclosure requirements or that 
they are under less pressure to address these issues. 
However, high-quality disclosure against all of the 
recommendations is still rare (TCFD 2020). As such, data 
are currently insufficient to assess the extent to which 
governments’ and companies’ risk reporting meets the 
indicator target.

Enablers of change
Efforts to measure, manage, and disclose carbon 
risks face many challenges. Net-zero GHG emission 
targets are important commitments for financial 
institutions to have real mitigation impact across the 
economy. Financial institutions should provide adequate 
disclosures that integrate interim targets (for example, 
2030 targets) and strategic changes to allow investors 
and other stakeholders evaluate their preparedness for a 
transition to a low-carbon economy. Voluntary standards 
and disclosures are encouraging, but only mandatory 
disclosure requirements can help achieve universal, 
consistent, and comparable disclosure.

Setting net-zero  
GHG emission targets
Because they have a wide range of impacts 

on every sector, financial institutions have a particularly 
important role to play in unlocking the systematic change 
needed to reach net-zero GHG emissions by 2050. Their 
exposure to the wider economy through lending and 
investment portfolios across industries means that they 
could be at a higher risk than other sectors, but this 
also means that they could play a more proactive role in 
supporting the real economy in line with climate goals. 
Reducing their operational carbon footprint, alongside 
decarbonizing their lending and investment portfolios, 
then could have cascading, economy-wide effects.

Establishing mandatory 
disclosure requirements
As 59 countries representing more than 

half of global GHG emissions, including China and the 
United States, have set net-zero emissions targets, 
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many of them may also legislate mandatory disclosure 
of climate-related risks (ECIU 2021). In fact, several 
countries, including the United Kingdom, Hong Kong, 
South Korea, and New Zealand, have already taken 
action on mandatory climate disclosure (Jupiter 2021), 
and other governments, including the United States, 
are exploring new climate disclosure requirements 
(Lee 2021b). The G20 has also indicated its support 
for efforts to harmonize climate risk reporting 
standards through the International Financial Reporting 
Standards Foundation. Although an increasing number 
of companies and financial institutions are stepping 
up to set net-zero goals, mandatory disclosure will be 
important so the financial market has consistent and 
comparable information from all participants. Of the 
world’s 2,000 largest public companies by sales, only 
one-fifth now have net-zero commitments, and these 
commitments vary greatly in quality (Black et al. 2021). 
Mandatory disclosure could have all companies report 
climate-related risks in a consistent way.

FINANC E INDICATO R S 5  AND  6:

Properly priced emissions  
(Share of global emissions 
covered by a carbon price of  
at least $135 per tonne of CO2e 
and total public financing  
for fossil fuels)
Targets: The majority of global emissions are 
covered by a carbon price of at least $135/tCO2e in 
2030, and the majority of global emissions covered 
by a carbon price of at least $245/tCO2e in 2050.

Targets: Public financing for fossil fuels, including 
subsidies, is phased out by 2030, with G7 countries 
and international financial institutions achieving  
this by 2025.

Climate change has been called “the greatest and 
widest-ranging market failure ever seen,” with a wide 
range of economists arguing that market prices do not 
properly account for the costs of the damages that 
rising GHG emissions inflict upon communities around 
the world (Stern 2006). Putting a sufficiently high price 
on carbon can send a market signal that can help shift 
investment and consumption decisions in a way that 

contributes to reducing emissions to a level compatible 
with a 1.5°C pathway (IPCC 2018). At the same time, 
significant sums of public finance for fossil fuels lower 
their cost, acting as a negative carbon price. Ending 
fossil fuel subsidies is therefore another means to 
ensure that GHG are properly priced (World Bank 2021b). 
Many fossil fuel projects rely on public support to 
remain profitable; in the United States, it is estimated 
that production subsidies bring nearly half of new, 
yet-to-be-developed oil investments into profitability 
(Erickson et al. 2017). Removing such public financing 
can help reduce fossil fuel use and accelerate emissions 
reductions, and can also help stimulate the shift of 
private finance flows away from fossil fuels through 
policy signaling and shifting financial incentives (Whitley 
et al. 2018).

The IPCC identified the undiscounted carbon price 
consistent with achieving 1.5°C as being $135–$6,050/
tCO2e in 2030 and $245–$14,300/tCO2e in 2050, 
in 2010 dollars (IPCC 2018). In 2021, carbon pricing 
through a carbon tax or an emissions trading system 
(ETS) covered 21.5 percent of global GHG emissions, 
a significant increase from the 2020 coverage 
of 15.1 percent, largely due to China’s launch of a 
national ETS (Figure 87) (World Bank 2021b). However, 
the majority of prices are insufficient to fully account 
for the costs associated with rising GHG emissions. 
Only 3.76 percent of global emissions are currently 
covered at or above the $40–$80/tCO2e range that 
is currently consistent with a 2°C pathway, and 

F IGURE 8 7.  Share of global emissions covered  
by any carbon price

Source: Adapted from World Bank (2021a).
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F IGURE 8 8.  Historical progress toward 2030 and 2050 targets for the share of global greenhouse gas  
emissions covered by a carbon price of at least $135 per tonne of CO2e 
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just 0.08 percent (Sweden’s emissions) are at the  
$135/tCO2e minimum level required by 2030 to be 
consistent with a 1.5°C pathway (World Bank 2021b).  
If carbon pricing is to make a meaningful contribution 
to climate action, both its scope and level would 

need to be significantly increased (see Figure 88). 
It is also important to note that carbon pricing 
alone is not sufficient to address climate change 
and that complementary policies will be required 
(Kennedy 2019). 
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We therefore set the 2030 target at 51 percent (a simple 
majority) of global emissions covered at a price of at 
least $135/tCO2e and the 2050 target at 51 percent 
of global emissions covered at a price of at least 
$245/tCO2e. Even if these targets were met, other 
climate policies will be needed to address the 
remaining 49 percent of emissions not covered by an 
adequate carbon price.

The IEA’s net-zero roadmap found that, beyond projects 
already committed to in 2021, no new investment in 
fossil fuel supply is required (IEA 2021c). This gives a 
clear signal to political leaders that public financing 
for new fossil fuel supply is not compatible with the 
Paris Agreement, and, in combination with recent IPCC 
findings (IPCC 2018), indicates the need to progressively 
phase out all fossil fuel financing along the value chain 
in order to meet Paris commitments (Figure 89). Both 
the G20 and G7 have long-standing commitments to 

phase out fossil fuel subsidies, with the former stating 
in 2009 that it would do so “over the medium term,” and 
the latter in 2016 setting a deadline for doing so by 2025 
(G20 2009; G7 2016). Yet significant public financing 
for fossil fuels continues, with estimates putting 
the total figure at $801 billion in 2019 (Sánchez et al. 
2021).97 The OECD and IEA joint estimate of production 
and consumption subsidies in 81 economies through 
direct government payments, tax breaks, and price 
support was $468 billion in 2019 (OECD 2021a), of which 
$64 billion was estimated to be production subsidies 
and $404 billion consumption subsidies (Sánchez et al. 
2021). In addition to these amounts, public financing for 
fossil fuel projects from multilateral development banks 
(MDBs) and G20 countries’ export credit agencies (ECAs) 
and development finance institutions (DFIs) averaged 
$77 billion annually between 2016 and 2018 (Tucker and 
DeAngelis 2020), and capital expenditure by state-owned 
entities on fossil fuels was at least $257 billion per year 

F IGURE 8 9. Historical progress toward 2030 and 2050 targets for total public financing for fossil fuels
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G20 (2009) and G7 (2016) commitments.



181STATE OF CLIMATE ACTION 2021  | CHAPTER 10. FINANCE

on average between 2017 and 2019 (Geddes et al. 2020). 
Figure 90 shows the compilation of these estimates.

Consumption subsidies have been declining in recent 
years, due to both progress in subsidy reform and 
falling oil prices. The substantial drop in oil prices 
during the pandemic caused consumer subsidies 
in 42 developing country economies tracked by the IEA 
to fall 43 percent between 2019 and 2020 to $182 billion 
(IEA 2020h). Production subsidies, however, have 
been rising in recent years, with a 5 percent increase 
from 2018 to $178 billion in 2019 among the 50 OECD, 
G20, and European Union Eastern Partnership 
economies, primarily driven by an increase in direct 
government spending by OECD countries on fossil fuel 
infrastructure and corporate debt relief (OECD 2021a). 
COVID-19 stimulus and recovery spending looks likely 
to continue this trend, with multiple analyses showing 
greater amounts of public funding going to fossil fuels 
and other high-carbon sectors than to low-carbon 

development (UNEP and UNEP DTU Partnership 2020). 
Between January 2020 and August 2021, the 31 largest 
economies and 8 MDBs have committed $335 billion in 
new financing to fossil fuel–intensive sectors, compared 
to $273 billion in clean energy sectors (IISD 2021a).

Enablers of climate action
Barriers to properly pricing emissions are primarily 
political, including lack of support for new taxes or an 
end to subsidies that are seen as increasing the burden 
on the poor, industry opposition to ending fossil fuel 
subsidies, and the perceived free-rider problem where 
countries are reluctant to impose a carbon price on 
their domestic industries for fear they will move to 
other territories that do not have carbon pricing (carbon 
leakage). To the extent this phenomenon exists, or could 
exist, it can be addressed through greater leadership 
from governments to act together to implement pricing 
and phase out fossil fuel subsidies, thus addressing 
leakage concerns, and by shifting norms around the 
need to pay for GHG emissions.

F IGURE 9 0. Sources of public financing for fossil fuels

Note: IISD = International Institute for Sustainable Development;  
MDB = multilateral development bank; ECA = export credit agency; 
DFI = development finance institution; OCI = Oil Change International; 
IEA = International Energy Agency; OECD = Organisation for Economic 
Co-operation and Development. Public fossil fuel finance estimates for 
MDBs and G20 ECAs and DFIs are annualized averages for the three-year 
periods 2013–15 and 2016–18; estimates unavailable before 2013, or for 
2019. State-owned entity fossil fuel investment estimates are annualized 
averages for the three-year periods 2014–16 and 2017–19; estimates 
unavailable before 2014.
Sources: Historical data from OECD (2021a); Doukas et al. (2017); Tucker 
and DeAngelis (2020); and Geddes et al. (2020).
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Strengthening national 
commitments to establish 
carbon pricing and phase  
out fossil fuel subsidies,  

and international cooperation 
to address carbon leakage
To scale up carbon pricing globally, governments would 
need to establish policies to set a price on emissions, 
ensure they rise over time, and address potential 
leakage to other economies (where companies move 
to regimes without carbon pricing) by linking with 
other jurisdictions that have carbon pricing and/or 
by establishing border adjustment mechanisms that 
would apply the domestic price to imported goods 
as well (World Bank 2021b; UNCTAD 2021). To date, 
45 countries and 35 subnational jurisdictions have 
implemented carbon-pricing initiatives, shown in 
Figure 91 (World Bank 2021a).

Governments also need to show leadership in phasing 
out fossil fuel subsidies. Fossil fuel consumption 
subsidies have already been declining, while production 
subsidies have continued to rise. A low oil price 
environment can make it politically easier to phase 
out consumption subsidies (IEA 2020h), however when 
oil prices increase, public demand for restoration of 
subsidies can rise, so studies have emphasized the need 
to also focus on phasing out production subsidies and 
scaling up support for clean energy alternatives (SEI 
et al. 2020; Sánchez et al. 2021). These measures can 
reduce reliance on fossil fuels and thereby consumer 
sensitivity to oil prices, making the further phaseout 
of consumption subsidies politically easier. A growing 
number of governments and public finance institutions 
have shown leadership by committing to end most fossil 
fuel financing, including the European Investment Bank 
and the United Kingdom (EIB 2019; BEIS 2021).98

F IGURE 9 1 .  Map of carbon taxes and emissions trading systems

Note: ETS = emissions trading system; RGGI = Regional Greenhouse Gas Initiative; TCI-P = Transportation and Climate Initiative Program. The large circles 
represent cooperation initiatives on carbon pricing between subnational jurisdictions. The small circles represent carbon pricing initiatives in cities. 
Carbon pricing initiatives are considered “scheduled for implementation” once they have been formally adopted through legislation and have an official, 
planned start date. Carbon pricing initiatives are considered “under consideration if the government has announced its intention to work towards the 
implementation of a carbon pricing initiative and this has been formally confirmed by official government sources. The carbon pricing initiatives have 
been classified in ETSs and carbon taxes according to how they operate technically. ETS not only refers to cap-and-trade systems, but also baseline-and-
credit systems as seen in British Columbia.” 
Source: Adapted from World Bank (2021b). Responsibility for the views and opinions expressed in this adaptation rests solely with the authors of the 
adaptation and are not endorsed by The World Bank.
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Shifting social norms  
to support carbon pricing
A significant challenge with carbon pricing 

and subsidy reform is public popularity. In the UNDP’s 
climate survey of 1.2 million people globally, making 
companies pay for their pollution had just 39 percent 
support, although this rose to 55 percent in high-income 
countries (UNDP 2021). Given that the business-as-usual 
scenario is for emissions to have no direct price, carbon 
pricing feels like the addition of a new burden, whereas 
it is designed to internalize the costs that are diffused 
to society at large. Engagement and education can 
help to shift social norms around whether emissions 
should be priced (Marshall et al. 2018). The use of 
revenues is particularly important, with higher levels 
of public support for carbon pricing when revenues 
are earmarked for investments in climate action or 
consumer rebates (Baranzini and Carattini 2017; Carattini 
et al. 2018; Klenert et al. 2018).

Economic incentives 
to help address the equity 
impacts of emissions pricing  
and fossil fuel subsidy  

phaseout on the poorest
A concern with carbon pricing is that businesses will 
pass the costs on to consumers, making energy and 
transportation more expensive. Although the poorest 
emit the least, they may feel a greater burden from 
carbon pricing as they have the least ability to pay. 
Policies to address equity impacts of carbon pricing, 

for example by having mechanisms that provide 
poorer households with rebates or financial support to 
compensate for higher prices, can also help overcome 
public opposition to pricing (Klenert et al. 2018).

There are also concerns that ending fossil fuel 
consumption subsidies will hurt the poorest by making 
energy costs higher, and that fossil fuel production 
subsidies are necessary to protect jobs in the sector. 
Studies across many countries have shown that richest 
households capture most of the benefits of consumption 
subsidies (Coady et al. 2015). This suggests that fossil 
fuel consumption subsidies are not an effective tool for 
addressing energy poverty, and that reforming energy 
subsidies to be technology-neutral or providing direct 
income support can better ensure energy access for 
the poorest (Zinecker et al. 2018). Removal of fossil fuel 
consumption subsidies should be matched by increased 
cash support or other measures in order to ensure 
equitable outcomes (see also Chapter 11, “Equity and 
just transition”). For production subsidies, modeling 
suggests that shifting away from fossil fuels toward 
renewable energy can stimulate greater job creation 
in addition to the climate benefits. For every $1 million 
spent, 1.2 to 2.8 times as many full-time equivalent, near-
term jobs could be created if invested in the renewable 
energy or energy efficiency sectors compared to the 
same level of investment in the fossil fuel sector (Jaeger 
et al. 2021). It will be important to provide support for 
the just transition of workers from fossil fuel industries 
and to ensure that jobs created in the clean economy are 
quality, well-paying jobs (see Chapter 11).



11EQUITY AND  
JUST TRANSITION
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THIS SECTION EXPLORES BOTH A JUST 
transition for fossil fuel workers and 
communities and the wider equity implications 
of low-carbon systems transformations 

(Box 8 describes how “equity” is defined in this chapter).

A just transition  
for workers and communities
Achieving a just transition requires tackling the 
challenges faced by workers and communities whose 
livelihoods and economies are tied to high-carbon 
industries. This means undertaking inclusive planning 
and decision-making processes to create proactive 
plans that can smooth the transition to sustainable 
livelihoods and industries, equitably distribute the costs 
and benefits of transformations, and ensure justice 
for communities that have been especially harmed by 
carbon-intensive development and infrastructure (ILO 
2015, 2018b; ITUC 2021a). Important components of a just 
transition include ensuring that

• social dialogue and stakeholder engagement take 
place among workers, employers, governments, 
communities, and civil society;

• affected workers and communities receive the social 
protections and support that they need to work and 
thrive in a zero-carbon future;

Climate change will only worsen poverty and inequality (University of Notre Dame 
2021; IPCC 2018; Herold et al. 2017; Leichenko and Silva 2014; UNDRR 2019), while 
keeping global warming below 2°C could create a gross number of 24 million 
jobs globally by 2030 while generating widespread social and health benefits 
(Gouldson et al. 2018; ILO 2018a; Mountford et al. 2019; NCE 2018). However, the 
systems transformations that will be required across countries and sectors to 
mitigate climate change could result in the gross loss of 6 million jobs by 2030, 
overwhelmingly in the energy sector, and could disrupt the economies of areas 
that are currently linked to the fossil fuel industry or carbon-intensive activities 
like manufacturing steel or cement (ILO 2018a). Moreover, low-carbon measures 
and technologies can generate benefits and burdens that are unequally distributed 
within and among countries (IPCC 2018; Markkanen and Anger-Kraavi 2019). 

BOX 8. Definitions of equity

“The world needs an inclusive, equitable response to the many 
crises it now faces. Solutions must be just and fair, generating 
benefits shared among all rather than adverse impacts 
shouldered by a few. Equity must be procedural, distributional, 
structural, and transgenerational:

• Procedural equity ensures that everyone, everywhere has the 
voice, power, and ability to shape decision-making processes; 
equitable programs and policies include those that are 
developed and implemented utilizing inclusive, accessible, 
and representative processes.

• Distributional equity involves the fair distribution of costs and 
benefits across society.

• Structural equity recognizes historical, cultural, institutional, 
and political structures and relationships, which exist to 
maintain the status quo by prioritizing the privileged and the 
powerful, while disadvantaging the marginalized.

• Transgenerational equity considers the generational impacts 
of today’s decisions, with a focus on reducing burdens on 
future generations.”

Source: Levin et al. (2020).
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• the benefits of systems transformations are equitably 
shared, including ensuring that jobs in climate-
friendly sectors are high-quality and accessible;

• revenue streams that governments currently 
receive from fossil fuel production will be replaced 
in equitable ways, including avoiding regressive 
taxation or spending cuts that undermine equity and 
development goals; and

• companies create decent jobs and contribute to 
economic growth while taking positive action on 
climate change (ILO 2015; WRI 2021i).

Just transitions around the world
The concept of just transitions emerged from the labor 
movement in developed countries, and to date most 
literature and initiatives have focused on developed 
countries such as the United States, Canada, Germany, 
and Australia (ITUC 2021a; Pai et al. 2020a). However, 
momentum is building in developing and emerging 
countries, notably India, South Africa, Chile, and 
Indonesia (Athawale et al. 2019; Burton et al. 2019; 
Elliott and Setyowati 2020; Swilling et al. 2016; Tongia 
et al. 2020; Zhang and Wang 2018). This is starting to 
bring much-needed attention to the challenges and 
opportunities that are specific to those contexts, 
which may include the lack of a social safety net, a 
higher prevalence of informal work, and rising rates of 
urbanization or industrialization.

Just transition initiatives around the world offer 
examples and lessons for how for how workers and 
communities can benefit from the transformations 
that are needed to limit global warming to 1.5°C 
(WRI 2021i). Some positive examples include Spain’s 
Just Transition Strategy, which outlines a structured, 
participatory process to protect fossil fuel workers 
from unemployment and plan for the future of coal 
regions (del Río 2017; ITUC 2019); the Noor solar 
power station in Morocco, which was developed with 
measures in place to generate economic benefits 
for the nearby rural, lower-income communities 
(Terrapon-Pfaff et al. 2019; WRI 2021m); and the Ruhr 
region in Germany, which successfully pivoted from 
coal mining to sectors like education and technology, 
thanks to decades of proactive planning that included 
extensive social dialogue with unions, widespread 
infrastructure investments for transport, and 
workforce support, including early retirement and 

training (Dahlbeck and Gärtner 2019; Galgóczi 2014; Oei 
et al. 2020; WRI 2021i). 

Even in the context of ambitious global 
transformations, countries will act at different 
times and paces, require different levels of effort 
and international support, and experience different 
amounts and kinds of challenges and benefits (Muttitt 
and Kartha 2020). Therefore, a just global transition will 
entail equitably managing the phasing of this transition 
across as well as within countries, and ensuring that 
countries with limited capacity receive the support and 
resources they need to transition to a net-zero future, 
as well as benefit from the opportunities that these 
inflection points offer. This support can take the form 
of finance, capacity building, technical assistance, 
and access to technologies, and would be enhanced 
by undertaking inclusive processes to design those 
programs (Joffe et al. 2013). For example, the European 
Union Just Transition Mechanism supports member 
states’ just transition efforts with financial resources 
and technical assistance (European Commission 2021a; 
WRI 2021h), and the International Labour Organization 
(ILO) partnered with Uruguay, Ghana, and the 
Philippines to support their implementation of the 
ILO’s Just Transition Guidelines, with support from 
the Swedish International Development Cooperation 
Agency (ILO 2016, 2017). 

Tracking progress  
toward a just transition
Beyond these examples, efforts are also being made 
to monitor global and national-level progress on a just 
transition. It is difficult to track such a multidimensional 
process in just a few indicators, and the task is further 
complicated by the early stage of many efforts and a 
lack of global-level data on some indicators, such as 
employment across fossil fuel value chains (Heyen and 
Beznea 2021). Two of the most robust just transition–
related indices take different approaches to tracking 
progress. The Overseas Development Institute’s 
“Leave No One Behind” Index monitors the extent to 
which national systems, institutions, and practices 
in 159 countries are ready to meet commitments in 
the 2030 Agenda for Sustainable Development. There 
is significant overlap in the systems, institutions, and 
practices need to deliver the SDGs and just transitions, 
including social protections like unemployment insurance 
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and affordable health care, strong labor rights, and 
inclusive planning processes. In 2020, the index found 
that 75 countries (47 percent) are “ready” to meet their 
commitment, 65 (41 percent) are “partially ready,” and 8 
(5 percent) are “not ready” (11 countries had insufficient 
data) (Chattopadhyay and Salomon 2021). Compared 
to 2019, 10 countries improved and 12 worsened, with 
readiness strongly correlated with country prosperity 
(Chattopadhyay and Salomon 2021). Meanwhile, the 
European Commission’s Transitions Performance Index 
gathered data across four dimensions—economic, social, 
environmental, and governance—for the European Union 
and 45 other countries. It found that in 2019, 3 countries 
(4 percent) were “transition leaders,” 17 (24 percent) 
had a “strong transition,” 21 (29 percent) had a “good 
transition,” 23 (32 percent) had a “moderate transition,” 
and 8 countries (11 percent) had a “weak transition” 
(European Commission 2020c). The world average fell 
in the “moderate transition” category and had improved 
by 5.4 percent since 2010 (European Commission 2020c). 
Other potential indicators could include job losses 
and gains in affected areas, the expansion of social 
protections (such as from the World Bank’s ASPIRE), and 
indicators on job quality and labor rights and protections 
(such as from ILOSTAT) (World Bank Group 2021; ILO 2021).

The establishment of a just transition commission, 
office, task force, working group, or other entity, at any 
level of government, can also indicate the seriousness 
of the government’s commitment to planning for a just 
transition, and can help coordinate and mainstream 
just transition processes in all relevant activities. A 
relatively small but growing number of such entities 
exist, including in the European Union; Canada; Scotland; 
and the U.S. states of Colorado and New York, though 
they have a range of funding levels and efficacy and 
some have overlapping jurisdictions (CDLE 2021; 
Environment and Climate Change Canada 2018; 
NYSERDA 2020; Scottish Government 2021; European 
Commission 2021a). In other places, including Nigeria, 
Chile, South Africa, and California (USA), efforts 
are underway by existing government entities or 
coalitions of non-governmental organizations and 
labor groups to develop comprehensive just transition 
strategies (ITUC 2021b; WRI 2021f, 2021g). As of 
August 2021, 14 countries and the European Union 
mentioned a just transition in the country’s nationally 
determined contributions under the Paris Agreement 
(ClimateWatch 2021). 

Equity implications  
of low-carbon transitions
Transformations across power, buildings, industry, 
transport, land use, coastal zone management, 
agriculture, and finance systems required to limit 
global warming to 1.5°C offer an inflection point of 
massive change across industries and countries. This 
scale of change, especially given the lock-in that may 
result from near-term large investments to support 
COVID-19 recovery, is an opportunity to reshape economic 
and social systems to be more equitable, inclusive, and 
just, and for countries to diversify their economies into 
climate-compatible sectors (Burrow 2020). Avoiding the 
catastrophic social, economic, and environmental impacts 
of runaway climate change is itself a major benefit—
however, a growing body of literature demonstrates how 
climate action would improve today’s status quo, with 
more stable and inclusive economic growth, cleaner air, 
and more efficient vehicles, buildings, and materials, 
among other benefits (NCE 2018; Mountford et al. 2019). 
A review of over 700 studies showed that low-carbon 
measures can substantially improve public health and 
social inclusivity (Gouldson et al. 2018).

However, these benefits won’t happen automatically. 
Although these transitions to net zero will generally 
increase equity and improve outcomes for vulnerable 
communities, they can also create winners and losers. 
The benefits may not always be equitably shared, 
and some transformations that reduce emissions 
could have a disproportionate negative impact on 
poor or disadvantaged populations, or those whose 
livelihoods are tied up with a fossil fuel–intensive future 
(IPCC 2018, 20; Markkanen and Anger-Kraavi 2019). It 
will be essential to balance the benefits and burdens of 
climate actions across society, anticipating and avoiding 
disproportionate negative impacts wherever possible.

In the face of the profound economic and social 
changes involved in these systems transformations, 
citizens—especially those who are already vulnerable—
need confidence that they will be protected from 
negative impacts and will truly benefit from new 
economic and social structures. Building public support 
for these transitions will be difficult if economic 
insecurity and profound inequality persist (Coalition for 
Urban Transitions 2019). This means that prioritizing 
equity and justice across the required transformations 
is not only a moral imperative but also essential to 



188STATE OF CLIMATE ACTION 2021  | CHAPTER 11. EquITy ANd  juST TrANSITION

building and sustaining public support for climate 
action, and to making those actions more effective 
(Levin et al. 2012; World Bank 2021c). This offers 
governments and policymakers an opportunity to 
synergize environmental, economic, and social agendas 
and to build more durable solutions by incorporating 
the knowledge of affected communities.

Two significant equity issues in low-carbon 
transformations will likely be land access for large-
scale solar and wind energy installations and critical 
minerals for sustainable technologies. Scaling up 
production of renewable energy will require building 
infrastructure like solar parks and wind farms, which 
require large areas of land with specific environmental 
conditions. Examples have begun to emerge of 
governments and corporations displacing Indigenous 
or rural communities to make way for large-scale 
renewable installations, including on the Isthmus 
of Tehuantepec in Oaxaca, Mexico (Cruz et al. 2019; 
Ramirez 2019; WRI 2021l), or of such installations 
exacerbating water scarcity, such as in the case of 

the Pavagada solar park in Karnataka, India (Rao 2019; 
Pratap et al. 2020; WRI 2021n). In addition, potential 
price increases for goods and services, such as energy 
or food, could disproportionately burden low-income 
consumers. Moreover, it might be possible to achieve 
deep emissions reductions without expanding access 
to social protections like health care and education. 
Meanwhile, producing low-carbon technologies like 
solar panels and batteries will require large quantities 
of minerals like lithium and cobalt (IEA 2021g; 
Kalantzakos 2020). Mining these critical minerals often 
results in local ecological damage and pollution that 
can affect local communities’ health and livelihoods, 
could involve unsafe or exploitative working conditions, 
or could precipitate conflicts over control of these 
minerals (IEA 2021g).

Systems transformations to limit global warming to 1.5°C 
offer an opportunity to create a more equal world, but 
to realize these benefits, policies must be designed with 
equity and a just transition in mind.
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THE FIVE YEARS FOLLOWING THE ADOPTION 
of the Paris Agreement have seen increasingly 
ambitious climate commitments and action 
from governments, civil society, and the 

private sector. But as this report shows, these global 
efforts are far from commensurate with the crisis 
at hand. Of the 40 indicators assessed, none show 
historical rates of change sufficient to meet the 
2030 targets (Figure 92). Change is heading in the 
right direction, with progress unfolding at a promising, 
albeit insufficient pace for 8 indicators and in the right 
direction, but well below the required pace for another 
17 of them. For 3 indicators, progress has stagnated and 
a step change in action is required, while rates of change 
for another 3 are headed in the wrong direction entirely. 
Data are insufficient to assess progress across the 
remaining 9 indicators with confidence, and we 
offer recommendations to improve tracking efforts  
for these indicators. 

Although none of the indicators assessed are on track, 
we have still seen notable progress in some sectors, 
such as the rapid, nonlinear growth of wind and solar 
power and electric vehicle sales. Nearly half of this 
report’s indicators are experiencing some form of 
nonlinear growth or could in the future, especially those 
that directly track low- or zero-emissions technology 
adoption. Catalyzing this rapid growth in time to avoid 
the worst climate impacts, however, is not guaranteed 
and will depend on the decisions made in this decade. All 
will require the right government support and economic 
conditions to take off. 

To that end, this report identifies underlying enablers 
of progress—supportive policies, technological 
innovations, strong institutions, leadership, and shifts in 
social norms—for each of the 40 targets and highlights 
priority actions that can help overcome key barriers to 

change. It also outlines measures that, if implemented, 
can help make these systemwide transitions more just 
and equitable. 

The year ahead offers a tremendous opportunity 
to accelerate the transformations needed to avoid 
the worst climate impacts. Countries will begin 
implementing their enhanced NDCs and low-emissions 
long-term development strategies at the same 
time that trillions of dollars are being mobilized for 
COVID-19 recovery efforts. Simultaneously, an increasing 
number of nonstate actors, including companies, cities, 
regions, and financial institutions, will start to fulfill 
their pledges to reduce GHG emissions, for example, 
through the High-Level Climate Champions’ Race to Zero 
campaign for 2030 Sector Breakthroughs. These actions 
can be neither incremental nor delayed—we must seize 
this moment to secure a net-zero future for all. 

The most recent IPCC report (2021) finds that limiting global temperature rise to 
1.5°C is still possible, but the window to steer the world toward a net-zero future is 
closing rapidly. To halve GHG emissions by 2030 and achieve deep decarbonization 
by 2050, leaders across society must accelerate systemwide transformations 
across nearly all major sectors. Should we fail, warming could increase by 3.3°C to 
5.7°C above preindustrial levels—temperatures that would expose communities and 
ecosystems around the world to devastating impacts, far beyond anything yet seen. 
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F IGURE 9 2 . Summary of progress towards 2030 targets

1.5x1.8xExponential Likely Exponential Unlikely Exponential Possible

Note: We use "exponential" as shorthand for various forms of rapid, non-linear change. But not all non-linear change will be perfectly exponential.

TRAJECTORY OF CHANGE ACCELERATION FACTOR

None

ON TRACK: Change is occurring at or above the 
pace required to achieve the 2030 targets

OFF TRACK: Change is heading in the right 
direction at a promising, but insufficient pace

Share of renewables in 
electricity generationN/A

Share of electricity in the industry
sector’s final energy demand

Share of electric vehicles in 
light duty vehicle salesN/A

Share of battery and fuel cell 
electric vehicles in bus salesaN/A

Crop yields 

Ruminant meat productivity 

Ruminant meat consumption in the 
Americas, Europe, and Oceaniab

Total public financing for fossil fuelsc 

1.1x

1.6x

1.9x

1.5x

1.1x

Share of unabated coal in 
electricity generation 

Carbon intensity of electricity generation 

Energy intensity of building operationsd 

Low-carbon steel facilities in operatione 

Green hydrogen production 

Share of electric vehicles in the 
light duty vehicle fleetf

Share of battery and fuel cell electric vehicles 
in medium- and heavy-duty vehicles sales 

Share of low-emissions fuels 
in the transport sector 

Share of sustainable aviation fuel 
in global aviation fuel supply 

Share of zero-emissions fuel in 
international shipping fuel supply 

Rate of technological carbon removal rate 

5.2x

3.2x

2.7x

Ins. data

N/A

N/A

N/A

12x

N/A

N/A

N/A

Reforestation3.2x

Coastal wetlands restoration 

Total climate finance 

Public climate finance 

Private climate finance 23x

5x

13x

Carbon intensity of global 
cement production 

Carbon intensity of global steel production 

Share of global emissions covered by 
a carbon price of at least $135/tCO2e N/A

2.7x

N/A

N/A

Share of trips made by private 
light duty vehicles

Deforestation rate 

Agricultural production GHG emissions N/A

N/A

N/A

Retrofitting rate of buildings

Carbon intensity of building operations

Carbon intensity of land-based transport 

Peatlands conversion rate 

Peatlands restoration 

Coastal wetlands conversion rate 

Share of food production lost 

Food waste 

Corporate climate risk disclosure

Ins. data

Ins. data

Ins. data

Ins. data

Ins. data

Ins. data

Ins. data

Ins. data

Ins. data

WELL OFF TRACK: Change is heading in the 
right direction, but well below the required pace

WELL OFF TRACK: Change is heading in the 
right direction, but well below the required pace

STAGNANT: Change is stagnating, and a 
step change in action is needed

WRONG DIRECTION: Change is heading in the 
wrong direction, and a U-turn is needed

INSUFFICIENT DATA: Data are insufficient to 
assess the gap in action required for 2030g

Rate of carbon removal from reforestation 4.2x
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F IGURE 9 2 . Summary of progress towards 2030 targets (continued)

a   Battery electric and fuel-cell electric buses have grown nonlinearly in China but have not yet taken off elsewhere. They already make up 39 percent 
of global bus sales due to the strong sales in China.

b   This indicator is only applicable in regions where ruminant meat consumption is above the 60 kilocalories per person per day target for 2050.
c   While consumption subsidies have been declining in recent years, which has led to the overall decrease, production subsidies have continued to 

increase (OECD 2021a). Furthermore, part of the fall in consumption subsidies is due to declining oil prices, which fell substantially as a result of the 
pandemic (IEA 2020h). If oil prices rise again, absent further reforms consumption subsidies are likely to increase.

d   The acceleration factor refers to the full range of the benchmarks across commercial and residential buildings, because historical data are not 
available for the two building types separately.

e   The indicator is marked as “well off track” because while no low-carbon steel facilities are currently in operation, 18 are expected to be operational 
by 2030. Of these 18 projects, data on production capacity are only available for 4, all of which meet the production criteria of at least 1 million tonnes 
annually. However, data are insufficient to calculate an acceleration factor.

f   The nonlinear historical growth in electric vehicle stock is coming from a very low base, and is only due to rapid growth in the share of electric 
vehicles in light-duty vehicle sales, with little progress on the removal of internal combustion engine vehicles from the road.

g      Although some have one historical data point and/or qualitative research that shows they are not on track, these indicators do not have enough 
information to assess how much recent progress must accelerate to achieve their 2030 targets. Accordingly, we classify them as having 
“insufficient data."
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Definitions of transformation, transition, and systems change commonly cited in the global environmental change 
research and policymaking communities.

Concepts Definitions Quoted source

Transformability “The capacity to create a fundamentally new system when ecological, economic, or social 
(including political) conditions make the existing system untenable.”

Walker et al. (2004)

“Transformability means defining and creating novel system configurations by introducing 
new components and ways of governing [social-ecological systems], thereby changing the 
state variables, and often the scales of key cycles, that define the system. Transformations 
fundamentally change the structures and processes that alternate feedback loops in [social-
ecological systems].”

Olsson et al. (2006)

“The capacity to transform the stability landscape itself in order to become a different kind 
of system, to create a fundamentally new system when ecological, economic, or social 
structures make the existing system untenable. . . . deliberate transformation involves 
breaking down the resilience of the old and building the resilience of the new.”

Folke et al. (2010)

Transformation “In the context of ecosystem stewardship, transformations involve forward-looking decisions 
to convert a system trapped in an undesirable state to a fundamentally different, potentially 
more beneficial system, whose properties reflect different social-ecological controls.”

Chapin et al. (2010) 

“A fundamental reorganization of the [social-ecological system], so that the system functions 
in a qualitatively different way than it did before.”

Biggs et al. (2010) 

“A change in the fundamental attributes of natural and human systems.” IPCC (2018)

Transition “Transitions (changes from one stable regime to another) are conceptualized . . . as occurring 
when landscape pressures destabilize prevailing regimes, providing breakthrough 
opportunities for promising niches. This implies a nonlinear process of change in which, 
after passing critical thresholds, elements of a previously dominant regime recombine with 
successful niches into a new dynamically stable configuration.”

Westley et al. (2011) 

“A transition is a radical, structural change of a societal (sub)system that is the result of a 
coevolution of economic, cultural, technological, ecological and institutional developments at 
different scale levels.”

Rotmans and Loorbach (2009) 

“The process of changing from one state or condition to another in a given period of time. 
Transition can be in individuals, firms, cities, regions and nations, and can be based on 
incremental or transformative change.”

IPCC (2018)

Sociotechnical 
transition

“Transitions entail major changes in the “socio-technical systems” that provide societal 
functions such as mobility, heat, housing, and sustenance. These systems consist of an 
interdependent and co-evolving mix of technologies, supply chains, infrastructures, markets, 
regulations, user practices, and cultural meaning.”

Geels et al. (2017b) 

“We define such transitions as shifts from one socio-technical system to another. . . . We 
consider transitions as having the following characteristics: Transitions are co-evolution 
process that require multiple changes in socio-technical systems . . . are multi-actor 
processes, which entail interactions between social groups . . . are radical shifts from one 
system to another . . . are long-term processes . . . [and] are macroscopic.”

Grin et al. (2010) 

Large systems 
change

“By large systems change (LSC), we mean change with two characteristics. One we refer 
to as breadth: change that engages a very large number of individuals, organizations and 
geographies across a wide range of systems. . . . The second characteristic we refer to 
as depth: LSC is not simply adding more of what exists or making rearrangements within 
existing power structures and relationships, but rather changes the complex relationships 
among these elements at multiple levels simultaneously.”

Waddell et al. (2015)

APPE NDIX A

Defining transformation, transition, and systems change
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Target Organization that led  
development of target

POWER

Reduce the carbon intensity of electricity generation to 50–125 gCO2/kWh by 2030 and to below zero in 2050. CAT Consortium* 

Increase the share of renewables in electricity generation to 55–90% by 2030 and to 98–100% by 2050. CAT Consortium*

Lower the share of unabated coal in electricity generation to 0–2.5% by 2030 and to 0% by 2050. CAT Consortium*

BUILDINGS

Reduce the carbon intensity of operations in select regions by 45–65% in residential buildings and by 65–75% in commercial 
buildings by 2030, relative to 2015; reach near zero carbon intensity globally by 2050. 

CAT Consortium*

Decrease the energy intensity of residential building operations in key countries and regions by 20–30% by 2030 and by 20–60% 
by 2050, relative to 2015; reduce the energy intensity of commercial building operations in key countries and regions by 10–30% by 
2030 and by 15–50% by 2050, relative to 2015. 

CAT Consortium*

Increase buildings’ retrofitting rate to 2.5–3.5% annually by 2030 and to 3.5% annually by 2040; ensure that all buildings are 
well insulated and fitted with zero-carbon technologies by 2050.

CAT Consortium*

INDUSTRY

Increase the share of electricity in the industry sector’s final energy demand to 35% by 2030, 40–45% by 2040, and 50–55% by 
2050.

CAT Consortium*

Reduce global cement production’s carbon intensity by 40% by 2030 and by 85–91% by 2050, relative to 2015. CAT Consortium*

Reduce global steel production’s carbon intensity by 25–30% by 2030 and by 93–100% by 2050, relative to 2015. CAT Consortium*

Build and operate 20 low-carbon commercial steel facilities, with each producing at least 1 Mt annually by 2030; ensure that all 
steel facilities are net-zero GHG emissions by 2050.

High-Level Climate Champions

Boost green hydrogen production capacity to 0.23–3.5 Mt (25 GW cumulative electrolyzer capacity) by 2026 and to 500–800 Mt 
(2,630–20,000 GW cumulative electrolyzer capacity) by 2050. 

High-Level Climate Champions

TRANSPORT

Reduce the percentage of trips made by private LDVs to between 4% to 14% below BAU levels by 2030. High-Level Climate Champions

Reduce the carbon intensity of land-based passenger transport to 35–60 gCO2/pkm by 2030 and reach near zero by 2050. High-Level Climate Champions

Increase the share of EVs to 75–95% of total annual LDV sales by 2030 and to 100% by 2035. CAT Consortium*

Expand the share of EVs to account for 20–40% of total LDV fleet by 2030 and 85–100% by 2050. CAT Consortium*

Boost the share of BEVs and FCEVs to reach 75% of annual global bus sales by 2025 and to reach 100% of annual bus sales in 
leading markets by 2030. 

CAT Consortium*

Increase the share of BEVs and FCEVs to 8% of global annual MHDV sales by 2025 and to 100% in leading markets by 2040. High-Level Climate Champions

Raise the share of low-emissions fuels in the transport sector to 15% by 2030 and to 70–95% by 2050. High-Level Climate Champions

Increase SAF’s share of global aviation fuel supply to 10% by 2030 and to 100% by 2050. WRI

Raise ZEF’s share of international shipping fuel to 5% by 2030 and to 100% by 2050. CAT Consortium*

TECHNOLOGICAL CARBON REMOVAL

Scale up technological carbon removal to 75 MtCO2 annually by 2030 and to 4.5 GtCO2 annually by 2050. WRI

LAND USE AND COASTAL ZONE MANAGEMENT

Reduce the rate of deforestation by 70% by 2030 and by 95% by 2050, relative to 2018. WRI

Reforest 259 Mha of land by 2030 and 678 Mha in total by 2050, relative to 2018. WRI

Remove 3.0 GtCO2 annually through reforestation by 2030 and 7.8 GtCO2 annually by 2050. WRI

Reduce the degradation and destruction of peatlands by 70% by 2030 and by 95% by 2050, relative to 2018. WRI

Restore 22 Mha of peatlands by 2030 and 46 Mha in total by 2050, relative to 2018. WRI

Reduce the conversion of coastal wetlands by 70% by 2030 and by 95% by 2050, relative to 2018. WRI

Restore 7 Mha of coastal wetlands by 2030 and 29 Mha in total by 2050, relative to 2018. WRI

APPE NDIX B

Target design by institution
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Target Organization that led  
development of target

AGRICULTURE

Reduce agricultural production emissions by 22% by 2030 and by 39% by 2050, relative to 2017. WRI

Increase crop yields by 18% by 2030 and by 45% by 2050, relative to 2017. WRI

Increase ruminant meat productivity per hectare by 27% by 2030 and by 58% by 2050, relative to 2017. WRI

Reduce share of food loss by 50% by 2030 and maintain this reduction through 2050, relative to 2016. WRI

Reduce per capita food waste by 50% by 2030 and maintain this reduction through 2050, relative to 2019. WRI

Reduce ruminant meat consumption in high-consuming regions to 79 kcal/capita/day by 2030 and to 60 kcal/capita/day by 2050. WRI

FINANCE

Increase total climate finance flows to $5 trillion per year by 2030 and sustain this level of funding through 2050. WRI

Raise public climate finance flows to at least $1.25 trillion per year by 2030 and sustain through 2050. WRI

Boost private climate finance flows to at least $3.75 trillion per year by 2030 and sustain through 2050. WRI

Jurisdictions representing three-quarters of global emissions mandate TCFD-aligned climate risk reporting and all of the 
world’s 2,000 largest public companies report on climate risk in line with TCFD recommendations by 2030.

WRI

Ensure that a carbon price of at least $135/tCO2e covers the majority of the world’s GHG emissions by 2030 and then increases 
to at least $245/tCO2e by 2050. 

WRI

Phase out public financing for fossil fuels, including subsidies, by 2030, with G7 countries and international financial institutions 
achieving this by 2025.

WRI

Note: CAT = Climate Action Tracker; WRI = World Resources Institute; gCO2/kWh = grams of carbon dioxide per kilowatt-hour; GHG = greenhouse gas; 
Mt = million tonnes; MtCO2 = million tonnes of carbon dioxide ; GW = gigawatts (billion watts); BEV = battery electric vehicle; FCEV = fuel cell electric 
vehicle; MHDV = medium- and heavy-duty vehicle; EV = electric vehicle; LDV = light-duty vehicle; SAF = sustainable aviation fuel; ZEF = zero-emissions 
fuel; BAU = business as usual; gCO2/pkm = grams of carbon dioxide per passenger kilometer; GtCO2 = gigatonnes (billion tonnes) of carbon dioxide;  
Mha = million hectares; kcal/capita/day = kilocalories per capita per day; gCO2/pkm = grams of carbon dioxide per passenger kilometer; TCFD = Task 
Force on Climate-Related Financial Disclosures; tCO2e = tonnes of carbon dioxide equivalent.
Sources: * CAT (2020a, 2020b).
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THE DEVELOPMENT OF THE TARGETS WAS 
informed by multiple sources of information 
and, as a result, may be presented as a single 
target or a range. When targets are presented 

as a range of values, the lower end of the range 
represents estimates based on current technologies 
and strategies. The more ambitious end of the range 
may represent trade-offs in decarbonization with 
other sectors and/or uncertainty in terms of feasibility 
(CAT 2020b). The targets were derived using various 
sustainability criteria. Dependence on fossil-based 
carbon capture and storage (CCS) will further increase 
the mitigation burden (only ~90 percent of emissions 
are captured in an idealized system) and pressure 
land-use sectors to extract more emissions from the 
atmosphere. Nuclear power generation suffers from 
political acceptability, safety issues, concerns in relation 
to the nuclear fuel cycle (including disposal of high-
level nuclear waste, which is nowhere resolved), high 
economic cost, slow build times, and inflexibility. Given 
the difficulties mentioned, the Climate Action Tracker 
(CAT) benchmarks therefore do not assess fossil-based 
CCS and sustained use of nuclear as viable emission-
free power generation options to target in scenarios 
compatible with the Paris Agreement. For more 
information on the design of targets, see CAT (2020a).

Power, Industry, Building,  
and Transportation Targets
The CAT team developed the majority of power, industry, 
buildings, and transportation targets (see Table 1) and 
used both top-down and bottom-up methods to establish 
their targets (CAT 2020b):

• Integrated assessment models (IAMs): The CAT team 
first considered the IAMs that were able to limit 
warming to 1.5°C (“no overshoot” and “low overshoot” 
scenarios in which a brief and limited overshoot of 
average warming occurred). The team then refined 
its selection to include only those scenarios that 
assumed sustainable use of carbon removal and use 
of biomass (max use of biomass in 2050 of about 
8,000 terawatt-hours electric). These pathways are 
defined on a least-cost pathway and do not consider 

equitable distribution of costs and required action.

• Downscaled IAMs: In addition to the global scenarios 
from the IAMs, the CAT team used a simplified IAM99 
to downscale regional IAM pathways to the country 
level. These modeled pathways on the country level 
account for the initial energy mix of the countries and 
the regional transition. The downscaling is done for 
1.5°C-compatible pathways that are harmonized to 
country-specific historical data.

• Bottom-up sectoral modeling and studies at the 
national level: The CAT team also used a combination 
of its own bottom-up modeling (e.g., steel, electric 
vehicles, cement, buildings) and other independent 
literature. Each sectoral target that was derived from 
such bottom-up analyses was still compared with 
1.5°C-compatible IAMs to ensure that, if there was any 
discrepancy, the bottom-up approaches were more 
ambitious in achieving decarbonization more rapidly.

See Transport Indicator 1 for a description of how WRI 
designed the modal shift target.

The High-Level Climate Champions used a range of 
different methods to develop the following targets:

• For hydrogen, the range represents the hydrogen 
needed to supply 15–20 percent of final global 
energy demand by 2050. This estimate accounts for 
uncertainty around end users and varying projections 
of energy productivity (ETC 2021b). This range 
aligns with analysis from Bloomberg New Energy 
Finance, the Hydrogen Council, and the International 
Renewable Energy Agency (BloombergNEF 2020b; 
Hydrogen Council 2017; IRENA 2021c).

• For medium- and heavy-duty vehicles and buses, the 
High-Level Climate Champions developed targets 
based on an S-curve (a smoothed sigmoid curve 
that starts with a low level of action, followed by 
acceleration and approach to a new state) forced 
to 100 percent by 2040 given the starting point. The 
S-curve represents normative goals suggested by 
various groups (advocacy, research, foundations) 
in the United States and Europe, which included the 
High-Level Climate Champions team. The Climate 

APPE NDIX C

Methodology for designing targets
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Leadership Initiative convened them between 
January and July 2020. 

• The shipping target is based on a 2019 analysis 
by University Maritime Advisory Services and UK 
Maritime Plan. It found that zero-emissions fuel 
adoption in international shipping needs to reach 
27 percent by 2036. The 2030 estimate of 5 percent 
and 93 percent by 2046 were developed by using 
indicative S-curve modeling using a logistic curve. 

• The sustainable aviation fuel (SAF) target was based 
on an ICCT (2021) analysis that shows SAF is capable 
of meeting 5.5 percent of projected EU jet fuel 
demand in 2030 (approximately 3.4 million tonnes 
of advanced SAF production annually) and 6 percent 
in 2035. Indicative S-curves are based on starting 
point and ambition for 100 percent SAF penetration 
according to a logistic S-curve formula.  The indicative 
S-curves were developed by a small working team 
from the High-Level Climate Champions and industry, 
which looked at several sources. It created three 
scenarios to backcast from 2050 to establish an 
ambitious but reasonable 2030 target.

For the steel plant targets, the High-Level Climate 
Champions established a normative target modeled 
by the Energy Transition Commission’s Net-Zero 
Steel Initiative and the target accounts for number 
of announced or planned facilities by 2030 but at 
higher plant productivity. This accounts for 5 percent 
of current primary production, and 10 percent under 
the 2050 primary production estimate.

Technological Carbon Removal Target
The technological carbon removal target, also developed 
by WRI, was based on the recent literature (NAS 2019; 
IPCC 2018; Fuss et al. 2018), which establishes ranges 
for 1.5°C-compatible carbon removal pathways that also 
meet sustainability criteria.

Land Use and Coastal Zone  
Management Targets
This report’s 2030 forests targets, as well as those 
for peatlands and coastal wetlands, are derived from 
an assessment by Roe et al. (2019) of the land sector’s 
contribution to limiting global temperature rise to 1.5°C 
above preindustrial levels. In their paper, Roe et al. 
(2019) reconcile top-down and bottom-up estimates 
of mitigation potentials to establish an overarching 

mitigation target for the land sector. They then divide 
this required effort into priority measures—or wedges—
that consider cost-effectiveness, as well as food 
security, biodiversity, and fiber production safeguards. 
Reforestation and restoration targets, specifically, 
exclude land-use changes across the world’s boreal 
biome, as adding trees to these landscapes could alter 
the reflectivity of the planet’s surface in ways that 
could increase global warming (Griscom et al. 2017; Roe 
et al. 2019). 

Our 2050 reforestation and restoration targets also 
account for these safeguards but reflect the maximum 
potential areas that can be reforested or restored 
sustainably (Griscom et al. 2017). These midcentury 
targets, then, go beyond what Roe et al. (2019) suggest is 
needed to limit global temperature rise to 1.5°C, in part 
because they assume very conservative use of BECCS 
and relatively low levels of soil carbon sequestration 
on working agricultural lands (Ranganathan et al. 2020; 
Searchinger and Ranganathan 2020). They are also 
relatively well aligned with Searchinger et al. (2019), 
which finds that, through a series of supply- and 
demand-side shifts, approximately 800 million hectares 
(Mha) of agricultural lands could be liberated by 2050. 

This report’s 2030 and 2050 targets for reducing 
deforestation, peatland degradation, and coastal 
wetlands conversion also differ slightly from those 
found in Roe et al. (2019). We use area, rather than 
avoided emissions, as our metric for consistency 
with our previous report, which was published when 
emissions data were less readily available, consistency 
with other indicators, and due to its actionability. For 
forests, the area of deforestation is highly correlated 
with emissions from deforestation (see Figure 55). For 
peatlands and coastal wetlands, data limitations make 
it difficult to assess correlation between area loss 
and emissions. Instead, we use the “maximum rate of 
avoidable impact (Mha/yr)” from Griscom et al. (2017)—
the source on which Roe et al. (2019) rely to estimate 
the mitigation potential for avoided emissions from the 
loss of these ecosystems. 

Agriculture Targets
Agriculture targets were set using a model from 
Searchinger et al. (2019). Determining criteria for these 
targets were food security for 9.8 billion people by 2050, 
nearly 600 million hectares of reforestation, and no more 
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than 4 gigatonnes of carbon dioxide equivalent per year 
of agricultural production emissions by midcentury. 
Additional details are provided in Lebling et al. (2020). 
The targets for food loss and waste are based on 
Sustainable Development Goal Target 12.3 on food loss 
and waste reduction. 

Finance Targets
The finance targets were developed by WRI, using a 
variety of methods:

• The overall climate finance targets were based on 
the mean of different energy and infrastructure 
needs estimates for 1.5°C or 2°C pathways (IPCC 2018; 
IEA 2021c; OECD 2017), combined with estimates of 
finance needed for nature-based solutions (UNEP 
2021b) and adaptation in developing countries (UNEP 
2016). See Table 16.

• The division between public and private finance to 
meet these needs was based on World Bank analysis 
(IPCC 2018). 

• The measurement, management, and disclosure 
of climate risks targets are based on adoption of 
reporting guidelines from the Task Force on Climate-
Related Financial Disclosures (TCFD 2017). 

• The carbon-pricing targets are set based on 
analysis by the Intergovernmental Panel on Climate 
Change of the minimum undiscounted carbon price 
necessary for a 1.5°C pathway (IPCC 2018); the share 
of global emissions to be covered at that price 
was stated as “a majority” since other policies can 
be complementary to carbon pricing at reducing 
emissions, so covering 100 percent of emissions 
with carbon pricing at the set levels may not be 
necessary (and probably isn’t feasible). 

• The public financing for fossil fuels targets is based 
on commitments by the G7 and G20 to phase out 
fossil fuel subsidies, with the former setting a 
2025 end date in 2016, and the latter committing in 
2009 to do so “over the medium term”; 2030 would 
be 21 years after the G20 commitment was made, 
stretching the limit of the definition of “medium 
term” (G7 2016; G20 2009).

Addition of new targets
In comparison to last year’s State of Climate Action 
report (Lebling et al. 2020), which included 21 indicators 
with targets for 2030 and 2050, this report 
includes 40 indicators. The addition of these new 
indicators, also generally with targets for 2030 and 2050, 
reflects a more comprehensive evaluation of shifts 
needed (e.g., use of hydrogen, protection and restoration 
of peatlands and coastal wetlands, modal shifts in 
transportation) and addresses gaps that were identified 
in the 2020 report (e.g., shipping, aviation, and 
technological carbon removal). The new indicators fit the 
same criteria as indicators included in the 2020 report 
but reflect a broadening and improvement of its 
scope. It should be noted that the indicators chosen in 
this report represent a set of critical actions but are 
not comprehensive of all shifts that need to happen 
economy-wide. 
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Targets and indicators Comparison with Lebling et al. (2020)

POWER

Reduce the carbon intensity of electricity generation to 50–125 gCO2/kWh by 
2030 and to below zero in 2050. 

Target and indicator are the same. 

Increase the share of renewables in electricity generation to 55–90% by 
2030 and to 98–100% by 2050. 

Target and indicator are the same.

Lower the share of unabated coal in electricity generation to 0–2.5% by 
2030 and to 0% by 2050. 

Target and indicator are the same.

BUILDINGS

Reduce the carbon intensity of operations in select regions by 45–65% 
in residential buildings and by 65–75% in commercial buildings by 2030, 
relative to 2015; reach near zero carbon intensity globally by 2050. 

Target and indicator are the same.

Decrease the energy intensity of residential building operations in key countries 
and regions by 20–30% by 2030 and by 20–60% by 2050, relative to 2015; 
reduce the energy intensity of commercial building operations in key countries 
and regions by 10–30% by 2030 and by 15–50% by 2050, relative to 2015. 

Target and indicator are the same.

Increase buildings’ retrofitting rate to 2.5–3.5% annually by 2030 and to 
3.5% annually by 2040; ensure that all buildings are well insulated and fitted 
with zero-carbon technologies by 2050.

Target and indicator are the same.

INDUSTRY

Increase the share of electricity in the industry sector’s final energy demand 
to 35% by 2030, 40–45% by 2040, and 50–55% by 2050.

Target and indicator are the same.

Reduce global cement production’s carbon intensity by 40% by 2030 and by 
85–91% by 2050, relative to 2015. 

Target and indicator are the same.

Reduce global steel production’s carbon intensity by 25–30% by 2030 and by 
93–100% by 2050, relative to 2015. 

Target and indicator are the same.

Build and operate 20 low-carbon commercial steel facilities, with each 
producing at least 1 Mt annually by 2030; ensure that all steel facilities are 
net-zero GHG emissions by 2050.

New target and new indicator identified.

Boost green hydrogen production capacity to 0.23–3.5 Mt (25 GW cumulative 
electrolyzer capacity) by 2026 and to 500–800 Mt (2,630–20,000 GW 
cumulative electrolyzer capacity) by 2050. 

New target and new indicator identified.

TRANSPORT

Reduce the percentage of trips made by private LDVs to between  
4% to 14% below BAU levels by 2030. 

New target and new indicator identified.

Reduce the carbon intensity of land-based passenger transport to  
35–60 gCO2/pkm by 2030 and reach near zero by 2050. 

Target and indicator are the same.

Increase the share of EVs to 75–95% of total annual LDV sales by 2030 and to 
100% by 2035. 

The EV share of the global LDV sales benchmark was changed this year to reflect 
the date at which the underlying internal Climate Action Tracker model achieves 
100% sales, which is 2035. This is also in line with other global electric vehicle 
sales benchmarks in existing literature, including CAT (2016), Kuramochi et al. 
(2017), and Climate Transparency (2020).

Expand the share of EVs to account for 20–40% of total LDV fleet by 
2030 and 85–100% by 2050. 

Target and indicator are the same.

Boost the share of BEVs and FCEVs to reach 75% of annual global bus sales 
by 2025 and to reach 100% of annual bus sales in leading markets by 2030. 

New target and new indicator identified.

Increase the share of BEVs and FCEVs to 8% of global annual MHDV sales by 
2025 and to 100% in leading markets by 2040. 

New target and new indicator identified.

Raise the share of low-emissions fuels in the transport sector to 15% by 
2030 and to 70–95% by 2050.

Target and indicator are the same.

APPE NDIX D. 

Changes in targets and indicators between this and last year’s report
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Targets and indicators Comparison with Lebling et al. (2020)

TRANSPORT (CONTINUED)

Increase SAF’s share of global aviation fuel supply to 10% by 2030 and to 
100% by 2050. 

New target and new indicator identified.

Raise ZEF’s share of international shipping fuel to 5% by 2030 and to 100% 
by 2050. 

New target and new indicator identified.

TECHNOLOGICAL CARBON REMOVAL

Scale up technological carbon removal to 75 MtCO2 annually by 2030  
and to 4.5 GtCO2 annually by 2050.

New target and new indicator identified.

LAND USE AND COASTAL ZONE MANAGEMENT

Reduce the rate of deforestation by 70% by 2030 and by 95% by 2050, 
relative to 2018. 

We changed the target’s baseline year from 2019 to 2018 to better align with Roe 
et al. (2019). However, because the deforestation rates in 2018 and 2019 were 
nearly the same (6.75 Mha in 2018 and 6.77 Mha in 2019), the difference between 
our targets in this report and Lebling et al. (2020) is relatively minor. This 
indicator, however, remains unchanged. 

Reforest 259 Mha of land by 2030 and 678 Mha in total by 2050,  
relative to 2018.

While our indicator and 2050 target remain unchanged from the last 
iteration of the State of Climate Action (Lebling et al. 2020), this year’s report 
provides an updated target for 2030, reflecting new estimates of annual 
carbon sequestration potential per hectare (Cook-Patton et al. 2020). To 
ensure alignment with the mitigation potential that Roe et al. (2019) found 
for reforestation (3.0 GtCO2/yr by 2030), from which our carbon removal for 
reforestation target is derived, we used the annual carbon sequestration 
potential per hectare from Cook-Patton et al. (2020) to estimate the area that 
must be reforested by 2030 to remove 3.0 GtCO2 annually. Although this new 
2030 target falls below those set by the Bonn Challenge and the New York 
Declaration on Forests (350 Mha by 2030), it focuses solely on reforestation, while 
both international commitments include pledges to plant trees across a broader 
range of land uses, such as agroforestry systems or tree plantations.

Remove 3.0 GtCO2 annually through reforestation by 2030 and 
7.8 GtCO2 annually by 2050.

Our carbon removal from reforestation indicator and targets were updated  
from Lebling et al. (2020), using more recent estimates of annual carbon 
sequestration potential per hectare for forest regrowth from Cook-Patton et al. 
(2020). This report also translates cumulative targets from Lebling et al. (2020) 
into annual benchmarks.

Reduce the degradation and destruction of peatlands by 70% by 2030  
and by 95% by 2050, relative to 2018.

New target and new indicator identified, which were key omissions from 
Lebling et al. (2020). Although data are still limited for this indicator, efforts to 
track global losses in peatland area are improving, and this is among the best 
indicators available to measure progress toward this target.

Restore 22 Mha of peatlands by 2030 and 46 Mha in total by 2050,  
relative to 2018.

New target and new indicator identified, which were key omissions from Lebling 
et al. (2020). Although data are still limited for this indicator, efforts to track 
gross gains in peatland area globally are improving, and this is among the best 
indicators available to measure progress toward this target.

Reduce the conversion of coastal wetlands by 70% by 2030 and by 95%  
by 2050, relative to 2018.

New target and new indicator identified, which were key omissions from Lebling 
et al. (2020). Although data are still limited for this indicator, efforts to track 
global losses in coastal wetlands areas are improving, and this is among the best 
indicators available to measure progress toward this target.

Restore 7 Mha of coastal wetlands by 2030 and 29 Mha in total by 2050, 
relative to 2018.

New target and new indicator identified, which were key omissions from Lebling 
et al. (2020). Although data are still limited for this indicator, efforts to track 
gross gains in coastal wetlands areas globally are improving, and this is among 
the best indicators available to measure progress toward this target.

AGRICULTURE

Reduce agricultural production emissions by 22% by 2030 and by 39% 
by 2050, relative to 2017. 

Target and indicator are the same.

Increase crop yields by 18% by 2030 and by 45% by 2050, relative to 2017. Target was updated from last year (now 13% increase by 2030; 38% increase 
by 2050, relative to 2017) to be consistent with Searchinger et al. (2021). The 
indicator remains unchanged. 

Increase ruminant meat productivity per hectare by 27% by 2030 and 
by 58% by 2050, relative to 2017.

Target and indicator are the same.
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Targets and indicators Comparison with Lebling et al. (2020)

AGRICULTURE (continued)

Reduce share of food loss by 50% by 2030 and maintain this reduction 
through 2050, relative to 2016.

We have now separated targets out for food loss and food waste. Our targets for 
food loss and waste have been updated to better align with SDG Target 12.3. Our 
indicator for food loss has changed to align with FAO’s Food Loss Index, but our 
indicator for food waste remains the same.Reduce per capita food waste by 50% by 2030 and maintain this reduction 

through 2050, relative to 2019. 

Reduce ruminant meat consumption in high-consuming regions to  
79 kcal/capita/day by 2030 and to 60 kcal/capita/day by 2050. 

Target is the same, but the expression of it was changed by narrowing the 
geographic focus. Instead of showing global per capita consumption (which 
included all regions, thus both high and low consumers of meat) per Lebling et 
al. (2020), in this report we solely focus on the necessary decline in per capita 
consumption in high-consuming countries, given that this is the focus of the 
challenge at hand. The indicator remains unchanged.

F IN A NCE

Increase total climate finance flows to $5 trillion per year by 2030 and 
sustain this level of funding through 2050. 

New target and new indicator indentified.

Raise public climate finance flows to at least $1.25 trillion per year by 
2030 and sustain through 2050.

New target and new indicator indentified.

Boost private climate finance flows to at least $3.75 trillion per year by 
2030 and sustain through 2050.

New target and new indicator indentified.

Jurisdictions representing three-quarters of global emissions mandate 
TCFD-aligned climate risk reporting and all of the world’s 2,000 largest  
public companies report on climate risk in line with TCFD recommendations 
by 2030.

New target and new indicator indentified.

Ensure that a carbon price of at least $135/tCO2e covers the majority of the 
world’s GHG emissions by 2030 and then increases to at least $245/tCO2e  
by 2050. 

New target and new indicator indentified.

Phase out public financing for fossil fuels, including subsidies, by 2030, with 
G7 countries and international financial institutions achieving this by 2025.

New target and new indicator indentified.

Note: gCO2/kWh = grams of carbon dioxide per kilowatt-hour; GHG = greenhouse gas; Mt = million tonnes; MtCO2 = million tonnes of carbon dioxide; GW = 
gigawatts (billion watts); BEV = battery electric vehicle; FCEV = fuel cell electric vehicle; MHDV = medium- and heavy-duty vehicle; EV = electric vehicle; 
LDV = light-duty vehicle; SAF = sustainable aviation fuel; ZEF = zero-emissions fuel; BAU = business as usual; GCO2/pkm = gigatonnes (billion tonnes) of 
carbon dioxide per passenger kilometer; GtCO2 = gigatonnes of carbon dioxide; Mha = million hectares; SDG = Sustainable Development Goal; FAO = Food 
and Agriculture Organization of the United Nations; kcal/capita/day = kilocalories per capita per day; TCFD = Task Force on Climate-Related Financial 
Disclosures; tCO2e = tonnes of carbon dioxide. 
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APPE NDIX E . 

Application of S-curves 
S-curve formula 

FOR THE INDICATORS THAT ARE DIRECTLY 
tracking technology adoption and have at least 
one historical data point, we present S-curves 
in the report to show one possible pathway for 

what’s needed to meet the 2030 and 2050 targets. These 
S-curves are simply illustrative. They show one potential 
pathway among many that could be used to reach the 
targets and are not predicting what future growth will be.

We used simple logistic S-curves to illustrate. We 
constructed these in Excel using the formula for simple 
logistic S-curves: 

Deployment at time (t) = K/(1+((K-Y0)/ Y0)*EXP(-α*t))

• K is the saturation value: in our circumstances, this is 
the 2050 target.

• Y0 is the most recent historical value.

• α is the intrinsic growth rate. It sets the trajectory 
of growth at the beginning then gradually reduces 
as it approaches the saturation value. The intrinsic 
growth rate is calculated from the S-curve’s 
emergence growth rate using the Excel formula: 
LOG([ 1+emergence growth rate],EXP(1)). The 
emergence growth rate is the rate of growth in the 
first year after the most recent historical value, 
which gradually tapers off as the curve approaches 
the saturation value.

• t is the year, starting at 1 for the first year after the 
most recent year with data.

Logistic S-curves are symmetrical with the speed of 
acceleration in the first half being mirrored with the speed 
of saturation in the second half. This is not necessarily 
borne out in the data—again, it is simply illustrative.

Indicators that could possibly follow 
some type of exponential growth
For the nine indicators in this report we categorized as 
“exponential possible,” we provide further explanation 
here. These indicators are not directly tracking technology 
adoption, so they wouldn’t be expected to closely follow 
S-curve dynamics. But these indicators are dependent 
on technology adoption to some degree, so likely would 
not follow purely linear growth either. For example, some 

indicators track emissions or carbon intensity in various 
sectors, which could be influenced by technology adoption 
but also by many other factors, like resource efficiency. 
Some indicators track technology adoption but are 
dependent on multiple technologies that aren’t closely 
related. For all of these indicators, nonlinear growth could 
apply in some way but would likely be more complex than 
simple S-curve dynamics. These include the following:

Power
• Carbon intensity of electricity generation (dependent 

on renewable energy adoption but also other factors 
like natural gas adoption and energy efficiency)

• Share of unabated coal in electricity generation 
(dependent on renewable energy adoption, but also 
other factors like natural gas adoption)

Buildings
• Carbon intensity of building operations (dependent 

on zero-carbon building technology adoption, but this 
includes multiple types of unrelated technologies, and 
is also dependent on energy efficiency)

Industry
• Share of electricity in the industry sector’s final 

energy demand (dependent on adoption of multiple 
unrelated technologies)

• Carbon intensity of global cement production 
(dependent on zero-carbon cement adoption, but this 
includes multiple types of unrelated technologies, and 
is also dependent on activities and practices like clinker 
substitution and energy efficiency)

• Carbon intensity of global steel production 
(dependent on low-carbon steel technology adoption, 
but this also includes multiple types of unrelated 
technologies, and is also dependent on energy 
efficiency)

• Number of low-carbon steel facilities in operation 
(dependent on low-carbon steel technology adoption 
but not directly tracking low-carbon steel adoption).

Transport
• Share of low-emissions fuels in the transport sector 

(dependent on multiple unrelated technologies like 
electric vehicles [EVs], biofuels, and hydrogen)

• Carbon intensity of land-based transport (dependent 
on both low-carbon technologies like EVs and energy 
efficiency of existing vehicles)
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2030 and 2050 targets 2020 acceleration 
factor

2021 acceleration 
factor

Explanation of differences

POWER

Increase the share of renewables in electricity generation  
to 55–90% by 2030 and to 98–100% by 2050. 

5.6x n/a; progress 
evaluated based on 
expert judgment and 
the literature

Previously assessed on the basis of linear 
growth, this time renewables are assessed 
based on the potential for accelerated, 
nonlinear growth, and so they do not have an 
acceleration factor.

Lower the share of unabated coal in electricity generation  
to 0–2.5% by 2030 and to 0% by 2050. 

5.1x 5.2x Updated data in the IEA World Energy Balance 
and CO2 emissions database. The latest year 
of data now available is 2018, while in the last 
report it was 2017.

Reduce the carbon intensity of electricity generation to  
50–125 gCO2/kWh by 2030 and to below zero in 2050.

3.6x 3.2x Updated data in the IEA World Energy Balance 
and CO2 emissions database. The latest year 
of data now available is 2018, while in the last 
report it was 2017.

BUILDINGS

Reduce the carbon intensity of operations in select regions by 
45–65% in residential buildings and by 65–75% in commercial 
buildings by 2030, relative to 2015; reach near zero carbon 
intensity globally by 2050. 

Insufficient data Insufficient data No difference between this and last year.

Decrease the energy intensity of residential building 
operations in key countries and regions by 20–30% by 
2030 and by 20–60% by 2050, relative to 2015; reduce the 
energy intensity of commercial building operations in key 
countries and regions by 10–30% by 2030 and by 15–50% by 
2050, relative to 2015. 

Insufficient data 2.7x New data were available for the 2021 report. 

Increase buildings’ retrofitting rate to 2.5–3.5% annually by 
2030 and to 3.5% annually by 2040; ensure that all buildings are 
well insulated and fitted with zero-carbon technologies by 2050.

Insufficient data Insufficient data No difference between this and last year.

INDUSTRY

Increase the share of electricity in the industry sector’s  
final energy demand to 35% by 2030, 40–45% by 2040,  
and 50–55% by 2050.

1.4x 1.1x Data set updated with more recent data.

Reduce global cement production’s carbon intensity by  
40% by 2030 and by 85–91% by 2050, relative to 2015. 

Insufficient data n/a; step change 
needed

n/a

Reduce global steel production’s carbon intensity by  
25–30% by 2030 and by 93–100% by 2050, relative to 2015. 

Insufficient data n/a; step change 
needed

n/a

Build and operate 20 low-carbon commercial steel facilities, 
with each producing at least 1 Mt annually by 2030; ensure  
that all steel facilities are net-zero GHG emissions by 2050.

n/a Insufficient data n/a; this report establishes a new target and 
indicator.

Boost green hydrogen production capacity to  
0.23–3.5 Mt (25 GW cumulative electrolyzer capacity)  
by 2026 and to 500–800 Mt (2,630–20,000 GW cumulative 
electrolyzer capacity) by 2050. 

n/a n/a; progress 
evaluated based on 
expert judgment and 
the literature

n/a; this report establishes a new target  
and indicator.

TRANSPORT

Reduce the percentage of trips made by private LDVs  
to between 4% to 14% below BAU levels by 2030. 

n/a n/a; U-turn needed n/a; this report establishes a new target  
and indicator.

Reduce the carbon intensity of land-based passenger 
transport to 35–60 gCO2/pkm by 2030 and reach near zero  
by 2050. 

Insufficient data Insufficient data No difference between this and last year.

APPE NDIX F. 

Changes in acceleration factors between this and last year’s report
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2030 and 2050 targets 2020 acceleration 
factor

2021 acceleration 
factor

Explanation of differences

TRANSPORT (continued)

Increase the share of EVs to 75–95% of total annual LDV sales 
by 2030 and to 100% by 2035. 

12x n/a; progress 
evaluated based on 
expert judgment and 
the literature

Previously assessed on the basis of linear 
growth, this time EVs are assessed based 
on the potential for accelerated, nonlinear 
growth, and so they do not have an 
acceleration factor.

Expand the share of EVs to account for 20–40% of total LDV 
fleet by 2030 and 85–100% by 2050. 

22x n/a; progress 
evaluated based on 
expert judgment and 
the literature

Previously assessed on the basis of linear 
growth, this time EVs are assessed based 
on the potential for accelerated, nonlinear 
growth, and so they do not have an 
acceleration factor.

Boost the share of BEVs and FCEVs to reach 75% of annual 
global bus sales by 2025 and to reach 100% of annual bus 
sales in leading markets by 2030. 

n/a n/a; progress 
evaluated based on 
expert judgment and 
the literature

n/a; this report establishes a new target a 
nd indicator.

Increase the share of BEVs and FCEVs to 8% of global annual 
MHDV sales by 2025 and to 100% in leading markets by 2040. 

n/a n/a; progress 
evaluated based on 
expert judgment and 
the literature

n/a; this report establishes a new target  
and indicator.

Raise the share of low-emissions fuels in the transport sector 
to 15% by 2030 and to 70–95% by 2050.

8x 12x Data set updated with more recent data. 
Because historical data values are so small, 
any changes result in large changes in the 
acceleration factor.

Increase SAF’s share of global aviation fuel supply to 10%  
by 2030 and to 100% by 2050. 

n/a n/a; progress 
evaluated based on 
expert judgment and 
the literature

n/a; this report establishes a new target  
and indicator.

Raise ZEF’s share of international shipping fuel to 5%  
by 2030 and to 100% by 2050. 

n/a n/a; progress 
evaluated based on 
expert judgment and 
the literature

n/a; this report establishes a new target  
and indicator.

TECHNOLOGICAL CARBON REMOVAL

Scale up technological carbon removal to 75 MtCO2 annually  
by 2030 and to 4.5 GtCO2 annually by 2050.

n/a n/a; progress 
evaluated based on 
expert judgment and 
the literature

n/a; this report establishes a new target  
and indicator.

LAND USE AND COASTAL ZONE MANAGEMENT

Reduce the rate of deforestation by 70% by 2030 and by 95% 
by 2050, relative to 2018. 

n/a; U-turn needed n/a; U-turn needed No difference between this and last year.

Reforest 259 Mha of land by 2030 and 678 Mha in total by 2050,  
relative to 2018.

5.2x 3.2x While our indicator and 2050 target remain 
unchanged from last year’s report, this year’s 
report provides an updated target for 2030, 
reflecting new estimates of annual carbon 
sequestration potential per hectare. See more 
in Appendix B. 

Remove 3.0 GtCO2 annually through reforestation by 2030 and 
7.8 GtCO2 annually by 2050.

11x 4.2x As above, the 2030 target has been updated, 
and, given that carbon removal from 
reforestation is related to reforestation 
amount, the acceleration factor here has  
also changed. 

Reduce the degradation and destruction of peatlands by 70% 
by 2030 and by 95% by 2050, relative to 2018.

n/a Insufficient data n/a; this report establishes a new target  
and indicator.

Restore 22 Mha of peatlands by 2030 and 46 Mha in total  
by 2050, relative to 2018.

n/a Insufficient data n/a; this report establishes a new target  
and indicator.
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2030 and 2050 targets 2020 acceleration 
factor

2021 acceleration 
factor

Explanation of differences

LAND USE AND COASTAL ZONE MANAGEMENT (CONTINUED)

Reduce the conversion of coastal wetlands by 70% by 
2030 and by 95% by 2050, relative to 2018.

n/a Insufficient data n/a; this report establishes a new target  
and indicator.

Restore 7 Mha of coastal wetlands by 2030 and 29 Mha  
in total by 2050, relative to 2018.

n/a 2.7x n/a; this report establishes a new target  
and indicator.

AGRICULTURE

Reduce agricultural production emissions by 22% by 2030  
and by 39% by 2050, relative to 2017. 

n/a; U-turn needed n/a; U-turn needed No difference between this and last year.

Increase crop yields by 18% by 2030 and by 45% by 2050, 
relative to 2017.

n/a; on track if action 
is sustained

1.9x Target was updated from last year (now 
13 percent increase by 2030; 38 percent 
increase by 2050, relative to 2017) to be 
consistent with Searchinger et al. (2021).  
The indicator remains unchanged.

Increase ruminant meat productivity per hectare by 27%  
by 2030 and by 58% by 2050, relative to 2017.

2.3x 1.6x Data set updated with more recent data.

Reduce share of food loss by 50% by 2030 and maintain  
this reduction through 2050, relative to 2016.

Insufficient data Insufficient data No difference between this and last year.

Reduce per capita food waste by 50% by 2030  
and maintain this reduction through 2050, relative to 2019. 

Insufficient data Insufficient data No difference between this and last year.

Reduce ruminant meat consumption in high-consuming 
regions to 79 kcal/capita/day by 2030 and to 60 kcal/capita/
day by 2050. 

n/a; on track if action 
is sustained

1.5x Target is the same, but the expression of it 
was changed by narrowing the geographic 
focus. Instead of showing global per capita 
consumption (which included all regions, thus 
both high and low consumers of meat), per 
Lebling et al. (2020), in this report we solely 
focus on the necessary decline in per capita 
consumption in high-consuming countries, 
given this is the focus of the challenge at 
hand. The indicator remains unchanged.

FINANCE

Increase total climate finance flows to $5 trillion per year  
by 2030 and sustain this level of funding through 2050. 

n/a 13x n/a; this report establishes a new target  
and indicator.

Raise public climate finance flows to at least $1.25 trillion  
per year by 2030 and sustain through 2050.

n/a 5x n/a; this report establishes a new target  
and indicator.

Boost private climate finance flows to at least $3.75 trillion  
per year by 2030 and sustain through 2050.

n/a 23x n/a; this report establishes a new target  
and indicator.

Jurisdictions representing three-quarters of global emissions 
mandate TCFD-aligned climate risk reporting and all of the 
world’s 2,000 largest public companies report on climate risk 
in line with TCFD recommendations by 2030.

n/a n/a n/a; this report establishes a new target  
and indicator.

Ensure that a carbon price of at least $135/tCO2e covers 
the majority of the world’s GHG emissions by 2030 and then 
increases to at least $245/tCO2e by 2050. 

n/a n/a; step change 
needed

n/a; this report establishes a new target  
and indicator.

Phase out public financing for fossil fuels, including subsidies, 
by 2030, with G7 countries and international financial 
institutions achieving this by 2025.

n/a 1.1x n/a; this report establishes a new target  
and indicator.

Note: n/a = not applicable; IEA = International Energy Agency; gCO2/kWh = grams of carbon dioxide per kilowatt-hour; GHG = greenhouse gas; Mt = million 
tonnes; GW = gigawatts (billion watts); BEV = battery electric vehicle; FCEV = fuel cell electric vehicle; MHDV = medium- and heavy-duty vehicle; EV = electric 
vehicle; LDV = light-duty vehicle; SAF = sustainable aviation fuel; ZEF = zero-emissions fuel; BAU = business as usual; gCO2/pkm = grams of carbon dioxide 
per passenger kilometer; GtCO2 = gigatonnes (billion tonnes) of carbon dioxide; MtCO2 = million tonnes of carbon dioxide; Mha = million hectares; kcal/
capita/day = kilocalories per capita per day; TCFD = Task Force on Climate-Related Financial Disclosures; tCO2e = tonnes of carbon dioxide equivalent. 
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TO IDENTIFY A SUBSET OF ENABLERS FOR 
each target and indicator, we reviewed the 
academic literature, as well as well-cited 
papers published by independent research 

institutions, UN agencies, and high-level sectoral 
coalitions (e.g., Energy Transitions Commission and the 
High-Level Panel for a Sustainable Ocean Economy). 
We conducted this literature review in English and 
constrained the dates of our search from 2015 to 2021. 
For some targets and indicators (e.g., protecting and 
restoring coastal wetlands), however, analysis of this 
recent body of literature suggested that several highly 

cited and seminal papers were published prior to 2015. In 
such instances, we included those studies in our review. 

Repositories searched included Google Scholar and 
EBSCO. We also searched for recent publications 
directly from the websites of independent research 
institutions, UN agencies, and high-level sectoral 
coalitions. Keywords used for each indicator are detailed 
in Table G1. These were paired with phrases from the five 
overarching buckets of enablers: innovation, regulations 
and incentives, strong institutions, leadership from key 
change agents, and shifts in behavior and social norms. 

TA BL E G 1 .  Keywords searched in literature review

Indicator Keywords

POWER

Share of renewables in electricity generation (%) Renewable electricity generation; solar power; wind power

Share of unabated coal in electricity generation (%) Coal-fired power; coal phaseout in electricity generation

Carbon intensity of electricity generation (gCO2/kWh) Carbon intensity of electricity generation; emissions intensity of electricity generation

BUILDINGS

Carbon intensity of building operations (kgCO2/m2) Renewable energy for heating; carbon intensity of buildings

Energy intensity of building operations (% change indexed to 2015, 
for which 2015 equals 100) 

Energy efficiency of buildings; building envelope improvements; near-zero buildings

Retrofitting rate of buildings (%/yr) Retrofitting rate; deep retrofitting of buildings

INDUSTRY

Share of electricity in the industry sector’s final energy demand (%) Electrification of heat; industry decarbonization

Carbon intensity of global cement production (kgCO2/t cement) Cement decarbonization; cement roadmap; novel cements; cement production;  
cement emissions 

Carbon intensity of global steel production (kgCO2/t steel) Steel decarbonization; steel roadmap; hydrogen-based steel; steel emissions; steel 
production

Low-carbon steel facilities in operation (# of facilities)  Steel decarbonization projects; nonstate climate action; steel emissions; Hybrit,  
Hisarna; CCS

Green hydrogen production (Mt) Green hydrogen production; low-carbon hydrogen; electrolysis capacity; hydrogen strategy

TRANSPORT

Share of trips made by private LDVs (%)  Modal split; modal share; passenger vehicles; public transit; walk; bicycle; passenger 
kilometers traveled

Carbon intensity of land-based transport (gCO2/pkm)  Transport electrification; e-fuels/green hydrogen research; advanced biofuels; modal shift 
behavior change

Share of EVs in LDV sales (%) Electric vehicle; zero-emissions vehicle; EV incentives; lithium-ion battery

Share of EVs in the LDV fleet (%) Electric vehicle stock; electric vehicle fleet; ICE vehicle phaseout

Share of BEVs and FCEVs in bus sales (%) Zero emission buses; transit electrification and decarbonization; barriers; BEV and FCEV 
incentives; enabling infrastructure

APPE NDIX G. 

Methodology for selecting enablers of climate action
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Indicator Keywords

TRANSPORT (CONTINUED)

Share of BEVs and FCEVs in MHDV sales (%) Zero emission trucks and commercial vehicles; fleet electrification and decarbonization; 
barriers; BEV and FCEV incentives; enabling infrastructure

Share of low-emissions fuels in the transport sector (%) Development of low-emissions fuels; green hydrogen market creation; e-fuels; PtX

Share of SAF in global aviation fuel supply (%) Aviation; sustainable aviation fuel; biofuel; jet fuel

Share of ZEF in international shipping fuel supply (%) Shipping; international shipping; zero-emissions fuels; drivers; enablers; ammonia; 
hydrogen; decarbonization

TECH CDR

Rate of technological carbon removal (MtCO2 removed/yr) Carbon removal scale-up; DAC; BECCS; mineralization; carbon removal policies

LAND USE AND COASTAL ZONE MANAGEMENT

Deforestation rate (Mha/yr) Deforestation; reducing deforestation

Reforestation (cumulative Mha) Reforestation; forest landscape restoration; nature-based solutions; natural carbon 
removal

Rate of carbon removal from reforestation (GtCO2/yr) Reforestation; forest landscape restoration; nature-based solutions; natural carbon 
removal

Peatlands conversion rate (Mha/yr) Peatlands conversion; peatland drainage; palm oil

Peatlands restoration (cumulative Mha) Peatlands restoration; palm oil

Coastal wetlands conversion rate (Mha/yr) Blue carbon; coastal wetlands; coastal ecosystems; coastal wetlands conversion

Coastal wetlands restoration (cumulative Mha) Blue carbon; coastal wetlands; coastal ecosystems; coastal wetlands restoration

AGRICULTURE

Agricultural production GHG emissions (GtCO2e/yr) GHG emissions; agricultural production; climate-smart agriculture

Crop yields (t/ha/yr) Sustainable crop yield intensification; sustainable increases in crop productivity; low-
emissions crop yield gains; crop production

Ruminant meat productivity (kg/ha/yr) Sustainable livestock intensification; sustainable increases in meat productivity; 
sustainable increases in dairy; livestock production

Share of food production lost (%) Food loss and waste; reducing GHG emissions from food loss and waste; food wastage

Food waste (kg/capita/yr)

Ruminant meat consumption in the Americas, Europe, and Oceania 
(kcal/capita/day)

Ruminant meat consumption; shifting diets; sustainable diets; low-emissions diets; beef 
consumption; plant-based diets

FINANCE

Total climate finance (billion $) Public climate finance; government investment climate; climate investment; scaling 
climate finance; increase climate finance; private climate finance; private investment 
climate; mobilize private climate finance; private climate finance mobilization

Public climate finance (billion $) Public climate finance; government investment climate; climate investment; scaling 
climate finance; increase climate finance

Private climate finance (billion $) Private climate finance; private investment climate; climate investment;  
scaling climate finance; increase climate finance; mobilize private climate finance;  
private climate finance mobilization

Corporate climate risk disclosure Corporate climate risks; corporate climate risk disclosure; climate-related financial 
disclosures

Share of global emissions covered by a carbon price of at least 
$135 per tonne of CO2e (%)

Carbon pricing; carbon tax; emissions pricing; emissions tax; emissions trading schemes; 
carbon-pricing policy

Total public financing for fossil fuels (billion $) Fossil fuel subsidy; fossil fuel subsidy phaseout; end fossil fuel subsidies; fossil fuel 
production subsides; fossil fuel consumption subsidies; public finance fossil fuel

Note: gCO2/kWh = grams of carbon dioxide per kilowatt-hour; kgCO2/m2 = kilograms of carbon dioxide per square meter; kgCO2/t = kilograms of carbon 
dioxide per tonne; CCS = carbon capture and storage; Mt = million tonnes; ZEF = zero-emissions fuel; EV = electric vehicle; LDV = light-duty vehicle; ICE = 
internal combustion engine; BEV = battery electric vehicle; FCEV = fuel cell electric vehicle; MDHV = medium- and heavy-duty vehicle; PtX = Power-to-X; 
SAF = sustainable aviation fuel; pkm = passenger kilometer; CDR = carbon dioxide removal; DAC = direct air capture; BECCS = bioenergy with carbon 
capture and storage; Mha = million hectares; GtCO2/yr = gigatonnes (billion tonnes) of carbon dioxide per year; GHG = greenhouse gas; t/ha/yr = tonnes per 
hectare per year; tCO2e = tonnes of carbon dioxide equivalent.
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ENDNOTES

1 According to 2010 data, buildings are responsible for as much as 
18 percent of global GHG emissions when including the indirect 
emissions from electricity and heat consumption (IPCC 2014). 

2 Medium- and heavy-duty vehicles include buses, medium 
freight trucks, and heavy freight trucks.

3 These targets are based on scenarios in the IPCC’s Special 
Report on 1.5°C that meet sustainability criteria set out in Fuss 
et al. (2018) (20 of the 53 scenarios) and use direct air capture, 
bioenergy with carbon capture and storage, and mineralization 
as technological carbon removal approaches. Targets are set 
at the median of these scenarios; interquartile ranges are 
0–660 MtCO2 for 2030 and 3.3–6.1 GtCO2 for 2050. 

4 Unlike in 2016, when temperatures were higher due to a strong 
El Niño, in 2020 the Pacific had entered a La Niña period, which 
has a cooling effect but did not sufficiently offset the warming 
from human-induced climate change.

5 Carbon dioxide emissions are reduced to net zero by 2050 and 
total GHG emissions reach net zero by 2063–68 on average for 
1.5°C scenarios with limited or no overshoot of 1.5°C.

6 CAT refers to “targets” as “benchmarks” in its report and 
methodology. See CAT (2020b, 2020a).

7 This report focuses on the global progress and therefore 
excludes country-specific data.

8 In a few cases, we are unable to calculate the historical linear 
rate of change because we only had data for a total change over 
a multiyear time period rather than data for each year. This 
is the case for the reforestation, carbon sequestration from 
reforestation, and peatlands conversion indicators, whose 
data are available as totals over 12 years, 12 years, and 18 years, 
respectively. Data for coastal wetlands restoration are 
available for 16 years for mangroves and much longer for other 
ecosystems, but similarly, they are only available as a total, not 
year by year, so an acceleration factor can’t be calculated. 

9 However, the power sector’s carbon intensity in China is still 
above the world average, and a large pipeline of coal power 
plants is planned or under construction.

10 Implies the biomass power generation with carbon capture and 
storage in combination.

11 These targets are set at the highest level of ambition 
technically achievable based on national energy transition 
studies. Integrated assessment models build economy-wide 
scenarios (i.e., not just the power sector) across aggregated 
regions and come to a wider range of the share of renewables. 
This indicates that there are 1.5°C-compatible scenarios with 
a renewable penetration of less than 98–100 percent. Grid 
stability and reliability in these scenarios is maintained in a 
cost-effective manner through multiple technologies, including 
storage. Storage on week-to-month timescales is enabled by 

pumped storage and on hourly-daily timescales by battery 
technologies and compressed air storage. Models can still find 
the need for spinning up gas-based reserves to help balance 
electrical load; in 100 percent renewable energy (RE) scenarios, 
such turbines are fueled with synthetic gas derived from 
renewable sources (e.g., methanation, electrolysis).

12 The IEA includes tidal energy and heat pumps in its definition of 
“other” new renewables.

13 The targets in this report derive from scenarios with low 
amounts of carbon capture and storage technology based on 
concerns related to cost, continued reliance on fossil fuels, 
and incomplete capture. With capture rates of 90 percent, 
fossil CCS would still result in carbon intensities greater than 
50 g/kWh and would require costly compensation with larger 
amounts of biomass power generation with CCS or direct air 
capture. Nuclear power is also limited due to concerns over 
safety, cost, waste disposal, and inflexibility. Grid stability 
and reliability is maintained in a cost-effective manner 
through multiple technologies, including storage. Short-term 
storage on an hourly basis is mostly powered by batteries and 
compressed air storage. Longer-term weekly and monthly 
storage is enabled by pumped storage and power-to-X 
technologies. The models that underlie the targets also employ 
spinning up gas-based reserves to help balance electrical 
load. In 100 percent RE scenarios, such turbines are fueled 
with synthetic gas derived from renewable sources (e.g., 
methanation, electrolysis).

14 The price of solar PV has risen 18 percent since the start of 
2021, because the cost of polysilicon has quadrupled (Murtaugh 
and Eckhouse 2021). A similar disruption was observed once 
earlier in the past decade (in 2013). It remains to be seen 
whether this year’s rise will also be temporary. 

15 “Unabated” refers to coal power generation that does not use 
carbon capture technology.

16 According to 2010 data, buildings are responsible for as much 
as 18 percent of global GHG emissions, when including the 
indirect emissions from electricity and heat consumption 
(IPCC 2014). This covers energy use for space heating and 
cooling, water heating, cooking, appliances, and lighting in the 
commercial and residential buildings.

17 This target is based on Climate Action Tracker, which for 
2030 provides targets for the United States, the European Union, 
Brazil, India, China and South Africa. The 45 percent reduction 
for residential buildings reflects the least ambitious target of 
all those countries. The range of 65–75 percent reduction for 
commercial buildings covers all countries’ targets.

18 A heat pump is a device that moves thermal energy from one 
place to the other. There are heat pumps for heating and cooling. 
For heating, the pump moves thermal energy into the building. 
For cooling, the thermal energy is moved out of the building. 
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19 Hydrogen is an expensive source of energy, not only because 
it is a rather new technology but also because the conversion 
from electricity to hydrogen is much less efficient than 
other solutions. This will not change with further technology 
development. Paris-compatible scenarios thus do not envision 
a large role for hydrogen in the buildings sector.

20 Final energy demand of the building, independently of how the 
demand is met.

21 As of August 2021.

22 This target is based on Climate Action Tracker, which for 
2030 provides targets for the United States, the European 
Union, Brazil, India, China and South Africa. All of those 
countries fall in the target range of 20–30 percent.

23 This target is based on Climate Action Tracker, which for 
2030 provides targets for the United States, the European 
Union, Brazil, India, China and South Africa. All of those 
countries fall in the target range of 20–30 percent.

24 Note that the acceleration factor is highly sensitive to the 
choice of historical data years. Using the data as of 2015 only 
would give a factor of 4.5.

25 Embodied carbon is not part of this indicator (see summary at 
the beginning of this chapter).

26 However, the IEA data do not breakdown emissions sources 
separately.

27 Deep retrofit is not a clearly defined term. Research from 
the United States indicates that energy efficiency can be 
improved by around 25–50 percent for most building types 
(Rocky Mountain Institute 2012). This does not yet include the 
decarbonization of the remaining energy needs.

28 Shallow retrofitting rates are those for which average energy 
intensity reductions are generally less than 15 percent.

29 Other energy‐intensive subsectors in industry include 
chemicals, aluminum, paper, other nonmetallic minerals and 
nonferrous metals, as well as light industries that produce 
vehicles, machinery, food, timber, textiles, and other consumer 
goods, together with the energy consumed in construction and 
mining operations (IEA 2021c).

30 Traditional cement production involves blending clinker (the 
initial output of the cement production process) with additional 
materials (e.g., SCMs), and the clinker-to-cement ratio refers to 
the amount of clinker that is used per tonne of cement. SCMs 
are materials that can be added in place of clinker to reduce 
the clinker-to-cement ratio, and in doing so, can lower the 
overall emissions intensity of cement. Traditional SCMs include 
fly ash and blast furnace slag, which are byproducts from coal-
fired power and steel production. However, new SCMs are being 
developed, of which one of the most promising is calcined clay. 
This material is abundantly available globally and can reduce 
the clinker-to-cement ratio to 40 percent in some cases. 

31 Since the primary GHG emitted during cement production 
is CO2, carbon intensity and emissions intensity are used 
interchangeably throughout this section. 

32 Since clinker production requires high heat, this technology 
cannot be easily electrified, although ongoing research is 
investigating the potential of using electricity and/or hydrogen. 

33 Novel cements refers to a group of cements produced using 
different techniques and with either similar or completely 
different raw materials. Novel cements do not contain any clinker, 
which reduces both process and energy-related emissions to 
varying extents depending on the type of novel cement.

34 Low-carbon steel facilities are facilities using a technology that 
leads to full or near-zero emissions. Although some projects only 
lead to partial emissions reductions in the near term, such as 
DRI-EAF using a blend of green hydrogen and natural gas, these 
are still considered “low-carbon facilities” as they plan to reach 
near-zero emissions in the medium to long term. By “operational,” 
we refer to full-scale projects. 

35 For low- and zero-carbon steel plants, the High-Level Climate 
Champions established a normative target based on project 
pipeline announcements and scenarios modeled by the Energy 
Transition Commission’s Net-Zero Steel Initiative. This target 
focuses on increasing the number of announced or planned 
facilities with annual productivity levels that exceed 1 million 
tonnes by 2030. 

36 The most commonly used route is the blast furnace–basic 
oxygen furnace (BF-BOF) route and is based on coked coal. The 
second-most commonly practiced route is the scrap to electric 
arc furnace (scrap-EAF) route where scrap steel is melted in an 
electric arc furnace, fully fed by electricity. Least used is the 
direct reduced iron–electric arc furnace route (DRI-EAF) route, 
which uses natural gas or other fuels to reduce the iron ore 
before it is fed to an EAF.

37 Refers to mentioned key decarbonization technologies 
including CCUS, green hydrogen–based DRI and direct 
electrolysis (Figure 26). 

38 This estimate accounts for uncertainty around end uses 
and variable energy productivity. The low end of this target, 
500 Mt, represents a scenario with maximum economy-wide 
energy productivity improvements where global energy 
demand is 17 percent lower than 2019 levels. The high end, 
800 Mt, represents a scenario where global energy demand 
is 15 percent higher than 2019 with no additional productivity 
improvement (ETC 2021b). 

39 Range assumes electrolyzer utilization rate will range 
from 40 to 65 percent depending on location and that 1 MW 
electrolyzer capacity will produce 90–140 tonnes green 
hydrogen per year.

40 Excluding externalities related to climate change (i.e., 
assuming the electrification of the vehicle fleet), Parry et al. 
(2007) quantified all other externalities related to car usage at 
$0.10 per mile driven. 

41 See http://transferproject.org/wp-content/uploads/2017/09/
Transportation-Demand-Management.pdf for a more complete list.

42 Advanced biofuels are those that make use of feedstock from 
nonfood and nonfeed biomass, including waste materials (such 
as vegetable oils or animal fats) and energy-specific crops that 
can be grown on less-productive and degraded land. They thus 
have a lower impact on food resources and should be less likely 
to cause land-use change.

43 China, the European Union, Japan, and the United States.

44 Financing schemes that allow purchasers to cover the cost of 
the battery of a vehicle through payments over the lifetime of 
the asset.

45 China, the European Union, Japan, and the United States.

46 Medium- and heavy-duty vehicles include buses, medium 
freight trucks, and heavy freight trucks.

47 Total cost of ownership for a truck includes capital costs, 
fuel costs, and operating costs associated with vehicle 
maintenance, tire replacement, registration, insurance, and 
road taxes.

http://transferproject.org/wp-content/uploads/2017/09/Transportation-Demand-Management.pdf
http://transferproject.org/wp-content/uploads/2017/09/Transportation-Demand-Management.pdf
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48 Trucks here refers to medium- and heavy-duty vehicles 
(MHDVs). MHDVs are generally involved in applications such 
as freight and cargo distribution, construction, refuse 
applications, and drayage. Medium-duty vehicles generally 
weigh between 3.2 and 13.6 tonnes (3.5 and 15 U.S. conventional 
tons) and heavy-duty vehicles weigh more than 13.6 tonnes 
(15 U.S. conventional tons). These vehicles can cover more than 
161,000 kilometers (100,000 miles) annually depending on the 
type of application. 

49 Drayage trucks transport containers and bulk freight cargo, 
such as agricultural and petroleum products, between ports 
and intermodal rail facilities or distribution centers.

50 Vehicles in long-haul heavy-duty applications generally weigh 
more than 12.7 tonnes (14 U.S. conventional tons) in the United 
States and 13.6 tonnes (15 U.S. conventional tons) in other 
markets like China and Europe. Such vehicles can cover a daily 
distance of 346–402 kilometers (215–250 miles) (or more than 
161,000 kilometers [100,000 miles] annually) in road freight 
movement

51 Fuel cells offer higher power densities than lithium-ion 
batteries, and the range of FCEVs can be increased by adding 
more hydrogen tanks to a vehicle and without increasing the 
fuel cell stack size. Additionally, FCEVs can also be refueled 
faster than BEVs. Such characteristics are expected to make 
FCEVs more suitable for long-haul heavy-duty applications.

52 A learning rate of 22 percent implies that doubling the rate of 
fuel cell production could decrease the cost of fuel cell stacks 
(in $/kW) by 22 percent.

53 The price of hydrogen at refueling stations includes hydrogen 
production, transport, and storage costs.

54 Commercial chargers here refer to 50 kW, 150 kW, and 350 kW 
chargers. 

55 California’s ACT rule applies to class 2b to class 8 vehicles, 
which are those having a gross vehicle weight rating of more 
than 3.8 tonnes (4.25 U.S. conventional tons). 

56 Biofuels that require the use of arable land to produce 
feedstock are unsustainable and do not lead to significant 
emissions reductions. Advanced biofuels that do not use such 
feedstock, or that are derived from waste materials, are those 
that can be considered low carbon. Such biofuels can help to 
lower emissions while internal combustion engine vehicles 
remain on the roads, but they will not be needed as vehicle 
fleets become fully electrified.

57 These trends include demand increases from conventional 
biofuels. Policy should shift away from encouraging blending 
mandates that include conventional biofuels due to their 
unsustainable nature.

58 An electrolyzer uses electricity to convert water into hydrogen 
and oxygen gas.

59 Large-scale solar and onshore wind projects require 
significant tracts of suitable land, something that is lacking in 
both Japan and South Korea.

60 Power-to-X refers to the process of creating green hydrogen, 
then combining this hydrogen with carbon dioxide or nitrogen 
to form various types of synthetic fuels.

61 Notably, aviation may account for more than 4.5 percent 
of global CO2 emissions by midcentury after considering 
decarbonization of other sectors (Carbon Brief 2016). 

62 The HEFA pathway refines vegetable oils, waste oils, or fats 
into fuel through hydrogenation. The gasification-FT pathway 
gasifies feedstocks such as waste and woody residues to 

produce syngas, which is then fed into a Fischer-Tropsch 
reactor in the presence of catalysts to form jet fuel. The 
alcohol-to-jet pathway converts biomass into ethanol, which 
is then converted to aviation fuel. Finally, the power-to-liquid 
pathway produces syngas via electrolysis of sustainable CO2 
(using green hydrogen or renewable electricity); this syngas is 
then converted to hydrocarbons via a Fischer-Tropsch reaction 
like in the gasification process (WEF 2020). 

63 As the HEFA pathway utilizes either virgin vegetable oils with 
sustainability concerns or waste lipids, which may be highly 
constrained in supply as they are already largely collected 
and utilized, other pathways that have more flexibility to use 
different lignocellulosic or waste feedstocks should continue 
to be developed for commercialization.

64 Sustainable CO2 is the term used for CO2 emissions that 
are captured either before or after being released into the 
atmosphere and that are then “reused” to create a new product. 
At present, sustainable CO2 can be derived from three primary 
sources: as an industrial waste gas from burning fossils such 
as coal or gas (point-source captured CO2); from sustainable 
biomass (bioenergy carbon capture and storage or BECCS); or 
as direct air capture (DAC), a process that extracts CO2 directly 
from the atmosphere (WEF 2020). 

65 The four different viable SAF production pathways rely on 
different combinations of the above inputs: sustainable 
biomass is needed to produce the HEFA, gasification, and 
alcohol-to-jet SAF pathways; renewable energy is needed 
to produce all SAF pathways; green hydrogen is needed to 
produce the HEFA and power-to-liquid SAF pathways; and 
sustainable CO2 is needed to produce the power-to-liquid SAF 
pathway. 

66 BloombergNEF estimates that a carbon price of around $250/
tonne of CO2e would bring the price of fossil-based jet fuel in 
line with current price estimates for several SAF pathways 
(BloombergNEF 2021b). 

67 In 2019, 96 billion gallons of aviation fuel were used to 
power the global aviation sector; therefore, the coalition’s 
commitment to supply 2 billion gallons of sustainable aviation 
fuel in 2030 represents just under 1 percent of global supply. 
Accordingly, while the coalition’s collaboration should be 
applauded, further ambition toward 2030 is necessary. 

68 Only land-based carbon removal approaches are discussed 
here, but there is also great, though arguably even less well-
understood, potential to leverage the ocean to sequester more 
carbon through approaches like macroalgae cultivation and 
alkalinity enhancement. 

69 These targets are based on scenarios in the IPCC’s Special 
Report on 1.5°C that meet sustainability criteria set out in Fuss 
et al. (2018) (20 of the 53 scenarios) and use direct air capture, 
bioenergy with carbon capture and storage and mineralization 
as technological carbon removal approaches. Targets are set 
at the median of these scenarios; interquartile ranges are 
0–660 MtCO2 for 2030 and 3.3–6.1 GtCO2 for 2050. 

70 The California Air Resources Board expects the credit value to 
decline to less than $100/tCO2 by 2022 (Larsen et al. 2019).

71 Note that our indicator uses area of deforestation, rather than 
emissions from deforestation as used by Roe et al. (2019). We 
chose area as our metric due to consistency with previous 
reports, when emissions data were less readily available, 
consistency with other indicators, and due to its actionability. 
The area of deforestation is highly correlated with emissions 
from deforestation, as shown in Figure 55. 

72 These figures are based on an update to Curtis et al. (2018) by 
World Resources Institute and The Sustainability Consortium, 
which separates annual tree cover loss data described in 
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Hansen et al. (2013) into five drivers: commodity-driven 
deforestation, shifting agriculture, forestry, wildfire, and 
urbanization (Curtis et al. 2018; Hansen et al. 2013). We define 
deforestation for the purposes of this report as tree cover loss 
due to commodity-driven deforestation and urbanization, and 
tree cover loss due to shifting agriculture that occurs in primary 
forests (as mapped by Turubanova et al. 2018).

73 Gross tree cover gain is among the best available proxy 
indicators for reforestation, measuring the establishment 
of tree canopy in an area that previously had no tree cover. 
This metric, however, also includes tree cover gains made 
within areas that are not typically considered forests, such 
as industrial tree plantations or, in some instances, dense 
agroforestry systems. An area is defined as experiencing tree 
cover gain when an increase in tree cover to at least 50 percent 
canopy cover has occurred (measured at a 30-meter resolution 
in satellite imagery). This indicator also measures “gross” tree 
cover gain—that is, the total gain irrespective of any tree cover 
loss that may have occurred during that same year (WRI 2021b).

74 While our 2050 target remains unchanged from the last 
iteration of the State of Climate Action (Lebling et al. 2020), this 
year’s report provides an updated target for 2030, reflecting new 
estimates of annual carbon sequestration potential rates per 
hectare (Cook-Patton et al. 2020). To ensure alignment with the 
mitigation potential that Roe et al. (2019) found for reforestation 
(3.0 GtCO2 per year by 2030), from which our carbon removal 
for reforestation target is derived, we used the annual carbon 
sequestration potential rates per hectare from Cook-Patton 
et al. (2020) to estimate the area that must be reforested 
by 2030 to remove 3.0 GtCO2 annually. Although this new 
2030 target falls below those set by the Bonn Challenge and the 
New York Declaration on Forests (350 Mha by 2030), it focuses 
solely on reforestation, while both international commitments 
include pledges to plant trees across a broader range of land 
uses, such as agroforestry systems or tree plantations. 

75 Reforestation is defined as the conversion from nonforested 
lands to forests in areas where forests historically occurred. 
This excludes afforestation or restoration of nonforested 
landscapes. 

76 This is the maximum additional area of land that can be 
reforested from actions that go beyond business-as-usual 
land use activities. It is additional to gross tree cover gain that 
occurred prior to the baseline year of 2018, which includes the 
time period for which historical data exist (2000–2012). 

77 Carbon removal from reforestation targets were updated from 
Lebling et al. (2020), using new estimates of annual carbon 
sequestration potential rates per hectare for forest regrowth 
from Cook-Patton et al. (2020). This report also translates 
cumulative targets from Lebling et al. (2020) into annual targets. 

78 Because soil carbon sequestration rates across agricultural 
lands are relatively low (Ranganathan et al. 2020; Searchinger 
and Ranganathan 2020) and the scale-up of BECCS may 
undercut food security, sustainable development, and climate 
mitigation goals (Searchinger et al. 2019; Searchinger and 
Heimlich 2015), this report does not establish targets for either 
mitigation “wedge.” It instead sets a higher target for carbon 
removal from reforestation. 

79 While historical case studies of reforestation exist, papers 
that analyze these studies to identify common, key enablers of 
success primarily focus on forest landscape restoration more 
broadly. This report defines forest landscape restoration as the 
process of regaining ecological functionality and strengthening 
human well-being across deforested or degraded forest 
landscapes (Hanson et al. 2015).

80 Although they tend to spare land globally, gains in agricultural 
productivity can also improve the local economics of 
farming. By reducing local production costs and increasing 

the profitability of each hectare in some regions, these 
improvements in yields can incentivize farmers to expand their 
croplands and pastures into nearby natural ecosystems. These 
local rebound effects have likely spurred the expansion of beef, 
soybeans, and maize production in Brazil, as well as palm oil in 
Indonesia and Malaysia (Chaturvedi et al. 2019).

81 This target and its associated indicator are both derived from 
Roe et al. (2019) and Griscom et al. (2017), the latter of which 
defines coastal wetlands conversion “as the anthropogenic 
loss of organic carbon stocks in mangroves, saltmarshes, 
and seagrass ecosystems.” This definition does not explicitly 
include losses from mangrove forests and salt marshes that 
have drowned from increases in relative sea level rise—a climate 
impact that will likely intensify in the coming decades. Future 
iterations of this report may update this target and indicator, 
as data on the global extent of these ecosystems improve and 
related methods for distinguishing submergence-related losses 
from other forms of conversion become available. 

82 Mangrove forests, salt marshes, and seagrass meadows are 
vegetated coastal ecosystems that sit at the intersection of 
land and the ocean. These ecosystems are classified by their 
foundational plant species and are among the most productive 
in the world. Mangrove forests occur primarily in the tropics 
between the low and high tide. Salt marshes also occupy 
this intertidal zone, and although they are generally found in 
middle to high latitudes, some exist alongside mangroves. 
Unlike mangroves and salt marshes, seagrass meadows are 
found primarily in coastal waters around the world, with a 
depth range from the intertidal zone to offshore waters of up 
to 80 meters (Steven et al. 2020; Lipkin et al. 2003; UNEP et al. 
2020). Also, although the coastal literature does not generally 
consider seagrass meadows to be coastal wetlands, the 
global climate change community often does (e.g., Roe et al. 
2019; Griscom et al. 2017; Hiraishi et al. 2014), and this report 
follows their lead, particularly the IPCC’s 2013 Supplement to the 
2006 IPCC Guidelines for National Greenhouse Gas Inventories: 
Wetlands, which includes seagrass meadows in its guidelines 
for estimating emissions and removals of GHG from coastal 
wetlands (Hiraishi et al. 2014).

83 For comparison, the magnitude of global carbon stocks in 
terrestrial forests ranges from 166 tonnes of carbon per 
hectare within tropical dry forests to 272 tonnes of carbon per 
hectare within temperate conifer forests. These estimates 
include aboveground and belowground biomass, as well as soil 
organic carbon within the top 30 centimeters in forests and 
within the top 1 meter in wetlands. 

84 This global estimate of avoided emissions does not account 
for fluxes in methane and nitrous oxide that may occur during 
conversion, representing one critical gap in the scientific 
community’s understanding of the role coastal wetlands play in 
climate change mitigation. 

85 Estimates of coastal wetlands’ global area, historical extent of 
conversion, and current rates of loss for are highly uncertain 
and constrained by significant data limitations. Griscom et 
al. (2017) estimate this rate of loss (0.63 Mha per year) from 
recently reported estimates of global extent (13.8 Mha for 
mangroves, 5.1 Mha for salt marshes, and 30 Mha for seagrass 
meadows) and annual rates of loss (0.7 percent for mangroves, 
1.5 percent for salt marshes, and 1.5 percent for seagrasses) 
from the literature (Pendleton et al. 2012; Giri et al. 2011; 
Siikamäki et al. 2013). But some of these estimates, particularly 
for salt marshes, rely on data ranging back to the 1800s and are 
highly uncertain. 

86 This target and associated indicator are derived from Roe 
et al. (2019) and Griscom et al. (2017), which focus solely on 
mitigation outcomes attributed to human activities. It does 
not include gains in mangrove forest and salt marsh area that 
occur from inland migration, a natural, adaptive response that 
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both ecosystems have to relative sea level rise (Schuerch et al. 
2018; Kirwan et al. 2016).

87 Both annual carbon sequestration rates presented for coastal 
wetlands (0.2 GtCO2 and 0.8 GtCO2) are likely overestimates, 
given that they do not account for fluxes of nitrous oxide and 
methane that occur naturally within these ecosystems and 
partially offset their carbon burial rates (Rosentreter et al. 
2018, 2021).

88 In some countries, coastal wetlands are not included within 
marine protected areas and are often managed by an authority 
that does not work on ocean affairs, such as agencies focused 
on managing forests or local planning authorities. Such a 
disconnect can complicate efforts protect these ecosystems, 
and in these countries, improved coordination across these 
agencies is critical. 

89 The global valuation of ecosystem services and functions 
by Costanza et al. (2014) includes gas regulation, climate 
regulation, disturbance regulation, water regulation, water 
supply, erosion control, soil formation, nutrient cycling, 
waste treatment, pollination, biological control, habitat, food 
production, raw materials, genetic resources, recreation, and 
cultural services. 

90 CPI’s data err toward conservative accounting, including  
by making efforts to avoid double counting by excluding: 

• secondary market transactions such as trading on 
financial markets, because they do not represent new 
investment but rather exchange of money for existing 
assets;

• research and development and investment in 
manufacturing, since these costs are factored into 
financing for projects that ultimately deploy technologies; 

• revenue support mechanisms such as feed-in tariffs and 
other public subsidies since they are designed to pay back 
project investment costs;

• financing for fossil fuels (some entities report certain 
financing for fossil fuel projects as climate finance on 
the pretext that it is lower-carbon than an alternative 
approach due to efficiency, such as an ultra-supercritical 
coal power plant compared to a supercritical or subcritical 
one, or the lower carbon content of the fuel such as gas as 
compared to coal); and 

• data where they are unreliable, such as private sector 
energy efficiency investment. (Buchner et al. 2019)

91 Total developed to developing country climate finance, 
including private mobilized finance, was estimated by the OECD 
to have reached $79.6 billion in 2019 (OECD 2021c).

92 Jurisdictional studies also exist: the U.S. Congressional Budget 
Office projected that a U.S. FTT of 0.1 percent could raise 
$109 billion annually by 2030 (CBO 2020), while the European 
Commission’s proposal in Eurozone countries was projected to 
raise €31 billion a year in revenues (European Commission 2013).

93 Carbon pricing can be a useful source of revenue in the short 
and medium term, but it would need to be replaced by other 
sources as emissions are reduced over time (IMF 2019).

94 The United Kingdom (73 percent), followed by Germany, 
Australia, and Canada (all 68 percent), South Africa 
(65 percent), Italy (64 percent), Japan (59 percent), the United 
States (57 percent), France (56 percent), and Argentina, Brazil, 
and Indonesia (all 51 percent).

95 For CPI’s 2019 climate finance landscape, tracked private 
finance is limited to investment in renewable energy, electric 
vehicles, and infrastructure projects from IJGlobal and from a 
Climate Bonds Initiative bond data set (Buchner et al. 2019).

96 When considering the use of public finance to derisk private 
investments, it is important to assess whether the alternative use 
of public finance to directly own or operate infrastructure and 
services would deliver a better return to the public (Gabor 2021).

97 This was compiled based on summing the production and 
consumption subsidy data for 2019 (OECD 2021a), the average 
state-owned entity fossil fuel capital expenditure between 
2017 and 2019 (Geddes et al. 2020), and average of public fossil 
fuel finance from MDBs and G20 countries’ ECAs and DFIs 
between 2016 and 2018, since an estimate for 2019 was not 
available (Tucker and DeAngelis 2020). 

98 The United Kingdom’s policy applies to its international support 
only; the government still finances fossil fuels domestically.

99 SIAMESE, or the Simplified Integrated Assessment Model with 
Energy System Emulator.



214STATE OF CLIMATE ACTION 2021  | rEFErENCES

REFERENCES

Abnett, K., and M. Green. 2020. “EU Makes World’s Biggest Green 
Recovery Pledge—But Will It Hit the Mark?” Reuters, July 22, 2020. 
https://www.reuters.com/article/us-eu-summit-climate-change/
eu-makes-worlds-biggest-green-recovery-pledge-but-will-it-hit-
the-mark-idUSKCN24N231.

Abramczyk, M., A.B. Jaffee, A. Chikara, M. Diawara, A. Lerch, and J. 
Newcomb. 2017. “Positive Disruption: Limiting Global Temperature 
Rise to Well below 2C°.” Basalt, CO: Rocky Mountain Institute. 
https://rmi.org/insight/positive_disruption_limiting_global_
temperature_rise/.

ACEA (European Automobile Manufacturers Association). 2015. 
“Joining Forces to Tackle the Road Transport CO2 Challenge: A Multi-
stakeholder Initiative.” Brussels: ACEA. https://www.acea.auto/
files/Joining_forces.pdf.

Adams, M., V. Burrows, and D. Czerwinska. 2020. “Asia Pacific 
Embodied Carbon Primer.” London and Toronto: World Green 
Building Council. https://www.worldgbc.org/sites/default/files/
Asia%20Pacific%20Embodied%20Carbon%20Primer_FINAL_
v5_240920_1.pdf.

Airlines for America. 2021. “Major U.S. Airlines Commit to Net-Zero 
Carbon Emissions by 2050.” March 31, 2021. https://www.airlines.
org/news/major-u-s-airlines-commit-to-net-zero-carbon-
emissions-by-2050/.

AirMiners. 2021. “AirMiners Index.” https://airminers.org/explore.

Andrew, R.M. 2019. “Global CO2 Emissions from Cement Production, 
1928–2018.” Earth Science System Data 11 (4): 1675–710. doi:https://
doi.org/10.5194/essd-11-1675-2019.

Apostolaki-Iosifidou, E., P. Codani, and W. Kempton. 2017. 
“Measurement of Power Loss during Electric Vehicle Charging and 
Discharging.” Energy 127: 730–42. doi:https://doi.org/10.1016/j.
energy.2017.03.015.

Architecture 2030. 2021a. “Actions for Zero Carbon Buildings: 
Existing Building.” https://architecture2030.org/existing-
buildings-operation/.

Architecture 2030. 2021b. “Zero Code.” https://zero-code.org/.

Arthur, W.B. 1989. “Competing Technologies, Increasing Returns, 
and Lock-In by Historical Events.” Economic Journal 99 (394): 116. 
doi:10.2307/2234208.

Artola, I., K. Rademaekers, R. Williams, and J. Yearwood. 2016. 
“Boosting Building Renovation: What Potential and Value for Europe?” 
Rotterdam: Trinomics. https://www.europarl.europa.eu/RegData/
etudes/STUD/2016/587326/IPOL_STU(2016)587326_EN.pdf.

Assunção, J., C. Gandour, and R. Rocha. 2013. “DETERring 
Deforestation in the Brazilian Amazon: Environmental Monitoring 
and Law Enforcement.” San Francisco: Climate Policy Initiative. 
https://climatepolicyinitiative.org/wp-content/uploads/2013/05/
DETERring-Deforestation-in-the-Brazilian-Amazon-Environmental-
Monitoring-and-Law-Enforcement-Technical-Paper.pdf.

Astuti, R., D. Taylor, and M.A. Miller. 2020. “Indonesia’s Peatland 
Restoration Agency Gets an Extension despite Failing to Hit 
Its Target: What Are the Hurdles and Next Strategies?” The 
Conversation. http://theconversation.com/indonesias-peatland-
restoration-agency-gets-an-extension-despite-failing-to-hit-its-
target-what-are-the-hurdles-and-next-strategies-151989.

Athawale, R., S. Joshi, and R. Bharvirkar. 2019. “India’s Energy 
Transition: Implications and Considerations.” Regulatory Assistance 
Project. http://www.raponline.org/knowledge-center/indias-
energy-transition-implications-considerations/.

Attwood, S., P. Voorheis, C. Mercer, K. Davies, and D. Vennard. 2020. 
Playbook for Guiding Diners toward Plant-Rich Dishes in Food Service. 
Washington, DC: World Resources Institute. https://www.wri.org/
research/playbook-guiding-diners-toward-plant-rich-dishes-food-
service.

AU (American University). 2020. “Fact Sheet: Bioenergy with Carbon 
Capture and Storage (BECCS).” https://www.american.edu/sis/
centers/carbon-removal/fact-sheet-bioenergy-with-carbon-
capture-and-storage-beccs.cfm.

Austin, K.G., A.M. Schwantes, Y. Gu, and P.S. Kasibhatla. 2018. “What 
Causes Deforestation in Indonesia?” Environmental Research 
Letters 14 (2). IOP Publishing: 024007. doi:10.1088/1748-9326/aaf6db.

Australia Department of Industry, Science, Energy and Resources. 
2019. “Australia to Be a World Leader in Hydrogen.” November 23, 
2019. https://www.minister.industry.gov.au/ministers/canavan/
media-releases/australia-be-world-leader-hydrogen.

Baik, E., K.P. Chawla, J.D. Jenkins, C. Kolster, N.S. Patankar, A. 
Olson, S.M. Benson, and J.C.S. Long. 2021. “What Is Different about 
Different Net-Zero Carbon Electricity Systems?” Energy and Climate 
Change 2 (December): 100046. doi:10.1016/j.egycc.2021.100046.

Bains, P., P. Psarras, and J. Wilcox. 2017. “CO2 Capture from the 
Industry Sector.” Progress in Energy and Combustion Science 63: 
146–72. doi:https://doi.org/10.1016/j.pecs.2017.07.001.

Bajželj, B., K.S. Richards, J.M. Allwood, P. Smith, J.S. Dennis, E. 
Curmi, and C.A. Gilligan. 2014. “Importance of Food-Demand 
Management for Climate Mitigation.” Nature Climate Change 4 (10): 
924–29. doi:10.1038/nclimate2353.

Baker, S., J. Stolaroff, G. Peridas, S. Pang, H. Goldstein, F. Lucci, 
and W. Li. 2020. “Getting to Neutral: Options for Negative Carbon 
Emissions in California.” LLNL-TR-796100. Livermore, CA: Lawrence 
Livermore National Laboratory. https://www-gs.llnl.gov/content/
assets/docs/energy/Getting_to_Neutral.pdf.

https://www.reuters.com/article/us-eu-summit-climate-change/eu-makes-worlds-biggest-green-recovery-pledge-but-will-it-hit-the-mark-idUSKCN24N231
https://www.reuters.com/article/us-eu-summit-climate-change/eu-makes-worlds-biggest-green-recovery-pledge-but-will-it-hit-the-mark-idUSKCN24N231
https://www.reuters.com/article/us-eu-summit-climate-change/eu-makes-worlds-biggest-green-recovery-pledge-but-will-it-hit-the-mark-idUSKCN24N231
https://rmi.org/insight/positive_disruption_limiting_global_temperature_rise/
https://rmi.org/insight/positive_disruption_limiting_global_temperature_rise/
https://www.acea.auto/files/Joining_forces.pdf
https://www.acea.auto/files/Joining_forces.pdf
https://www.worldgbc.org/sites/default/files/Asia%20Pacific%20Embodied%20Carbon%20Primer_FINAL_v5_240920_1.pdf
https://www.worldgbc.org/sites/default/files/Asia%20Pacific%20Embodied%20Carbon%20Primer_FINAL_v5_240920_1.pdf
https://www.worldgbc.org/sites/default/files/Asia%20Pacific%20Embodied%20Carbon%20Primer_FINAL_v5_240920_1.pdf
https://www.airlines.org/news/major-u-s-airlines-commit-to-net-zero-carbon-emissions-by-2050/
https://www.airlines.org/news/major-u-s-airlines-commit-to-net-zero-carbon-emissions-by-2050/
https://www.airlines.org/news/major-u-s-airlines-commit-to-net-zero-carbon-emissions-by-2050/
https://airminers.org/explore
https://doi.org/10.5194/essd-11-1675-2019
https://doi.org/10.5194/essd-11-1675-2019
https://doi.org/10.1016/j.energy.2017.03.015
https://doi.org/10.1016/j.energy.2017.03.015
https://architecture2030.org/existing-buildings-operation/
https://architecture2030.org/existing-buildings-operation/
https://zero-code.org/
https://www.europarl.europa.eu/RegData/etudes/STUD/2016/587326/IPOL_STU(2016)587326_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/STUD/2016/587326/IPOL_STU(2016)587326_EN.pdf
https://climatepolicyinitiative.org/wp-content/uploads/2013/05/DETERring-Deforestation-in-the-Brazilian-Amazon-Environmental-Monitoring-and-Law-Enforcement-Technical-Paper.pdf
https://climatepolicyinitiative.org/wp-content/uploads/2013/05/DETERring-Deforestation-in-the-Brazilian-Amazon-Environmental-Monitoring-and-Law-Enforcement-Technical-Paper.pdf
https://climatepolicyinitiative.org/wp-content/uploads/2013/05/DETERring-Deforestation-in-the-Brazilian-Amazon-Environmental-Monitoring-and-Law-Enforcement-Technical-Paper.pdf
http://theconversation.com/indonesias-peatland-restoration-agency-gets-an-extension-despite-failing-to-hit-its-target-what-are-the-hurdles-and-next-strategies-151989
http://theconversation.com/indonesias-peatland-restoration-agency-gets-an-extension-despite-failing-to-hit-its-target-what-are-the-hurdles-and-next-strategies-151989
http://theconversation.com/indonesias-peatland-restoration-agency-gets-an-extension-despite-failing-to-hit-its-target-what-are-the-hurdles-and-next-strategies-151989
http://www.raponline.org/knowledge-center/indias-energy-transition-implications-considerations/
http://www.raponline.org/knowledge-center/indias-energy-transition-implications-considerations/
https://www.wri.org/research/playbook-guiding-diners-toward-plant-rich-dishes-food-service
https://www.wri.org/research/playbook-guiding-diners-toward-plant-rich-dishes-food-service
https://www.wri.org/research/playbook-guiding-diners-toward-plant-rich-dishes-food-service
https://www.american.edu/sis/centers/carbon-removal/fact-sheet-bioenergy-with-carbon-capture-and-storage-beccs.cfm
https://www.american.edu/sis/centers/carbon-removal/fact-sheet-bioenergy-with-carbon-capture-and-storage-beccs.cfm
https://www.american.edu/sis/centers/carbon-removal/fact-sheet-bioenergy-with-carbon-capture-and-storage-beccs.cfm
https://www.minister.industry.gov.au/ministers/canavan/media-releases/australia-be-world-leader-hydrogen
https://www.minister.industry.gov.au/ministers/canavan/media-releases/australia-be-world-leader-hydrogen
https://doi.org/10.1016/j.pecs.2017.07.001
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf
https://www-gs.llnl.gov/content/assets/docs/energy/Getting_to_Neutral.pdf


215STATE OF CLIMATE ACTION 2021  | rEFErENCES

Bakker, S., M. Zuidgeest, H. de Coninck, and C. Huizenga. 2014. 
“Transport, Development and Climate Change Mitigation: Towards an 
Integrated Approach.” Transport Reviews 34 (3): 335–55. doi:10.1080
/01441647.2014.903531.

BankTrack. 2021. “Banks and Coal.” May 4, 2021. https://www.
banktrack.org/campaign/banks_and_coal.

Baragwanath, K., and E. Bayi. 2020. “Collective Property Rights 
Reduce Deforestation in the Brazilian Amazon.” Proceedings of 
the National Academy of Sciences 117 (34): 20495. doi:10.1073/
pnas.1917874117.

Baranzini, A., and S. Carattini. 2017. “Effectiveness, Earmarking and 
Labeling: Testing the Acceptability of Carbon Taxes with Survey 
Data.” Environmental Economics and Policy Studies 19 (1): 197–227. 
doi:10.1007/s10018-016-0144-7.

Barbier, E.B., S.D. Hacker, C. Kennedy, E.W. Koch, A.C. Stier, and 
B.R. Silliman. 2011. “The Value of Estuarine and Coastal Ecosystem 
Services.” Ecological Monographs 81 (2): 169–93. doi:10.1890/10-1510.1.

Barlow, J., T.A. Gardner, I.S. Araujo, T.C. Ávila-Pires, A.B. Bonaldo, 
J.E. Costa, M.C. Esposito, et al. 2007. “Quantifying the Biodiversity 
Value of Tropical Primary, Secondary, and Plantation Forests.” 
Proceedings of the National Academy of Sciences 104 (47): 18555. 
doi:10.1073/pnas.0703333104.

Bataille, C. 2019. “Low and Zero Emissions in the Steel and Cement 
Industries: Barriers, Technologies and Policies.” Paris: OECD. 
https://www.oecd.org/greengrowth/GGSD2019_Steel%20and%20
Cemement_Final.pdf.

Bataille, C. 2020. “Physical and Policy Pathways to Net-Zero 
Emissions Industry.” WIRES Wiley Interdisciplinary Reviews 1 (2): 1–20. 
doi:10.1002/wcc.633.

Bataille, C., M. Åhman, K. Neuhoff, L.J. Nilsson, M. Fischedick, S. 
Lechtenböhmer, B. Solano-Rodriquez, et al. 2018. “A Review of 
Technology and Policy Deep Decarbonization Pathway Options 
for Making Energy-Intensive Industry Production Consistent with 
the Paris Agreement.” Journal of Cleaner Production 187: 960–73. 
doi:10.1016/j.jclepro.2018.03.107.

Battacharya, A., R. Calland, A. Averhenkova, L. Gonzalez, L. Martinez-
Diaz, and J. Van Rooij. 2020. Delivering on the $100 Billion Climate 
Finance Commitment and Transforming Climate Finance. Independent 
Expert Group on Climate Finance. https://www.un.org/sites/un2.
un.org/files/100_billion_climate_finance_report.pdf.

Bayraktarov, E., M.I. Saunders, S. Abdullah, M. Mills, J. Beher, H.P. 
Possingham, P.J. Mumby, and C.E. Lovelock. 2016. “The Cost and 
Feasibility of Marine Coastal Restoration.” Edited by R.B. Aronson. 
Ecological Applications 26 (4): 1055–74. doi:10.1890/15-1077.

BEIS (UK Department for Business, Energy and Industrial Strategy). 
2021. “Aligning UK International Support for the Clean Energy 
Transition: Guidance.” London: BEIS. https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_
data/file/975753/Guidance_-_Aligning_UK_international_support_
for_the_clean_energy_transition_-_March_2021_.pdf.

Bentley, J. 2017. “U.S. per Capita Availability of Red Meat, Poultry, 
and Fish Lowest since 1983.” U.S. Department of Agriculture (blog), 
February 6, 2017. https://www.ers.usda.gov/amber-waves/2017/
januaryfebruary/us-per-capita-availability-of-red-meat-poultry-
and-fish-lowest-since-1983/.

Berenguer, E., J. Ferreira, T.A. Gardner, L.E.O.C. Aragão, P.B.D. 
Camargo, C.E. Cerri, M. Durigan, et al. 2014. “A Large-Scale Field 
Assessment of Carbon Stocks in Human-Modified Tropical Forests.” 
Global Change Biology 20 (12): 3713–26. doi:10.1111/gcb.12627.

Bertoldi, P., M. Economidou, V. Palermo, and B. Kiss. 2019. “How 
to Finance the Renovation of Residential Buildings: Innovative 
Financing Instruments.” In ECEEE Summer Study Proceedings. 
European Commission, Joint Research Centre and Central 
European University. https://www.eceee.org/library/conference_
proceedings/eceee_Summer_Studies/2019/7-make-buildings-
policies-great-again/how-to-finance-the-renovation-of-
residential-buildings-innovative-financing-instruments/.

Biggs, R., F. Westley, and S. Carpenter. 2010. “Navigating the 
Back Loop: Fostering Social Innovation and Transformation in 
Ecosystem Management.” Ecology and Society 15 (2). Resilience 
Alliance. doi:10.5751/ES-03411-150209.

Black, R., K. Cullen, B. Fay, T. Hale, J. Lang, S. Mahmood, and 
S. Smith. 2021. Taking Stock: A Global Assessment of Net Zero 
Targets. Energy & Climate Intelligence Unit and Oxford Net Zero. 
https://ca1-eci.edcdn.com/reports/ECIU-Oxford_Taking_Stock.
pdf?mtime=20210323005817&focal=none.

BloombergNEF (New Energy Finance). 2018. Electric Buses in Cities: 
Driving towards Cleaner Air and Lower CO2. New York: BloombergNEF. 
https://assets.bbhub.io/professional/sites/24/2018/05/Electric-
Buses-in-Cities-Report-BNEF-C40-Citi.pdf.

BloombergNEF. 2019a. “Energy Storage Investments Boom as 
Battery Costs Halve in the Next Decade.” July 31, 2019. https://
about.bnef.com/blog/energy-storage-investments-boom-battery-
costs-halve-next-decade/.

BloombergNEF. 2019b. “Global Electric Bus Market: Electric Buses 
Start to Go Global.” New York: BloombergNEF.

BloombergNEF. 2020a. “Electric Vehicle Outlook.” New York: 
BloombergNEF. https://about.bnef.com/electric-vehicle-outlook-
2020/#:~:text=The%20Electric%20Vehicle%20Outlook%20
is,two%2Fthree%2Dwheeled%20vehicles.

BloombergNEF. 2020b. “Hydrogen Economy Outlook: Key 
Messages.” London: BloombergNEF. https://data.bloomberglp.com/
professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-
Messages-30-Mar-2020.pdf.

BloombergNEF. 2020c. “Hydrogen: The Economics of Powering 
Ships.” New York: BloombergNEF. https://about.bnef.com/electric-
vehicle-outlook-2020/.

BloombergNEF. 2020d. “Oil Demand from Road Transport: 
Covid-19 and Beyond.” New York: BloombergNEF. https://about.bnef.
com/blog/oil-demand-from-road-transport-covid-19-and-beyond/.

BloombergNEF. 2020e. “Hydrogen: Fuel Cell Vehicle Outlook.” New 
York: BloombergNEF. https://about.bnef.com/electric-vehicle-
outlook-2020/.

BloombergNEF. 2020f. “Scale-Up of Solar and Wind Puts Existing 
Coal, Gas at Risk.” April 28, 2020. https://about.bnef.com/blog/
scale-up-of-solar-and-wind-puts-existing-coal-gas-at-risk/.

BloombergNEF. 2020g. “Electric Vehicle Outlook 2020.” New York: 
BloombergNEF. https://about.bnef.com/electric-vehicle-outlook/.

BloombergNEF. 2021a. “Electric Vehicle Outlook 2021.” New York: 
BloombergNEF. https://about.bnef.com/electric-vehicle-outlook/.

BloombergNEF. 2021b. “LCOE Global Benchmarks.” New York: 
BloombergNEF. https://about.bnef.com/blog/scale-up-of-solar-and-
wind-puts-existing-coal-gas-at-risk/#:~:text=BNEF’s%20global%20
LCOE%20benchmark%20sits,with%20a%20four%2Dhour%20
duration.&text=In%20comparison%2C%20the%20levelized%20
cost,Japan%2C%20with%20China%20at%20%24145.

BloombergNEF. 2021c. “New Energy Transition.” New York: 
BloombergNEF. https://about.bnef.com/new-energy-outlook/.

https://www.banktrack.org/campaign/banks_and_coal
https://www.banktrack.org/campaign/banks_and_coal
https://www.oecd.org/greengrowth/GGSD2019_Steel%20and%20Cemement_Final.pdf
https://www.oecd.org/greengrowth/GGSD2019_Steel%20and%20Cemement_Final.pdf
https://www.un.org/sites/un2.un.org/files/100_billion_climate_finance_report.pdf
https://www.un.org/sites/un2.un.org/files/100_billion_climate_finance_report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/975753/Guidance_-_Aligning_UK_international_support_for_the_clean_energy_transition_-_March_2021_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/975753/Guidance_-_Aligning_UK_international_support_for_the_clean_energy_transition_-_March_2021_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/975753/Guidance_-_Aligning_UK_international_support_for_the_clean_energy_transition_-_March_2021_.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/975753/Guidance_-_Aligning_UK_international_support_for_the_clean_energy_transition_-_March_2021_.pdf
https://www.ers.usda.gov/amber-waves/2017/januaryfebruary/us-per-capita-availability-of-red-meat-poultry-and-fish-lowest-since-1983/
https://www.ers.usda.gov/amber-waves/2017/januaryfebruary/us-per-capita-availability-of-red-meat-poultry-and-fish-lowest-since-1983/
https://www.ers.usda.gov/amber-waves/2017/januaryfebruary/us-per-capita-availability-of-red-meat-poultry-and-fish-lowest-since-1983/
https://www.eceee.org/library/conference_proceedings/eceee_Summer_Studies/2019/7-make-buildings-policies-great-again/how-to-finance-the-renovation-of-residential-buildings-innovative-financing-instruments/
https://www.eceee.org/library/conference_proceedings/eceee_Summer_Studies/2019/7-make-buildings-policies-great-again/how-to-finance-the-renovation-of-residential-buildings-innovative-financing-instruments/
https://www.eceee.org/library/conference_proceedings/eceee_Summer_Studies/2019/7-make-buildings-policies-great-again/how-to-finance-the-renovation-of-residential-buildings-innovative-financing-instruments/
https://www.eceee.org/library/conference_proceedings/eceee_Summer_Studies/2019/7-make-buildings-policies-great-again/how-to-finance-the-renovation-of-residential-buildings-innovative-financing-instruments/
https://ca1-eci.edcdn.com/reports/ECIU-Oxford_Taking_Stock.pdf?mtime=20210323005817&focal=none
https://ca1-eci.edcdn.com/reports/ECIU-Oxford_Taking_Stock.pdf?mtime=20210323005817&focal=none
https://assets.bbhub.io/professional/sites/24/2018/05/Electric-Buses-in-Cities-Report-BNEF-C40-Citi.pdf
https://assets.bbhub.io/professional/sites/24/2018/05/Electric-Buses-in-Cities-Report-BNEF-C40-Citi.pdf
https://about.bnef.com/blog/energy-storage-investments-boom-battery-costs-halve-next-decade/
https://about.bnef.com/blog/energy-storage-investments-boom-battery-costs-halve-next-decade/
https://about.bnef.com/blog/energy-storage-investments-boom-battery-costs-halve-next-decade/
https://about.bnef.com/electric-vehicle-outlook-2020/#:~:text=The%20Electric%20Vehicle%20Outlook%20is,two%2Fthree%2Dwheeled%20vehicles
https://about.bnef.com/electric-vehicle-outlook-2020/#:~:text=The%20Electric%20Vehicle%20Outlook%20is,two%2Fthree%2Dwheeled%20vehicles
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://data.bloomberglp.com/professional/sites/24/BNEF-Hydrogen-Economy-Outlook-Key-Messages-30-Mar-2020.pdf
https://about.bnef.com/electric-vehicle-outlook-2020/
https://about.bnef.com/electric-vehicle-outlook-2020/
https://about.bnef.com/blog/oil-demand-from-road-transport-covid-19-and-beyond/
https://about.bnef.com/blog/oil-demand-from-road-transport-covid-19-and-beyond/
https://about.bnef.com/electric-vehicle-outlook-2020/
https://about.bnef.com/electric-vehicle-outlook-2020/
https://about.bnef.com/blog/scale-up-of-solar-and-wind-puts-existing-coal-gas-at-risk/
https://about.bnef.com/blog/scale-up-of-solar-and-wind-puts-existing-coal-gas-at-risk/
https://about.bnef.com/electric-vehicle-outlook/
https://about.bnef.com/electric-vehicle-outlook/
https://about.bnef.com/blog/scale-up-of-solar-and-wind-puts-existing-coal-gas-at-risk/#:~:text=BNEF’s%20global%20LCOE%20benchmark%20sits,with%20a%20four%2Dhour%20duration.&text=In%20comparison%2C%20the%20levelized%20cost,Japan%2C%20with%20China%20at%20%24145
https://about.bnef.com/blog/scale-up-of-solar-and-wind-puts-existing-coal-gas-at-risk/#:~:text=BNEF’s%20global%20LCOE%20benchmark%20sits,with%20a%20four%2Dhour%20duration.&text=In%20comparison%2C%20the%20levelized%20cost,Japan%2C%20with%20China%20at%20%24145
https://about.bnef.com/new-energy-outlook/


216STATE OF CLIMATE ACTION 2021  | rEFErENCES

BloombergNEF. 2021d. “Sustainable Aviation Fuels (Part 1): 
Pathways to Production.” New York: BloombergNEF. https://about.
bnef.com/new-energy-outlook/.

BloombergNEF and Transport & Environment. 2021. “Hitting the 
EV Inflection Point.” New York: BloombergNEF. https://www.
transportenvironment.org/publications/hitting-ev-inflection-point.

Böhler-Baedeker, S., and H. Hüging. 2012. “Urban Transport 
and Energy Efficiency: Module 5h; Sustainable Transport: A 
Sourcebook for Policy-Makers in Developing Cities.” Deutsche 
Gesellschaft für Internationale Zusammenarbeit (GIZ). https://www.
africancityenergy.org/uploads/resource_147.pdf.

Boudway, I. 2020. “Batteries for Electric Cars Speed toward 
a Tipping Point.” Bloomberg, December 16, 2020. https://www.
bloomberg.com/news/articles/2020-12-16/electric-cars-are-
about-to-be-as-cheap-as-gas-powered-models.

BPC (Bipartisan Policy Center). 2021. “The Commercial Case for 
Direct Air Capture.” https://bipartisanpolicy.org/download/?file=/
wp-content/uploads/2021/02/BPC_BusinessForDac2021-Final.pdf.

BPIE (Buildings Performance Institute Europe). 2017. “Trigger 
Points as a ‘Must’ in National Renovation Strategies.” Brussels: 
BPIE. https://www.bpie.eu/wp-content/uploads/2017/05/
Factsheet_B-170511_v4.pdf.

Brauers, H., P.-Y. Oei, and P. Walk. 2020. “Comparing Coal Phase-
Out Pathways: The United Kingdom’s and Germany’s Diverging 
Transitions.” Environmental Innovation and Societal Transitions 37 
(December): 238–53. doi:10.1016/j.eist.2020.09.001.

Broom, D. 2021. “Meet the World’s First 16 Tonne Electric Truck.” 
World Economic Forum (blog). https://www.weforum.org/
agenda/2021/06/electric-truck-cut-city-air-pollution/.

Brown, D., P. Kivimaa, J. Rosenow, and M. Martiskainen. 2018. 
“Overcoming the Systemic Challenges of Retrofitting Residential 
Buildings in the United Kingdom: A Herculean Task?” In Transitions in 
Energy Efficiency and Demand: The Emergence, Diffusion and Impact 
of Low-Carbon Innovation, 1st ed., edited by K. Jenkins and D. Hopkins, 
110–30. London: Routledge. http://sro.sussex.ac.uk/id/eprint/81171.

Brown, C.J., M.F. Adame, C.A. Buelow, M.A. Frassl, S.Y. Lee, B. 
Mackey, E.C. McClure, et al. 2021. “Opportunities for Improving 
Recognition of Coastal Wetlands in Global Ecosystem Assessment 
Frameworks.” Ecological Indicators 126 (July): 107694. doi:10.1016/j.
ecolind.2021.107694.

Buchner, B., A. Clark, A. Falconer, R. Macquarie, C. Meattle, R. 
Tolentino, and C. Wetherbee. 2019. “Global Landscape of Climate 
Finance 2019.” London: Climate Policy Initiative. https://www.
climatepolicyinitiative.org/publication/global-landscape-of-
climate-finance-2019/.

Buckingham, K., and C. Hanson. 2015. “The Restoration Diagnostic: 
Case Example: Restoration of Mangrove Forests in Vietnam.” 
Washington, DC: World Resources Institute. https://files.wri.org/d8/
s3fs-public/WRI_Restoration_Diagnostic_Case_Example_Vietnam.pdf.

Buhr, B., U. Volz, C. Donovan, G. Kling, Y. Lo, V. Murinde, and N. 
Pullin. 2018. “Climate Change and the Cost of Capital in Developing 
Countries.” Imperial College London; School of Oriental and African 
Studies, University of London; UN Environment. http://unepinquiry.
org/wp-content/uploads/2018/07/Climate_Change_and_the_Cost_
of_Capital_in_Developing_Countries.pdf.

Bunting, P., A. Rosenqvist, R. Lucas, L.-M. Rebelo, L. Hilarides, N. 
Thomas, A. Hardy, et al. 2018. “The Global Mangrove Watch: A New 
2010 Global Baseline of Mangrove Extent.” Remote Sensing 10 (10): 
1669. doi:10.3390/rs10101669.

Bureau of Environment, Tokyo Metropolitan Government. 2020. 
“Tokyo Cap-and-Trade Program｜東京都環境局.” https://www.
kankyo.metro.tokyo.lg.jp/en/climate/cap_and_trade/index.html.

Burns, E., and V. Suarez. 2020. “Everything You Need to Know about 
Federal Funding for Carbon Removal.” Medium (blog), August 31, 
2020. https://carbon180.medium.com/everything-you-need-to-
know-about-federal-funding-for-carbon-removal-bb2548595b41.

Burrow, S. 2020. “Commentary: #COVID-19 Recovery Must Ensure 
Resilience for Workers and the Planet.” New Climate Economy, June 
8, 2020. https://newclimateeconomy.net/content/commentary-
covid-19-recovery-must-ensure-resilience-workers-and-planet.

Burton, J., A. Marquard, and B. McCall. 2019. “Socio-economic 
Considerations for a Paris Agreement-Compatible Coal Transition 
in South Africa.” Energy Research Centre. https://lifeaftercoal.
org.za/wp-content/uploads/2020/05/Burton-Marquard-McCall-
JT_Paris_South-Africa-Final.pdf.

Butler-Sloss, S., K. Bond, and H. Benham. 2021. Spiralling Disruption: 
The Feedback Loops of the Energy Transition. London: Carbon 
Tracker. https://carbontracker.org/reports/spiralling-disruption/.

California Air Resources Board. 2020. “Advanced Clean Trucks.” 
https://ww2.arb.ca.gov/our-work/programs/advanced-clean-
trucks.

California Air Resources Board. 2021. “Voluntary Accelerated 
Vehicle Retirement Program.” https://ww2.arb.ca.gov/our-work/
programs/voluntary-accelerated-vehicle-retirement-program.

Camara, Y., B. Holtsmark, and F. Misch. 2021. “Electric Vehicles, Tax 
Incentives and Emissions: Evidence from Norway.” International 
Monetary Fund Working Paper 21 (162). https://www.imf.org/en/
Publications/WP/Issues/2021/06/08/Electric-Vehicles-Tax-
incentives-and-Emissions-Evidence-from-Norway-460658.

Cames, M., H. Böttcher, U.F. Hutfilter, and R. Wilson. 2021. “Options 
for Multilateral Initiatives to Close the Global 2030 Climate Ambition 
and Action Gap: Policy Field Synthetic e-Fuels.” Climate Analytics, 
January 2021. Umweltbundesamt. 

Carattini, S., M. Carvalho, and S. Fankhauser. 2018. “Overcoming 
Public Resistance to Carbon Taxes.” WIREs Climate Change 9 (5). 
doi:10.1002/wcc.531.

Carbon Brief. 2016. “Analysis: Aviation Could Consume a Quarter 
of 1.5C Carbon Budget by 2050.” August 8, 2016. https://www.
carbonbrief.org/aviation-consume-quarter-carbon-budget.

Carbon Engineering. 2020. “Pale Blue Dot Energy and Carbon 
Engineering Create Partnership to Deploy Direct Air Capture in the 
UK.” https://carbonengineering.com/news-updates/pale-blue-dot-
energy-and-carbon-engineering-partnership/.

Carbon Engineering. 2021. “Engineering Begins on UK’s First Large-
Scale Facility That Captures Carbon Dioxide out of the Atmosphere.” 
June 24, 2021. https://carbonengineering.com/news-updates/uks-
first-large-scale-dac-facility/.

Carbon180. 2021. “DAC MAPP.” May 27, 2021. https://carbon180.org/
dac-mapp.

Cardoso, A.S., A. Berndt, A. Leytem, B.J.R. Alves, I. das N.O. de 
Carvalho, L.H. de Barros Soares, S. Urquiaga, and R.M. Boddey. 
2016. “Impact of the Intensification of Beef Production in Brazil on 
Greenhouse Gas Emissions and Land Use.” Agricultural Systems 143 
(March): 86–96. doi:10.1016/j.agsy.2015.12.007.

Carmichael, C., and A. Petersen. 2018. “Best Practices for Leasing 
Net-Zero Energy Buildings.” Basalt, CO: Rocky Mountain Institute. 
https://rmi.org/insight/best_practices_for_leased_nze/.

https://about.bnef.com/new-energy-outlook/
https://about.bnef.com/new-energy-outlook/
https://www.transportenvironment.org/publications/hitting-ev-inflection-point
https://www.transportenvironment.org/publications/hitting-ev-inflection-point
https://www.africancityenergy.org/uploads/resource_147.pdf
https://www.africancityenergy.org/uploads/resource_147.pdf
https://www.bloomberg.com/news/articles/2020-12-16/electric-cars-are-about-to-be-as-cheap-as-gas-powered-models
https://www.bloomberg.com/news/articles/2020-12-16/electric-cars-are-about-to-be-as-cheap-as-gas-powered-models
https://www.bloomberg.com/news/articles/2020-12-16/electric-cars-are-about-to-be-as-cheap-as-gas-powered-models
https://bipartisanpolicy.org/download/?file=/wp-content/uploads/2021/02/BPC_BusinessForDac2021-Final.pdf
https://bipartisanpolicy.org/download/?file=/wp-content/uploads/2021/02/BPC_BusinessForDac2021-Final.pdf
https://www.bpie.eu/wp-content/uploads/2017/05/Factsheet_B-170511_v4.pdf
https://www.bpie.eu/wp-content/uploads/2017/05/Factsheet_B-170511_v4.pdf
https://www.weforum.org/agenda/2021/06/electric-truck-cut-city-air-pollution/
https://www.weforum.org/agenda/2021/06/electric-truck-cut-city-air-pollution/
http://sro.sussex.ac.uk/id/eprint/81171
https://www.climatepolicyinitiative.org/publication/global-landscape-of-climate-finance-2019/
https://www.climatepolicyinitiative.org/publication/global-landscape-of-climate-finance-2019/
https://www.climatepolicyinitiative.org/publication/global-landscape-of-climate-finance-2019/
https://files.wri.org/d8/s3fs-public/WRI_Restoration_Diagnostic_Case_Example_Vietnam.pdf
https://files.wri.org/d8/s3fs-public/WRI_Restoration_Diagnostic_Case_Example_Vietnam.pdf
http://unepinquiry.org/wp-content/uploads/2018/07/Climate_Change_and_the_Cost_of_Capital_in_Developing_Countries.pdf
http://unepinquiry.org/wp-content/uploads/2018/07/Climate_Change_and_the_Cost_of_Capital_in_Developing_Countries.pdf
http://unepinquiry.org/wp-content/uploads/2018/07/Climate_Change_and_the_Cost_of_Capital_in_Developing_Countries.pdf
https://www.kankyo.metro.tokyo.lg.jp/en/climate/cap_and_trade/index.html
https://www.kankyo.metro.tokyo.lg.jp/en/climate/cap_and_trade/index.html
https://carbon180.medium.com/everything-you-need-to-know-about-federal-funding-for-carbon-removal-bb2548595b41
https://carbon180.medium.com/everything-you-need-to-know-about-federal-funding-for-carbon-removal-bb2548595b41
https://newclimateeconomy.net/content/commentary-covid-19-recovery-must-ensure-resilience-workers-and-planet
https://newclimateeconomy.net/content/commentary-covid-19-recovery-must-ensure-resilience-workers-and-planet
https://lifeaftercoal.org.za/wp-content/uploads/2020/05/Burton-Marquard-McCall-JT_Paris_South-Africa-Final.pdf
https://lifeaftercoal.org.za/wp-content/uploads/2020/05/Burton-Marquard-McCall-JT_Paris_South-Africa-Final.pdf
https://lifeaftercoal.org.za/wp-content/uploads/2020/05/Burton-Marquard-McCall-JT_Paris_South-Africa-Final.pdf
https://carbontracker.org/reports/spiralling-disruption/
https://ww2.arb.ca.gov/our-work/programs/advanced-clean-trucks
https://ww2.arb.ca.gov/our-work/programs/advanced-clean-trucks
https://ww2.arb.ca.gov/our-work/programs/voluntary-accelerated-vehicle-retirement-program
https://ww2.arb.ca.gov/our-work/programs/voluntary-accelerated-vehicle-retirement-program
https://www.imf.org/en/Publications/WP/Issues/2021/06/08/Electric-Vehicles-Tax-incentives-and-Emissions-Evidence-from-Norway-460658
https://www.imf.org/en/Publications/WP/Issues/2021/06/08/Electric-Vehicles-Tax-incentives-and-Emissions-Evidence-from-Norway-460658
https://www.imf.org/en/Publications/WP/Issues/2021/06/08/Electric-Vehicles-Tax-incentives-and-Emissions-Evidence-from-Norway-460658
https://www.carbonbrief.org/aviation-consume-quarter-carbon-budget
https://www.carbonbrief.org/aviation-consume-quarter-carbon-budget
https://carbonengineering.com/news-updates/pale-blue-dot-energy-and-carbon-engineering-partnership/
https://carbonengineering.com/news-updates/pale-blue-dot-energy-and-carbon-engineering-partnership/
https://carbonengineering.com/news-updates/uks-first-large-scale-dac-facility/
https://carbonengineering.com/news-updates/uks-first-large-scale-dac-facility/
https://carbon180.org/dac-mapp
https://carbon180.org/dac-mapp
https://rmi.org/insight/best_practices_for_leased_nze/


217STATE OF CLIMATE ACTION 2021  | rEFErENCES

Carney, M. 2021. “Now Is Not the Time for Half Measures.” Speech, 
Venice International Climate Conference, July 11, 2021. Race to Zero. 
https://racetozero.unfccc.int/mark-carney-now-is-not-the-time-
for-half-measures/. 

Carpenter, S. 2019. “India’s Plan to Turn 200 Million Vehicles Electric 
in Six Years.” Forbes, December 5, 2019. https://www.forbes.com/
sites/scottcarpenter/2019/12/05/can-india-turn-nearly-200-
million-vehicles-electric-in-six-years/?sh=c55015715db5.

Carty, T., J. Kowalzig, and B. Zagema. 2020. Climate Finance 
Shadow Report 2020: Assessing Progress towards the $100 Billion 
Commitment. Oxford, UK: Oxfam. https://www.oxfam.org/en/
research/climate-finance-shadow-report-2020.

Casey, J. 2021. “Will China Do for Hydrogen What It Did for Solar 
Power?” Power Technology, January 11, 2021. https://www.power-
technology.com/features/will-china-do-for-hydrogen-what-it-did-
for-solar-power/.

CAT (Climate Action Tracker). 2016. “10 Steps: The Ten Most 
Important Short-Term Steps to Limit Warming to 1.5°C.” Berlin, 
Germany: Climate Action Tracker. https://climateactiontracker.org/
documents/108/CAT_2016-11-16_10StepsFullReport_PolicyBrief.pdf. 

CAT. 2019. “Transformation Points: Achieving the Speed and Scale 
Required for Full Decarbonisation.” Berlin: Climate Action Tracker. 
https://climateactiontracker.org/publications/transformation-
points/.

CAT. 2020a. “Paris Agreement Compatible Sectoral Benchmarks: 
Methods Report.” Berlin: Climate Action Tracker. https://
climateactiontracker.org/documents/753/CAT_2020-07-10_
ParisAgreementBenchmarks_FullReport.pdf.

CAT. 2020b. “Paris Agreement Compatible Sectoral Benchmarks: 
Summary Report.” Berlin: Climate Action Tracker. https://
climateactiontracker.org/documents/754/CAT_2020-07-10_
ParisAgreementBenchmarks_SummaryReport.pdf.

CAT. 2021. “International Shipping.” July 19, 2021. https://
climateactiontracker.org/sectors/shipping/.

CATF (Clean Air Task Force). 2020. “Interactive Map of CCUS 
Projects in Development in the U.S.” July 27, 2020. https://www.
catf.us/2020/07/ccus-interactive-map/.

Cazzolla Gatti, R., and A. Velichevskaya. 2020. “Certified 
‘Sustainable’ Palm Oil Took the Place of Endangered Bornean and 
Sumatran Large Mammals Habitat and Tropical Forests in the Last 
30 Years.” Science of the Total Environment 742 (November): 140712. 
doi:10.1016/j.scitotenv.2020.140712.

CBO (Congressional Budget Office). 2020. “Options for Reducing the 
Deficit: 2021 to 2030.” Washington, DC: CBO. https://www.cbo.gov/
publication/56783.

CCAC (Climate and Clean Air Coalition). 2021. “Black Carbon.” 
https://www.ccacoalition.org/en/slcps/black-carbon.

CDLE (Colorado Department of Labor and Employment). 2021. 
“Colorado Office of Just Transition.” May 28, 2021. https://cdle.
colorado.gov/the-office-of-just-transition.

Ceres. 2021. “Corporate Electric Vehicle Alliance.” https://www.ceres.
org/our-work/transportation/corporate-electric-vehicle-alliance.

C40. 2018. “The Net Zero Carbon Buildings Declaration.” https://
www.c40.org/other/net-zero-carbon-buildings-declaration.

C40 Cities. 2021. “C40 Cities: Fossil Fuel Free Streets Declaration.” 
https://www.c40.org/other/green-and-healthy-streets.

Chan, Y., L. Petithuguenin, T. Fleiter, A. Herbst, M. Arens, and 
P. Stevenson. 2019. “Industrial Innovation: Pathways to Deep 
Decarbonisation of Industry. Part 1: Technology Analysis.” London: 
ICF Consulting Services Limited and Fraunhofer ISI. https://
ec.europa.eu/clima/sites/default/files/strategies/2050/docs/
industrial_innovation_part_1_en.pdf.

Chang, L. 2014. “China to Extend Electric Car Subsidies beyond 
2015.” China Daily, February 11, 2014. http://www.chinadaily.com.cn/
business/motoring/2014-02/11/content_17278013.htm.

Chapin, F.S., S.R. Carpenter, G.P. Kofinas, C. Folke, N. Abel, W.C. 
Clark, P. Olsson, et al. 2010. “Ecosystem Stewardship: Sustainability 
Strategies for a Rapidly Changing Planet.” Trends in Ecology & 
Evolution 25 (4): 241–49. doi:10.1016/j.tree.2009.10.008.

Chattopadhyay, S., and H. Salomon. 2021. “ ‘Leave No One Behind’ 
Indices 2020.” London: Overseas Development Institute. https://odi.
org/en/publications/leave-no-one-behind-indices-2020/.

Chaturvedi, R., C. Hanson, H. Ding, and F. Seymour. 2019. “Public-
Sector Measures to Conserve and Restore Forests: Overcoming 
Economic and Political Economy Barriers.” Washington, DC: World 
Resources Institute. https://www.wri.org/research/public-sector-
measures-conserve-and-restore-forests-overcoming-economic-
and-political.

Cheng, L., J. Abraham, K.E. Trenberth, J. Fasullo, T. Boyer, R. 
Locarnini, B. Zhang, et al. 2021. “Upper Ocean Temperatures Hit 
Record High in 2020.” Advances in Atmospheric Sciences 38 (4): 
523–30. doi:10.1007/s00376-021-0447-x.

Cherp, A., V. Vinichenko, J. Tosun, J. Gordon, and J. Jewell. 2021. 
“National Growth Dynamics of Wind and Solar Power Compared to 
the Growth Required for Global Climate Targets.” Nature Energy 6: 
742–54. doi:https://doi.org/10.1038/s41560-021-00863-0.

Chester, M., A. Horvath, and S. Madanat. 2010. “Parking 
Infrastructure: Energy, Emissions, and Automobile Life-Cycle 
Environmental Accounting.” Environmental Research Letters 5 (3): 
034001. doi:10.1088/1748-9326/5/3/034001.

City of Coral Gables. 2016. “Legal Considerations Surrounding 
Adaptation to the Threat of Sea Level Rise.” Coral Gables, FL: City 
of Coral Gables. https://southeastfloridaclimatecompact.org/
wp-content/uploads/2016/12/Legal-Considerations-Surrounding-
Adaptation-to-the-Threat-of-Sea-Level-Rise.pdf.

Clark, M.A., N.G.G. Domingo, K. Colgan, S.K. Thakrar, D. Tilman, 
J. Lynch, I.L. Azevedo, and J.D. Hill. 2020. “Global Food System 
Emissions Could Preclude Achieving the 1.5° and 2°C Climate Change 
Targets.” Science 370 (6517): 705–8. doi:10.1126/science.aba7357.

Climate Center. 2021. “Actions by Countries to Phase Out Internal 
Combustion Engines.” https://theclimatecenter.org/actions-by-
countries-phase-out-gas/.

Climate Group. 2021. “Climate Group EV100.” https://www.
theclimategroup.org/ev100.

Climate Transparency. 2019. “Managing the Phase-Out of Coal: 
A Comparison of Actions in G20 Countries.” Berlin: Climate 
Transparency. https://www.climate-transparency.org/managing-
the-phase-out-of-coal-a-comparison-of-actions-in-g20-countries.

Climate Transparency. 2020. Climate Transparency Report 2020. 
Berlin: Climate Transparency. https://www.climate-transparency.
org/wp-content/uploads/2020/11/Climate-Transparency-
Report-2020.pdf.

ClimateWatch. 2021. “Climate Watch 2020 NDC Tracker.” NDC 
Enhancement Tracker. 2021. https://www.climatewatchdata.
org/2020-ndc-tracker.

https://racetozero.unfccc.int/mark-carney-now-is-not-the-time-for-half-measures/
https://racetozero.unfccc.int/mark-carney-now-is-not-the-time-for-half-measures/
https://www.forbes.com/sites/scottcarpenter/2019/12/05/can-india-turn-nearly-200-million-vehicles-electric-in-six-years/?sh=c55015715db5
https://www.forbes.com/sites/scottcarpenter/2019/12/05/can-india-turn-nearly-200-million-vehicles-electric-in-six-years/?sh=c55015715db5
https://www.forbes.com/sites/scottcarpenter/2019/12/05/can-india-turn-nearly-200-million-vehicles-electric-in-six-years/?sh=c55015715db5
https://www.oxfam.org/en/research/climate-finance-shadow-report-2020
https://www.oxfam.org/en/research/climate-finance-shadow-report-2020
https://www.power-technology.com/features/will-china-do-for-hydrogen-what-it-did-for-solar-power/
https://www.power-technology.com/features/will-china-do-for-hydrogen-what-it-did-for-solar-power/
https://www.power-technology.com/features/will-china-do-for-hydrogen-what-it-did-for-solar-power/
https://climateactiontracker.org/documents/108/CAT_2016-11-16_10StepsFullReport_PolicyBrief.pdf
https://climateactiontracker.org/documents/108/CAT_2016-11-16_10StepsFullReport_PolicyBrief.pdf
https://climateactiontracker.org/publications/transformation-points/
https://climateactiontracker.org/publications/transformation-points/
https://climateactiontracker.org/documents/753/CAT_2020-07-10_ParisAgreementBenchmarks_FullReport.pdf
https://climateactiontracker.org/documents/753/CAT_2020-07-10_ParisAgreementBenchmarks_FullReport.pdf
https://climateactiontracker.org/documents/753/CAT_2020-07-10_ParisAgreementBenchmarks_FullReport.pdf
https://climateactiontracker.org/documents/754/CAT_2020-07-10_ParisAgreementBenchmarks_SummaryReport.pdf
https://climateactiontracker.org/documents/754/CAT_2020-07-10_ParisAgreementBenchmarks_SummaryReport.pdf
https://climateactiontracker.org/documents/754/CAT_2020-07-10_ParisAgreementBenchmarks_SummaryReport.pdf
https://climateactiontracker.org/sectors/shipping/
https://climateactiontracker.org/sectors/shipping/
https://www.catf.us/2020/07/ccus-interactive-map/
https://www.catf.us/2020/07/ccus-interactive-map/
https://www.cbo.gov/publication/56783
https://www.cbo.gov/publication/56783
https://www.ccacoalition.org/en/slcps/black-carbon
https://cdle.colorado.gov/the-office-of-just-transition
https://cdle.colorado.gov/the-office-of-just-transition
https://www.ceres.org/our-work/transportation/corporate-electric-vehicle-alliance
https://www.ceres.org/our-work/transportation/corporate-electric-vehicle-alliance
https://www.c40.org/other/net-zero-carbon-buildings-declaration
https://www.c40.org/other/net-zero-carbon-buildings-declaration
https://www.c40.org/other/green-and-healthy-streets
https://ec.europa.eu/clima/sites/default/files/strategies/2050/docs/industrial_innovation_part_1_en.pdf
https://ec.europa.eu/clima/sites/default/files/strategies/2050/docs/industrial_innovation_part_1_en.pdf
https://ec.europa.eu/clima/sites/default/files/strategies/2050/docs/industrial_innovation_part_1_en.pdf
http://www.chinadaily.com.cn/business/motoring/2014-02/11/content_17278013.htm
http://www.chinadaily.com.cn/business/motoring/2014-02/11/content_17278013.htm
https://odi.org/en/publications/leave-no-one-behind-indices-2020/
https://odi.org/en/publications/leave-no-one-behind-indices-2020/
https://www.wri.org/research/public-sector-measures-conserve-and-restore-forests-overcoming-economic-and-political
https://www.wri.org/research/public-sector-measures-conserve-and-restore-forests-overcoming-economic-and-political
https://www.wri.org/research/public-sector-measures-conserve-and-restore-forests-overcoming-economic-and-political
https://doi.org/10.1038/s41560-021-00863-0
https://southeastfloridaclimatecompact.org/wp-content/uploads/2016/12/Legal-Considerations-Surrounding-Adaptation-to-the-Threat-of-Sea-Level-Rise.pdf
https://southeastfloridaclimatecompact.org/wp-content/uploads/2016/12/Legal-Considerations-Surrounding-Adaptation-to-the-Threat-of-Sea-Level-Rise.pdf
https://southeastfloridaclimatecompact.org/wp-content/uploads/2016/12/Legal-Considerations-Surrounding-Adaptation-to-the-Threat-of-Sea-Level-Rise.pdf
https://theclimatecenter.org/actions-by-countries-phase-out-gas/
https://theclimatecenter.org/actions-by-countries-phase-out-gas/
https://www.theclimategroup.org/ev100
https://www.theclimategroup.org/ev100
https://www.climate-transparency.org/managing-the-phase-out-of-coal-a-comparison-of-actions-in-g20-countries
https://www.climate-transparency.org/managing-the-phase-out-of-coal-a-comparison-of-actions-in-g20-countries
https://www.climate-transparency.org/wp-content/uploads/2020/11/Climate-Transparency-Report-2020.pdf
https://www.climate-transparency.org/wp-content/uploads/2020/11/Climate-Transparency-Report-2020.pdf
https://www.climate-transparency.org/wp-content/uploads/2020/11/Climate-Transparency-Report-2020.pdf
https://www.climatewatchdata.org/2020-ndc-tracker
https://www.climatewatchdata.org/2020-ndc-tracker


218STATE OF CLIMATE ACTION 2021  | rEFErENCES

Climeworks. 2021. “Climeworks Latest Direct Air Capture Plant.” 
https://climeworks.com/orca.

Coady, D., V. Flamini, and L. Sears. 2015. “The Unequal Benefits 
of Fuel Subsidies Revisited: Evidence for Developing Countries.” 
Washington, DC: International Monetary Fund. http://www.imf.org/
external/pubs/cat/longres.aspx?sk=43422.0.

Coady, D., I. Parry, N.-P. Le, and B. Shang. 2019. “Global Fossil 
Fuel Subsidies Remain Large: An Update Based on Country-Level 
Estimates.” International Monetary Fund Working Papers 19 (89): 1. 
doi:10.5089/9781484393178.001.

COAG Energy Council. 2019. “Australia’s National Hydrogen Strategy.” 
Canberra: Australia Department of Industry, Science, Energy and 
Resources. https://www.industry.gov.au/data-and-publications/
australias-national-hydrogen-strategy. 

Coalition for Urban Transitions. 2019. “Climate Emergency, Urban 
Opportunity.” London and Washington, DC: World Resources 
Institute (WRI) Ross Center for Sustainable Cities and C40 Cities 
Climate Leadership Group. https://urbantransitions.global/urban-
opportunity/.

Colares, J. 2008. “A Brief History of Brazilian Biofuels 
Legislation.” Case Western Reserve University School of Law 
170. https://scholarlycommons.law.case.edu/cgi/viewcontent.
cgi?article=1169&context=faculty_publications.

Colle, S., R. Miller, T. Mortier, M. Coltelli, A. Horstead, K. Ruby, and 
P. Georglev. 2021. “Accelerating Fleet Electrification in Europe.” 
Brussels: EY and Eurelectric. https://assets.ey.com/content/dam/
ey-sites/ey-com/en_gl/topics/energy/ey-accelerating-fleet-
electrification-in-europe-28012021-v2.pdf.

Conchedda, G., and F.N. Tubiello. 2020. “Drainage of Organic Soils 
and GHG Emissions: Validation with Country Data.” Earth System 
Science Data 12 (4): 3113–37. doi:10.5194/essd-12-3113-2020.

Cook-Patton, S.C., S.M. Leavitt, D. Gibbs, N.L. Harris, K. Lister, 
K.J. Anderson-Teixeira, R.D. Briggs, et al. 2020. “Mapping Carbon 
Accumulation Potential from Global Natural Forest Regrowth.” 
Nature 585 (7826): 545–50. doi:10.1038/s41586-020-2686-x.

Costanza, R., R. de Groot, P. Sutton, S. van der Ploeg, S.J. Anderson, 
I. Kubiszewski, S. Farber, and R.K. Turner. 2014. “Changes in the 
Global Value of Ecosystem Services.” Global Environmental Change 
26 (May): 152–58. doi:10.1016/j.gloenvcha.2014.04.002.

CPI (Climate Policy Initiative). 2021. “Global Landscape of Climate 
Finance 2021.” London: CPI.

Crippa, M., G. Oreggioni, D. Guizzardi, M. Muntean, E. Schaaf, E. Lo 
Vullo, E. Solazzo, et al. 2019. Fossil CO2 and GHG Emissions of All 
World Countries. Luxembourg: Publications Office of the European 
Union. doi:10.2760/687800.

Cronin, S. 2021. “Shipping Group Says 5% of Marine Fuels Should Be 
Zero Emission by 2030.” IHS Markit, March 9, 2021. https://ihsmarkit.
com/research-analysis/shipping-group-says-5-of-marine-fuels-
should-be-zero-emission.html.

Crooks, S., D. Herr, J. Tamelander, D. Laffoley, and J. Vandever. 2011. 
“Mitigating Climate Change through Restoration and Management 
of Coastal Wetlands and Near-Shore Marine Ecosystems: 
Challenges and Opportunities.” Environment Department Papers 
121. Marine Ecosystem Series. Washington, DC: World Bank. https://
openknowledge.worldbank.org/handle/10986/18318.

Crozier, C. 2020. “Forecasting S-Curves Is Hard.” https://
constancecrozier.com/2020/04/16/forecasting-s-curves-is-hard/.

CRS (Congressional Research Service). 2019. “The Plug-In Electric 
Vehicle Tax Credit.” Washington, DC: CRS. https://sgp.fas.org/crs/
misc/IF11017.pdf. 

Cruz, I., A. Duhalt, and P.L. Cruz. 2019. Social Conflict and 
Infrastructure Projects in Mexico. Houston: Rice University’s Baker 
Institute for Public Policy. https://www.bakerinstitute.org/media/
files/files/e7aec681/bi-report-062119-mex-socialconflict.pdf.

Cui, Z., H. Zhang, X. Chen, C. Zhang, W. Ma, C. Huang, W. Zhang, 
et al. 2018. “Pursuing Sustainable Productivity with Millions of 
Smallholder Farmers.” Nature 555 (7696): 363–66. doi:10.1038/
nature25785.

Cui, H., D. Hall, and N. Lutsey. 2020. “Update on the Global Transition 
to Electric Vehicles through 2019.” Washington, DC: International 
Council on Clean Transportation. https://theicct.org/publications/
update-global-ev-transition-2019.

Cunliff, C., and L. Nguyen. 2021. “Federal Energy RD&D: Carbon 
Removal.” https://www2.itif.org/2021-budget-carbon-removal.pdf.

Curtis, P.G., C.M. Slay, N.L. Harris, A. Tyukavina, and M.C. Hansen. 
2018. “Classifying Drivers of Global Forest Loss.” Science 361 (6407): 
1108. doi:10.1126/science.aau3445.

Dahlbeck, E., and S. Gärtner. 2019. Just Transition for Regions and 
Generations: Experiences from Structural Changes in the Ruhr Area. 
EIT Climate-KIC. https://re-industrialise.climate-kic.org/reports/
just-transition-for-regions-and-generations-experiences-from-
structural-change-in-the-ruhr-area/.

Daimler. 2021a. “From 2025: ‘Green’ Steel for Mercedes-Benz.” May 
27, 2021. https://www.daimler.com/sustainability/climate/green-
steel.html.

Daimler. 2021b. “Ambition 2039: Our Path to CO2-Neutrality.” 
August 13, 2021. https://www.daimler.com/sustainability/climate/
ambition-2039-our-path-to-co2-neutrality.html.

Dalkmann, H., and C. Brannigan. 2014. “Transport and Climate 
Change. Module 5e: Sustainable Transport: A Sourcebook for 
Policy-Makers in Developing Cities.” Bonn, Germany: Deutsche 
Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH. 
doi:10.13140/2.1.4286.8009.

D’Aprile, P., H. Engel, G. van Gendt, S. Helmcke, S. Hieronimus, T. 
Nauclér, D. Pinner, et al. 2020. “How the European Union Could 
Achieve Net-Zero Emissions at Net-Zero Cost.” McKinsey & 
Company. https://www.mckinsey.com/business-functions/
sustainability/our-insights/how-the-european-union-could-
achieve-net-zero-emissions-at-net-zero-cost#.

Deign, J. 2020. “Coalition Aims for 25GW of Green Hydrogen 
by 2026.” Greentech Media, December 8, 2020. https://www.
greentechmedia.com/articles/read/coalition-aims-for-25-gw-of-
green-hydrogen-by-2026.

Dell, R. 2020. “What’s at Stake with Buy Clean.” ClimateWorks 
Foundation (blog), August 13, 2020. https://www.climateworks.org/
blog/whats-at-stake-with-buy-clean/.

Deloitte and Ballard. 2020. “Fueling the Future of Mobility: Hydrogen 
and Fuel Cell Solutions for Transportation.” Shanghai: Deloitte 
China. https://www2.deloitte.com/content/dam/Deloitte/cn/
Documents/finance/deloitte-cn-fueling-the-future-of-mobility-
en-200101.pdf.

del Río, P. 2017. Coal Transition in Spain. London: Institute for 
Sustainable Development and International Relations (IDDRI) and 
Climate Strategies. https://www.iddri.org/en/publications-and-
events/report/coal-transition-spain.

Delucchi, M.A. 2010. “Impacts of Biofuels on Climate Change, 
Water Use, and Land Use: Impacts of Biofuels.” Annals of the 
New York Academy of Sciences 1195 (1): 28–45. doi:10.1111/j.1749-
6632.2010.05457.x.

https://climeworks.com/orca
http://www.imf.org/external/pubs/cat/longres.aspx?sk=43422.0
http://www.imf.org/external/pubs/cat/longres.aspx?sk=43422.0
https://www.industry.gov.au/data-and-publications/australias-national-hydrogen-strategy
https://www.industry.gov.au/data-and-publications/australias-national-hydrogen-strategy
https://urbantransitions.global/urban-opportunity/
https://urbantransitions.global/urban-opportunity/
https://scholarlycommons.law.case.edu/cgi/viewcontent.cgi?article=1169&context=faculty_publications
https://scholarlycommons.law.case.edu/cgi/viewcontent.cgi?article=1169&context=faculty_publications
https://assets.ey.com/content/dam/ey-sites/ey-com/en_gl/topics/energy/ey-accelerating-fleet-electrification-in-europe-28012021-v2.pdf
https://assets.ey.com/content/dam/ey-sites/ey-com/en_gl/topics/energy/ey-accelerating-fleet-electrification-in-europe-28012021-v2.pdf
https://assets.ey.com/content/dam/ey-sites/ey-com/en_gl/topics/energy/ey-accelerating-fleet-electrification-in-europe-28012021-v2.pdf
https://ihsmarkit.com/research-analysis/shipping-group-says-5-of-marine-fuels-should-be-zero-emission.html
https://ihsmarkit.com/research-analysis/shipping-group-says-5-of-marine-fuels-should-be-zero-emission.html
https://ihsmarkit.com/research-analysis/shipping-group-says-5-of-marine-fuels-should-be-zero-emission.html
https://openknowledge.worldbank.org/handle/10986/18318
https://openknowledge.worldbank.org/handle/10986/18318
https://constancecrozier.com/2020/04/16/forecasting-s-curves-is-hard/
https://constancecrozier.com/2020/04/16/forecasting-s-curves-is-hard/
https://sgp.fas.org/crs/misc/IF11017.pdf
https://sgp.fas.org/crs/misc/IF11017.pdf
https://www.bakerinstitute.org/media/files/files/e7aec681/bi-report-062119-mex-socialconflict.pdf
https://www.bakerinstitute.org/media/files/files/e7aec681/bi-report-062119-mex-socialconflict.pdf
https://theicct.org/publications/update-global-ev-transition-2019
https://theicct.org/publications/update-global-ev-transition-2019
https://www2.itif.org/2021-budget-carbon-removal.pdf
https://re-industrialise.climate-kic.org/reports/just-transition-for-regions-and-generations-experiences-from-structural-change-in-the-ruhr-area/
https://re-industrialise.climate-kic.org/reports/just-transition-for-regions-and-generations-experiences-from-structural-change-in-the-ruhr-area/
https://re-industrialise.climate-kic.org/reports/just-transition-for-regions-and-generations-experiences-from-structural-change-in-the-ruhr-area/
https://www.daimler.com/sustainability/climate/green-steel.html
https://www.daimler.com/sustainability/climate/green-steel.html
https://www.daimler.com/sustainability/climate/ambition-2039-our-path-to-co2-neutrality.html
https://www.daimler.com/sustainability/climate/ambition-2039-our-path-to-co2-neutrality.html
https://www.mckinsey.com/business-functions/sustainability/our-insights/how-the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost#
https://www.mckinsey.com/business-functions/sustainability/our-insights/how-the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost#
https://www.mckinsey.com/business-functions/sustainability/our-insights/how-the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost#
https://www.greentechmedia.com/articles/read/coalition-aims-for-25-gw-of-green-hydrogen-by-2026
https://www.greentechmedia.com/articles/read/coalition-aims-for-25-gw-of-green-hydrogen-by-2026
https://www.greentechmedia.com/articles/read/coalition-aims-for-25-gw-of-green-hydrogen-by-2026
https://www.climateworks.org/blog/whats-at-stake-with-buy-clean/
https://www.climateworks.org/blog/whats-at-stake-with-buy-clean/
https://www2.deloitte.com/content/dam/Deloitte/cn/Documents/finance/deloitte-cn-fueling-the-future-of-mobility-en-200101.pdf
https://www2.deloitte.com/content/dam/Deloitte/cn/Documents/finance/deloitte-cn-fueling-the-future-of-mobility-en-200101.pdf
https://www2.deloitte.com/content/dam/Deloitte/cn/Documents/finance/deloitte-cn-fueling-the-future-of-mobility-en-200101.pdf
https://www.iddri.org/en/publications-and-events/report/coal-transition-spain
https://www.iddri.org/en/publications-and-events/report/coal-transition-spain


219STATE OF CLIMATE ACTION 2021  | rEFErENCES

Department of Energy & Environment (District of Columbia). 2019. 
“High-Performance Building Hub.” https://doee.dc.gov/service/
high-performance-building-hub.

de Pee, A., D. Pinner, R. Occo, K. Somers, M. Witteveen, and E. 
Speelman. 2018. “Decarbonization of Industrial Sectors: The Next 
Frontier.” New York: McKinsey & Company. https://www.mckinsey.
com/~/media/mckinsey/business%20functions/sustainability/
our%20insights/how%20industry%20can%20move%20
toward%20a%20low%20carbon%20future/decarbonization-of-
industrial-sectors-the-next-frontier.pdf.

Dijk, M., M. Givoni, and K. Diederiks. 2018. “Piling up or Packaging 
Policies? An Ex-Post Analysis of Modal Shift in Four Cities.” Energies 
11 (6): 1400. doi:10.3390/en11061400.

Ding, H., P. Veit, E. Gray, K. Reytar, J.-C. Altamirano, and A. 
Blackman. 2016. “Climate Benefits, Tenure Costs: The Economic 
Case for Securing Indigenous Land Rights.” Washington, DC: World 
Resources Institute. https://www.wri.org/research/climate-
benefits-tenure-costs.

Ding, H., S. Faruqi, A. Wu, J.C. Altamirano, A.A. Ortega, M. Verdone, 
R.Z. Cristales, R. Chazdon, and W. Vergara. 2017. “The Economics 
and Finance of Restoring Land.” Washington, DC: World Resources 
Institute. https://www.wri.org/research/roots-prosperity-
economics-and-finance-restoring-land.

Doukas, A., K. DeAngelis, and N. Ghio. 2017. Talk Is Cheap: How 
G20 Governments Are Financing Climate Disaster. Washington, DC: 
Oil Change International, Friends of the Earth, Sierra Club. http://
priceofoil.org/content/uploads/2017/07/talk_is_cheap_G20_
report_July2017.pdf.

Dowd, C. 2020. “Financial Transactions Taxes around the World.” 
Center for Economic and Policy Research (blog). https://cepr.net/
report/financial-transactions-taxes-around-the-world/.

Doyle, A. 2021. “Scared by Global Warming? In Iceland, One 
Solution Is Petrifying.” Reuters, February 4, 2021. https://www.
reuters.com/article/us-climate-change-technology-emissions-f-
idUSKBN2A415R.

Duarte, C.M., W.C. Dennison, R.J.W. Orth, and T.J.B. Carruthers. 
2008. “The Charisma of Coastal Ecosystems: Addressing the 
Imbalance.” Estuaries and Coasts 31 (2): 233–38. doi:10.1007/s12237-
008-9038-7.

Duarte, C.M., I.J. Losada, I.E. Hendriks, I. Mazarrasa, and N. Marbà. 
2013. “The Role of Coastal Plant Communities for Climate Change 
Mitigation and Adaptation.” Nature Climate Change 3 (11): 961–68. 
doi:10.1038/nclimate1970.

Dunic, J.C., C.J. Brown, R.M. Connolly, M.P. Turschwell, and I.M. Côté. 
2021. “Long‐Term Declines and Recovery of Meadow Area across 
the World’s Seagrass Bioregions.” Global Change Biology 27 (17): 
4096–109. doi:10.1111/gcb.15684.

EAFO (European Alternative Fuels Observatory). 2021. “Alternative 
Fuels Market Share New Registrations.” https://www.eafo.eu/
vehicles-and-fleet/m1.

EAMA (European Automobile Manufacturers Association). 2020. “All 
New Trucks Sold Must Be Fossil Free by 2040, Agree Truck Makers 
and Climate Researchers.” December 15, 2020. https://www.acea.
be/press-releases/article/all-new-trucks-sold-must-be-fossil-
free-by-2040-agree-truck-makers-and-clim.

ECIU (Energy and Climate Intelligence Unit). 2021. “Net Zero Tracker.” 
https://www.eciu.net/netzerotracker.

Eckhouse, B. 2020. “Solar and Wind Cheapest Sources of Power 
in Most of the World.” Bloomberg, April 28, 2020. https://www.
bloomberg.com/news/articles/2020-04-28/solar-and-wind-
cheapest-sources-of-power-in-most-of-the-world. 

EDF (Environmental Defense Fund). 2021. “Accelerating Zero 
Emissions Delivery: An Innovative Approach to Transforming the 
Last Mile.” New York: EDF. https://business.edf.org/files/EDF023_
Zero-Emissions_v3.pdf.

EIB (European Investment Bank). 2019. “EIB Energy Lending Policy: 
Supporting the Energy Transformation.” Luxembourg: EIB. https://
www.eib.org/en/publications/eib-energy-lending-policy.

EIU (Economist Intelligence Unit). 2020. “Peatland Rewetting: 
Reversing the Environmental Impacts of Peatland Drainage.” 
Economist. https://carbonremoval.economist.com/peatland-
rewetting/.

Element Energy. 2017. “Economic Case for Hydrogen Buses in 
Europe.” Cambridge, UK. https://cdn2.hubspot.net/hubfs/2007428/
LP and TY Pages/Economic Case Hydrogen Buses Europe/PT-
Ballard-Fuel-Cell-Buses-in-Europe-Summary.pdf.

Elliott, L., and A.B. Setyowati. 2020. “Toward a Socially Just 
Transition to Low Carbon Development: The Case of Indonesia.” 
Asian Affairs 51 (4): 875–94. doi:https://doi.org/10.1080/03068374.2
020.1835000.

eMarketer. 2020. “Retail Ecommerce Sales Worldwide 2019–2024.” 
EMarketer (blog). https://www.emarketer.com/chart/242908/
retail-ecommerce-sales-worldwide-2019-2024-trillions-change-
of-total-retail-sales.

Energiesprong Foundation. 2021. “Energiesprong.” 2021. https://
energiesprong.org/.

Englert, D., and A. Losos. 2021. “Charting a Course for 
Decarbonizing Maritime Transport: Summary for Policymakers and 
Industry.” Washington, DC: World Bank. https://openknowledge.
worldbank.org/handle/10986/35436.

Englert, D., A. Losos, C. Raucci, and T. Smith. 2021. “Volume 2: 
The Role of LNG in the Transition toward Low- and Zero-Carbon 
Shipping.” Washington, DC: World Bank. https://openknowledge.
worldbank.org/handle/10986/35437.

Environment and Climate Change Canada. 2018. “Task Force: Just 
Transition for Canadian Coal Power Workers and Communities.” 
Departmental actions. February 16, 2018. https://www.canada.ca/
en/environment-climate-change/services/climate-change/task-
force-just-transition.html.

EPA (U.S. Environmental Protection Agency). 2020. “EPA Facility 
Level GHG Emissions Data.” http://ghgdata.epa.gov/ghgp/main.do.

Erickson, P., S. Kartha, M. Lazarus, and K. Tempest. 2015. 
“Assessing Carbon Lock-In.” Environmental Research Letters 10 (8): 
084023. doi:10.1088/1748-9326/10/8/084023.

Erickson, P., A. Down, M. Lazarus, and D. Koplow. 2017. “Effect of 
Subsidies to Fossil Fuel Companies on United States Crude Oil 
Production.” Nature Energy 2 (11): 891–98. doi:10.1038/s41560-017-
0009-8.

Ericsson, K., and S. Werner. 2016. “The Introduction and Expansion 
of Biomass Use in Swedish District Heating Systems.” Biomass and 
Bioenergy 94 (September): 57–65. doi:10.1016/j.biombioe.2016.08.011.

ETC (Energy Transitions Commission). 2019a. “Mission Possible: 
Sectoral Focus Cement.” London: ETC. https://www.energy-
transitions.org/publications/mission-possible-sectoral-focus-
cement/#download-form.

ETC. 2019b. “Mission Possible Sectoral Focus: Shipping.” London: 
ETC. https://www.energy-transitions.org/publications/mission-
possible-sectoral-focus-shipping/.

https://doee.dc.gov/service/high-performance-building-hub
https://doee.dc.gov/service/high-performance-building-hub
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/sustainability/our%20insights/how%20industry%20can%20move%20toward%20a%20low%20carbon%20future/decarbonization-of-industrial-sectors-the-next-frontier.pdf
https://www.wri.org/research/climate-benefits-tenure-costs
https://www.wri.org/research/climate-benefits-tenure-costs
https://www.wri.org/research/roots-prosperity-economics-and-finance-restoring-land
https://www.wri.org/research/roots-prosperity-economics-and-finance-restoring-land
http://priceofoil.org/content/uploads/2017/07/talk_is_cheap_G20_report_July2017.pdf
http://priceofoil.org/content/uploads/2017/07/talk_is_cheap_G20_report_July2017.pdf
http://priceofoil.org/content/uploads/2017/07/talk_is_cheap_G20_report_July2017.pdf
https://cepr.net/report/financial-transactions-taxes-around-the-world/
https://cepr.net/report/financial-transactions-taxes-around-the-world/
https://www.reuters.com/article/us-climate-change-technology-emissions-f-idUSKBN2A415R
https://www.reuters.com/article/us-climate-change-technology-emissions-f-idUSKBN2A415R
https://www.reuters.com/article/us-climate-change-technology-emissions-f-idUSKBN2A415R
https://www.eafo.eu/vehicles-and-fleet/m1
https://www.eafo.eu/vehicles-and-fleet/m1
https://www.acea.be/press-releases/article/all-new-trucks-sold-must-be-fossil-free-by-2040-agree-truck-makers-and-clim
https://www.acea.be/press-releases/article/all-new-trucks-sold-must-be-fossil-free-by-2040-agree-truck-makers-and-clim
https://www.acea.be/press-releases/article/all-new-trucks-sold-must-be-fossil-free-by-2040-agree-truck-makers-and-clim
https://www.eciu.net/netzerotracker
https://www.bloomberg.com/news/articles/2020-04-28/solar-and-wind-cheapest-sources-of-power-in-most-of-the-world
https://www.bloomberg.com/news/articles/2020-04-28/solar-and-wind-cheapest-sources-of-power-in-most-of-the-world
https://www.bloomberg.com/news/articles/2020-04-28/solar-and-wind-cheapest-sources-of-power-in-most-of-the-world
https://business.edf.org/files/EDF023_Zero-Emissions_v3.pdf
https://business.edf.org/files/EDF023_Zero-Emissions_v3.pdf
https://www.eib.org/en/publications/eib-energy-lending-policy
https://www.eib.org/en/publications/eib-energy-lending-policy
https://carbonremoval.economist.com/peatland-rewetting/
https://carbonremoval.economist.com/peatland-rewetting/
https://cdn2.hubspot.net/hubfs/2007428/LP
https://cdn2.hubspot.net/hubfs/2007428/LP
https://doi.org/10.1080/03068374.2020.1835000
https://doi.org/10.1080/03068374.2020.1835000
https://www.emarketer.com/chart/242908/retail-ecommerce-sales-worldwide-2019-2024-trillions-change-of-total-retail-sales
https://www.emarketer.com/chart/242908/retail-ecommerce-sales-worldwide-2019-2024-trillions-change-of-total-retail-sales
https://www.emarketer.com/chart/242908/retail-ecommerce-sales-worldwide-2019-2024-trillions-change-of-total-retail-sales
https://energiesprong.org/
https://energiesprong.org/
https://openknowledge.worldbank.org/handle/10986/35436
https://openknowledge.worldbank.org/handle/10986/35436
https://openknowledge.worldbank.org/handle/10986/35437
https://openknowledge.worldbank.org/handle/10986/35437
https://www.canada.ca/en/environment-climate-change/services/climate-change/task-force-just-transition.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/task-force-just-transition.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/task-force-just-transition.html
http://ghgdata.epa.gov/ghgp/main.do
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-cement/#download-form
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-cement/#download-form
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-cement/#download-form
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-shipping/
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-shipping/


220STATE OF CLIMATE ACTION 2021  | rEFErENCES

ETC. 2019c. “Mission Possible. Sectoral Focus, Steel.” London: 
ETC. https://www.energy-transitions.org/publications/mission-
possible-sectoral-focus-cement/#download-form.

ETC. 2019d. “Mission Possible Sectoral Focus: Aviation.” London: 
ETC. https://www.energy-transitions.org/publications/mission-
possible-sectoral-focus-aviation/.

ETC. 2019e. “Mission Possible Sectoral Focus: Heavy Road 
Transport.” London: ETC. https://www.energy-transitions.org/
publications/mission-possible-sectoral-focus-heavy-road-
transport/.

ETC. 2020. Making Mission Possible. Delivering a Net-Zero Economy. 
London: ETC. https://www.energy-transitions.org/wp-content/
uploads/2020/09/Making-Mission-Possible-Full-Report.pdf.

ETC. 2021a. “Bioresources within a Net-Zero Emissions Economy.” 
London: ETC. https://www.energy-transitions.org/publications/
bioresources-within-a-net-zero-emissions-economy/.

ETC. 2021b. “Making the Hydrogen Economy Possible: Accelerating 
Clean Hydrogen in an Electrified Economy.” London: ETC. https://
www.energy-transitions.org/publications/making-clean-
hydrogen-possible/.

European Commission. 2013. Proposal for a Council Directive 
Implementing Enhanced Cooperation in the Area of Financial 
Transaction Tax. Brussels: European Commission. https://eur-lex.
europa.eu/legal-content/HR/TXT/?uri=CELEX:52013PC0071.

European Commission. 2019. “Energy Performance of Buildings 
Directive.” May 16, 2019. Brussels: European Commission. https://
ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-
buildings/energy-performance-buildings-directive_en.

European Commission. 2020a. “A Hydrogen Strategy for a Climate-
Neutral Europe.” Communication from the Commission to the 
European Parliament, the Council, the European Economic and 
Social Committee, and the Committee of the Regions. Brussels: 
European Commission. https://ec.europa.eu/energy/sites/ener/
files/hydrogen_strategy.pdf.

European Commission. 2020b. “A Renovation Wave for Europe: 
Greening Our Buildings, Creating Jobs, Improving Lives.” https://
ec.europa.eu/energy/sites/ener/files/eu_renovation_wave_
strategy.pdf.

European Commission. 2020c. “Transitions Performance Index 
Database.” December 2020. Brussels: Publications Office of 
the European Commission. https://ec.europa.eu/info/files/tpi-
database_en.

European Commission. 2021a. “The Just Transition Mechanism.” 
May 28, 2021. Brussels: European Commission. https://ec.europa.
eu/info/strategy/priorities-2019-2024/european-green-deal/
actions-being-taken-eu/just-transition-mechanism_en.

European Commission. 2021b. “Carbon Border Adjustment 
Mechanism.” Taxation and Customs Union, July 14, 2021. https://
ec.europa.eu/taxation_customs/green-taxation-0/carbon-border-
adjustment-mechanism_en.

European Environment Agency. 2020. Environmental Noise in 
Europe, 2020. Luxembourg: Publications Office of the European 
Union. https://data.europa.eu/doi/10.2800/686249.

Evenson, R.E., and D. Gollin. 2003. “Assessing the Impact of the 
Green Revolution, 1960 to 2000.” Science 300 (5620): 758–62. 
doi:10.1126/science.1078710.

Fa, J.E., J.E. Watson, I. Leiper, P. Potapov, T.D. Evans, N.D. Burgess, 
Z. Molnár, et al. 2020. “Importance of Indigenous Peoples’ Lands for 
the Conservation of Intact Forest Landscapes.” Frontiers in Ecology 
and the Environment 18 (3): 135–40. doi:10.1002/fee.2148.

FAO (Food and Agriculture Organization of the United Nations). 
2011a. “Global Food Losses and Food Waste: Extent, Causes and 
Prevention.” Rome: FAO. http://www.fao.org/3/i2697e/i2697e.pdf.

FAO. 2011b. “The State of the World’s Land and Water Resources for 
Food and Agriculture: Managing Systems at Risk.” Rome: FAO and 
Earthscan. doi:10.4324/9780203142837.

FAO. 2018. “Future of Food and Agriculture 2018: Alternative 
Pathways to 2050.” Rome: FAO. http://www.fao.org/global-
perspectives-studies/resources/detail/en/c/1157074/.

FAO. 2019. “The State of Food and Agriculture 2019: Moving Forward 
on Food Loss and Waste Reduction.” Rome: FAO. http://www.fao.
org/3/ca6030en/ca6030en.pdf.

FAO, IFAD (International Fund for Agricultural Development), UNICEF 
(UN Children’s Fund), WFP (World Food Programme), and WHO 
(World Health Organization). 2021. “The State of Food Security and 
Nutrition in the World 2021: Transforming Food Systems for Food 
Security, Improved Nutrition and Affordable Healthy Diets for All.” 
Rome: FAO. http://www.fao.org/3/cb4474en/cb4474en.pdf.

FAO and UNCCD (UN Convention to Combat Desertification). 2015. 
“Sustainable Financing for Forest and Landscape Restoration: 
Opportunities, Challenges and the Way Forward.” Rome: FAO and 
UNCCD. http://www.fao.org/3/I5174E/i5174e.pdf.

FAO and UNEP (UN Environment Programme). 2020. State 
of the World’s Forests 2020: Forestry, Biodiversity and 
People. Rome: FAO. http://www.fao.org/documents/card/
en/c/ca8642en/#:~:text=The%20State%20of%20the%20
World’s%20Forests%202020%20assesses%20progress%20
to,conservation%20and%20sustainable%20development%20o-
utcomes.

FAOSTAT. 2021. “FAOSTAT Data.” Rome: FAO. http://www.fao.org/
faostat/en/#data.

Feola, G. 2015. “Societal Transformation in Response to Global 
Environmental Change: A Review of Emerging Concepts.” Ambio 44 
(5): 376–90. doi:10.1007/s13280-014-0582-z. 

Few, R., D. Morchain, D. Spear, A. Mensah, and R. Bendapudi. 2017. 
“Transformation, Adaptation and Development: Relating Concepts 
to Practice.” Palgrave Communications 3 (1): 17092. doi:10.1057/
palcomms.2017.92.

Field, K. 2020. “BloombergNEF: Lithium-Ion Battery Cell Densities 
Have Almost Tripled since 2010.” February 19, 2020. https://
cleantechnica.com/2020/02/19/bloombergnef-lithium-ion-
battery-cell-densities-have-almost-tripled-since-2010/.

Fischer, C.G., and T. Garnett. 2016. “Plates, Pyramids, and Planets: 
Developments in National Healthy and Sustainable Dietary 
Guidelines: A State of Play Assessment.” Rome: FAO and Food 
Climate Research Network, University of Oxford. http://www.fao.
org/3/a-i5640e.pdf.

Folberth, C., N. Khabarov, J. Balkovič, R. Skalský, P. Visconti, P. Ciais, 
I.A. Janssens, et al. 2020. “The Global Cropland-Sparing Potential of 
High-Yield Farming.” Nature Sustainability 3 (4): 281–89. doi:10.1038/
s41893-020-0505-x.

Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Chapin, and J. 
Rockström. 2010. “Resilience Thinking: Integrating Resilience, 
Adaptability and Transformability.” Ecology and Society 15 (4). 
Resilience Alliance. doi:10.5751/ES-03610-150420.

Frankfurt School—UNEP Centre/BNEF. 2020. “Global Trends in 
Renewable Energy Investment 2020.” Frankfurt am Main: Frankfurt 
School—UNEP Centre/BNEF. https://www.fs-unep-centre.org/wp-
content/uploads/2020/06/GTR_2020.pdf.

https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-cement/#download-form
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-cement/#download-form
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-aviation/
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-aviation/
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-heavy-road-transport/
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-heavy-road-transport/
https://www.energy-transitions.org/publications/mission-possible-sectoral-focus-heavy-road-transport/
https://www.energy-transitions.org/wp-content/uploads/2020/09/Making-Mission-Possible-Full-Report.pdf
https://www.energy-transitions.org/wp-content/uploads/2020/09/Making-Mission-Possible-Full-Report.pdf
https://www.energy-transitions.org/publications/bioresources-within-a-net-zero-emissions-economy/
https://www.energy-transitions.org/publications/bioresources-within-a-net-zero-emissions-economy/
https://www.energy-transitions.org/publications/making-clean-hydrogen-possible/
https://www.energy-transitions.org/publications/making-clean-hydrogen-possible/
https://www.energy-transitions.org/publications/making-clean-hydrogen-possible/
https://eur-lex.europa.eu/legal-content/HR/TXT/?uri=CELEX
https://eur-lex.europa.eu/legal-content/HR/TXT/?uri=CELEX
https://ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://ec.europa.eu/energy/topics/energy-efficiency/energy-efficient-buildings/energy-performance-buildings-directive_en
https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf
https://ec.europa.eu/energy/sites/ener/files/hydrogen_strategy.pdf
https://ec.europa.eu/energy/sites/ener/files/eu_renovation_wave_strategy.pdf
https://ec.europa.eu/energy/sites/ener/files/eu_renovation_wave_strategy.pdf
https://ec.europa.eu/energy/sites/ener/files/eu_renovation_wave_strategy.pdf
https://ec.europa.eu/info/files/tpi-database_en
https://ec.europa.eu/info/files/tpi-database_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/actions-being-taken-eu/just-transition-mechanism_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/actions-being-taken-eu/just-transition-mechanism_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal/actions-being-taken-eu/just-transition-mechanism_en
https://ec.europa.eu/taxation_customs/green-taxation-0/carbon-border-adjustment-mechanism_en
https://ec.europa.eu/taxation_customs/green-taxation-0/carbon-border-adjustment-mechanism_en
https://ec.europa.eu/taxation_customs/green-taxation-0/carbon-border-adjustment-mechanism_en
https://data.europa.eu/doi/10.2800/686249
http://www.fao.org/3/i2697e/i2697e.pdf
http://www.fao.org/global-perspectives-studies/resources/detail/en/c/1157074/
http://www.fao.org/global-perspectives-studies/resources/detail/en/c/1157074/
http://www.fao.org/3/ca6030en/ca6030en.pdf
http://www.fao.org/3/ca6030en/ca6030en.pdf
http://www.fao.org/3/cb4474en/cb4474en.pdf
http://www.fao.org/3/I5174E/i5174e.pdf
http://www.fao.org/documents/card/en/c/ca8642en/#
http://www.fao.org/documents/card/en/c/ca8642en/#
http://www.fao.org/faostat/en/#data
http://www.fao.org/faostat/en/#data
https://cleantechnica.com/2020/02/19/bloombergnef-lithium-ion-battery-cell-densities-have-almost-tripled-since-2010/
https://cleantechnica.com/2020/02/19/bloombergnef-lithium-ion-battery-cell-densities-have-almost-tripled-since-2010/
https://cleantechnica.com/2020/02/19/bloombergnef-lithium-ion-battery-cell-densities-have-almost-tripled-since-2010/
http://www.fao.org/3/a-i5640e.pdf
http://www.fao.org/3/a-i5640e.pdf
https://www.fs-unep-centre.org/wp-content/uploads/2020/06/GTR_2020.pdf
https://www.fs-unep-centre.org/wp-content/uploads/2020/06/GTR_2020.pdf


221STATE OF CLIMATE ACTION 2021  | rEFErENCES

Fransen, T., K. Lebling, D. Weyl, and K. Kennedy. 2021. “Toward 
a Tradable Low-Carbon Cement Standard: Policy Design 
Considerations for the United States.” Washington, DC: 
World Resources Institute. https://www.wri.org/research/
toward-tradable-low-carbon-cement-standard-policy-design-
considerations-united-states.

Fresnillo, I. 2020. “A Tale of Two Emergencies: The Interplay of 
Sovereign Debt and Climate Crises in the Global South.” Brussels: 
Eurodad (European Network on Debt and Development). https://
www.eurodad.org/a_tale_of_two_emergencies_the_interplay_of_
sovereign_debt_and_climate_crises_in_the_global_south.

Fuss, S., W.F. Lamb, M.W. Callaghan, J. Hilaire, F. Creutzig, T. 
Amann, T. Beringer, et al. 2018. “Negative Emissions—Part 2: Costs, 
Potentials and Side Effects.” Environmental Research Letters 13 (6): 
063002. doi:10.1088/1748-9326/aabf9f.

Future Earth. 2020. “Our Future on Earth 2020: Science Insights 
into Our Planet and Society.” Montreal: Future Earth. https://
futureearth.org/publications/our-future-on-earth/.

Gabor, D. 2021. “The Wall Street Consensus.” Development and 
Change 52 (3): 429–59. doi:https://doi.org/10.1111/dech.12645.

Galgóczi, B. 2014. “The Long and Winding Road from Black to Green.” 
International Journal of Labour Research 6 (2): 217–40.

Gallagher, K., and R. Kozul-Wright. 2019. “A New Multilateralism 
for Shared Prosperity: Geneva Principles for a Global Green New 
Deal.” Global Development Policy Center, Boston University; UN 
Conference on Trade and Development. https://www.bu.edu/
gdp/files/2019/05/Updated-New-Graphics-New-Multilateralism-
May-8-2019.pdf.

Gallucci, M. 2021. “Why the Shipping Industry Is Betting Big 
on Ammonia: Ammonia Engines and Fuel Cells Could Slash 
Carbon Emissions.” IEEE Spectrum: Technology, Engineering, and 
Science News, February 23, 2021. https://spectrum.ieee.org/
transportation/marine/why-the-shipping-industry-is-betting-big-
on-ammonia.

Gaveau, D.L.A., B. Locatelli, M.A. Salim, H. Yaen, P. Pacheco, and D. 
Sheil. 2019. “Rise and Fall of Forest Loss and Industrial Plantations 
in Borneo (2000–2017).” Conservation Letters 12 (3): e12622. 
doi:10.1111/conl.12622.

Gaventa, J. 2021. “Africa’s Bumpy Road to an EV Future.” Energy 
Monitor, January 6, 2021. https://energymonitor.ai/sector/
transport/africas-bumpy-road-to-an-electric-vehicle-future.

GCCA (Global Cement and Concrete Association). 2019. “GNR-GCCA 
in Numbers.” https://gccassociation.org/sustainability-innovation/
gnr-gcca-in-numbers/.

Ge, M., and J. Friedrich. 2020. “4 Charts Explain Greenhouse Gas 
Emissions by Countries and Sectors.” World Resources Institute. 
https://www.wri.org/insights/4-charts-explain-greenhouse-gas-
emissions-countries-and-sectors.

Geddes, A., I. Gerasimchuk, B. Viswanathan, A. Picciariello, 
B. Tucker, A. Doukas, V. Corkal, et al. 2020. “Doubling Back 
and Doubling Down: G20 Scorecard on Fossil Fuel Funding.” 
International Institute for Sustainable Development, Overseas 
Development Institute, Oil Change International. https://www.iisd.
org/publications/g20-scorecard.

Geels, F.W. 2005. “The Dynamics of Transitions in Socio-technical 
Systems: A Multi-level Analysis of the Transition Pathway 
from Horse-Drawn Carriages to Automobiles (1860–1930).” 
Technology Analysis & Strategic Management 17 (4): 445–76. 
doi:10.1080/09537320500357319.

Geels, F.W., and J. Schot. 2007. “Typology of Sociotechnical 
Transition Pathways.” Research Policy 36 (3): 399–417. doi:10.1016/j.
respol.2007.01.003.

Geels, F.W., B.K. Sovacool, T. Schwanen, and S. Sorrell. 2017a. 
“Sociotechnical Transitions for Deep Decarbonization.” Science 357 
(6357): 1242–44. doi:10.1126/science.aao3760.

Geels, F.W., B.K. Sovacool, T. Schwanen, and S. Sorrell. 2017b. “The 
Socio-technical Dynamics of Low-Carbon Transitions.” Joule 1 (3): 
463–79. doi:10.1016/j.joule.2017.09.018.

Gerber, P.J., H. Steinfeld, B. Henderson, A. Mottet, C. Opio, J. 
Dijkman, A. Falcucci, and G. Tempio. 2013. “Tackling Climate 
Change through Livestock: A Global Assessment of Emissions and 
Mitigation Opportunities.” Rome: Food and Agriculture Organization 
of the United Nations. http://www.fao.org/publications/card/
en/c/030a41a8-3e10-57d1-ae0c-86680a69ceea/.

GFW (Global Forest Watch). 2021a. “Forest Greenhouse Gas 
Emissions.” Washington, DC: GFW. https://gfw.global/3k9Wpyn.

GFW. 2021b. “Global Deforestation.” Washington, DC: GFW. https://
gfw.global/3wimqAm.

GFW. 2021c. “Global Primary Forest Loss.” Washington, DC: GFW. 
https://gfw.global/3gdW1hG.

GFW. 2021d. “Tree Cover Gain in Compared to Other Areas.” 
Washington, DC: GFW. https://www.globalforestwatch.org/
dashboards/global/?category=forest-change&location=WyJn-
bG9iYWwiXQ%3D%3D&map=eyJkYXRhc2V0cyI6W3sib3BhY2l0eS-
I6MC43LCJ2aXNpYmlsaXR5Ijp0cnVlLCJkYXRhc2V0IjoicHJpbW-
FyeS1mb3Jlc3RzIiwibGF5ZXJzIjpbInByaW1hcnktZm9yZXN0cy0yM-
DAxIl19LHsiZGF0YXNldCI6InBvbGl0aWNhbC1ib3VuZGFyaWVzIiwib-
GF5ZXJzIjpbImRpc3B1dGVkLXBvbGl0aWNhbC1ib3VuZGFyaWVzIi-
wicG9saXRpY2FsLWJvdW5kYXJpZXMiXSwiYm91bmRhcnkiOnRy-
dWUsIm9wYWNpdHkiOjEsInZpc2liaWxpdHkiOnRydWV9LHsiZG-
F0YXNldCI6InRyZWUtY292ZXItbG9zcyIsImxheWVycyI6WyJ0cmVlL-
WNvdmVyLWxvc3MiXSwib3BhY2l0eSI6MSwidmlzaWJpbGl0eSI6dH-
J1ZSwicGFyYW1zIjp7InRocmVzaG9sZCI6MzAsInZpc2liaWx-
pdHkiOnRydWV9fV19&modalMeta=widget_tree_cover_gain.

Gibbs, H.K., L. Rausch, J. Munger, I. Schelly, D.C. Morton, P. 
Noojipady, B. Soares-Filho, et al. 2015. “Brazil’s Soy Moratorium.” 
Science 347 (6220): 377. doi:10.1126/science.aaa0181.

Gibson, L., T.M. Lee, L.P. Koh, B.W. Brook, T.A. Gardner, J. Barlow, 
C.A. Peres, et al. 2011. “Primary Forests Are Irreplaceable for 
Sustaining Tropical Biodiversity.” Nature 478 (7369): 378–81. 
doi:10.1038/nature10425.

Gielen, D., D. Saygin, E. Taibi, and J. Birat. 2020. “Renewables-
Based Decarbonization and Relocation of Iron and Steel Making: 
A Case Study.” Journal of Industrial Ecology 24 (5): 1–13. doi:10.1111/
jiec.12997.

Gill, D.A., M.B. Mascia, G.N. Ahmadia, L. Glew, S.E. Lester, M. Barnes, 
I. Craigie, et al. 2017. “Capacity Shortfalls Hinder the Performance 
of Marine Protected Areas Globally.” Nature 543 (7647): 665–69. 
doi:10.1038/nature21708.

Giri, C., E. Ochieng, L.L. Tieszen, Z. Zhu, A. Singh, T. Loveland, J. 
Masek, and N. Duke. 2011. “Status and Distribution of Mangrove 
Forests of the World Using Earth Observation Satellite Data.” 
Global Ecology and Biogeography 20 (1): 154–59. doi:10.1111/j.1466-
8238.2010.00584.x.

Glandorf, J. 2020. “On the Move: Unpacking the Challenges and 
Opportunities of Electric Vehicles.” Environmental and Energy 
Study Institute, November 5, 2020. https://www.eesi.org/articles/
view/on-the-move-unpacking-the-challenges-and-opportunities-
of-electric-vehicles.

https://www.wri.org/research/toward-tradable-low-carbon-cement-standard-policy-design-considerations-united-states
https://www.wri.org/research/toward-tradable-low-carbon-cement-standard-policy-design-considerations-united-states
https://www.wri.org/research/toward-tradable-low-carbon-cement-standard-policy-design-considerations-united-states
https://www.eurodad.org/a_tale_of_two_emergencies_the_interplay_of_sovereign_debt_and_climate_crises_in_the_global_south
https://www.eurodad.org/a_tale_of_two_emergencies_the_interplay_of_sovereign_debt_and_climate_crises_in_the_global_south
https://www.eurodad.org/a_tale_of_two_emergencies_the_interplay_of_sovereign_debt_and_climate_crises_in_the_global_south
https://futureearth.org/publications/our-future-on-earth/
https://futureearth.org/publications/our-future-on-earth/
https://doi.org/10.1111/dech.12645
https://www.bu.edu/gdp/files/2019/05/Updated-New-Graphics-New-Multilateralism-May-8-2019.pdf
https://www.bu.edu/gdp/files/2019/05/Updated-New-Graphics-New-Multilateralism-May-8-2019.pdf
https://www.bu.edu/gdp/files/2019/05/Updated-New-Graphics-New-Multilateralism-May-8-2019.pdf
https://spectrum.ieee.org/transportation/marine/why-the-shipping-industry-is-betting-big-on-ammonia
https://spectrum.ieee.org/transportation/marine/why-the-shipping-industry-is-betting-big-on-ammonia
https://spectrum.ieee.org/transportation/marine/why-the-shipping-industry-is-betting-big-on-ammonia
https://energymonitor.ai/sector/transport/africas-bumpy-road-to-an-electric-vehicle-future
https://energymonitor.ai/sector/transport/africas-bumpy-road-to-an-electric-vehicle-future
https://gccassociation.org/sustainability-innovation/gnr-gcca-in-numbers/
https://gccassociation.org/sustainability-innovation/gnr-gcca-in-numbers/
https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors
https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors
https://www.iisd.org/publications/g20-scorecard
https://www.iisd.org/publications/g20-scorecard
http://www.fao.org/publications/card/en/c/030a41a8-3e10-57d1-ae0c-86680a69ceea/
http://www.fao.org/publications/card/en/c/030a41a8-3e10-57d1-ae0c-86680a69ceea/
https://gfw.global/3k9Wpyn
https://gfw.global/3wimqAm
https://gfw.global/3wimqAm
https://gfw.global/3gdW1hG
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.globalforestwatch.org/dashboards/global/?category=forest-change&location=WyJnbG9iYWwiXQ%3D%3D&map=&modalMeta=widget_tree_cover_gain
https://www.eesi.org/articles/view/on-the-move-unpacking-the-challenges-and-opportunities-of-electric-vehicles
https://www.eesi.org/articles/view/on-the-move-unpacking-the-challenges-and-opportunities-of-electric-vehicles
https://www.eesi.org/articles/view/on-the-move-unpacking-the-challenges-and-opportunities-of-electric-vehicles


222STATE OF CLIMATE ACTION 2021  | rEFErENCES

Glassman, C.A. 2003. “Financial Reform: Relevance and Reality in 
Financial Reporting.” Atlanta: National Association for Business 
Economics. https://www.sec.gov/news/speech/spch091603cag.htm.

Global Energy Monitor. 2021a. “Summary Data: Global Energy 
Monitor.” https://globalenergymonitor.org/projects/global-coal-
plant-tracker/summary-data/.

Global Energy Monitor. 2021b. “Global Steel Plant Tracker.” https://
globalenergymonitor.org/projects/global-steel-plant-tracker/.

Global Energy Monitor, Sierra Club, CREA, Climate Risk Horizons, 
GreenID, and Ekosfer. 2021. “Boom and Bust 2021: Tracking the 
Global Coal Plant Pipeline.” San Francisco: Global Energy Monitor. 
https://globalenergymonitor.org/wp-content/uploads/2021/04/
BoomAndBust_2021_final.pdf.

Global Maritime Forum. 2021. Getting to Zero Coalition: Accelerating 
the Development and Deployment of Zero Emission Vessels by 2030. 
https://www.globalmaritimeforum.org/content/2019/09/Getting-
to-Zero-Coalition-Project-outline.pdf.

Goldberg, L., D. Lagomasino, N. Thomas, and T. Fatoyinbo. 2020. 
“Global Declines in Human‐Driven Mangrove Loss.” Global Change 
Biology 26 (10): 5844–55. doi:10.1111/gcb.15275.

Goldstein, A., W.R. Turner, S.A. Spawn, K.J. Anderson-Teixeira, 
S. Cook-Patton, J. Fargione, H.K. Gibbs, et al. 2020. “Protecting 
Irrecoverable Carbon in Earth’s Ecosystems.” Nature Climate 
Change 10 (4): 287–95. doi:10.1038/s41558-020-0738-8.

Good Food Institute. 2021. “Retail Sales Data: Plant-Based Meat, 
Eggs, Dairy.” https://gfi.org/marketresearch/.

Götschi, T., M. Tainio, N. Maizlish, T. Schwanen, A. Goodman, and 
J. Woodcock. 2015. “Contrasts in Active Transport Behaviour 
across Four Countries: How Do They Translate into Public Health 
Benefits?” Preventive Medicine 74 (May): 42–48. doi:10.1016/j.
ypmed.2015.02.009.

Gouldson, A., A. Sudmant, H. Khreis, and E. Papargyropoulou. 
2018. “The Economic and Social Benefits of Low-Carbon Cities: A 
Systematic Review of the Evidence.” New Climate Economy Working 
Papers. https://newclimateeconomy.report/workingpapers/
workingpaper/the-economic-and-social-benefits-of-low-carbon-
cities-a-systematic-review-of-the-evidence/.

Government of China. 2009. Notice on Carrying Out the Pilot Work of 
Demonstration and Promotion of Energy-Saving and New Energy Vehicles. 
http://www.gov.cn/zwgk/2009-02/05/content_1222338.htm.

Graham, J., and A. Courreges. 2020. “Leading a Clean Urban 
Recovery with Electric Buses.” Washington, DC: International 
Finance Corporation. https://www.ifc.org/wps/wcm/connect/
ab54df3f-ea06-434c-9827-0522a942c11f/IFC-InfraNote-EBus-
FINAL_web.pdf?MOD=AJPERES&CVID=nouB55N.

Gregersen, H., H. El Lakany, L. Bailey, and A. White. 2011. “Greener 
Side of REDD+: Lessons for REDD+ from Countries Where Forest 
Area Is Increasing.” Washington, DC: Rights and Resources 
Initiative. http://rgdoi.net/10.13140/2.1.1410.6401.

Grin, J., J. Rotmans, and J. Schot. 2010. Transitions to Sustainable 
Development: New Directions in the Study of Long Term 
Transformative Change. Oxfordshire, UK: Routledge. https://
www.routledge.com/Transitions-to-Sustainable-Development-
New-Directions-in-the-Study-of-Long/Grin-Rotmans-Schot/p/
book/9780415898041.

Griscom, B.W., J. Adams, P.W. Ellis, R.A. Houghton, G. Lomax, D.A. 
Miteva, W.H. Schlesinger, et al. 2017. “Natural Climate Solutions.” 
Proceedings of the National Academy of Sciences 114 (44): 11645–50. 
doi:10.1073/pnas.1710465114.

Grubb, M., P. Drummond, and N. Hughes. 2020. “The Shape and 
Pace of Change in the Electricity Transition: Sectoral Dynamics 
and Indicators of Progress.” London: UCL Institute for Sustainable 
Resources and We Mean Business Coalition. https://www.
wemeanbusinesscoalition.org/wp-content/uploads/2020/10/
Shape-and-Pace-of-Change-in-the-Electricity-Transition-1.pdf.

Grubb, M., P. Drummond, and N. Hughes. 2021. “The Shape and Pace 
of Change in the Transport Transition.” We Mean Business Coalition. 
https://s3.amazonaws.com/assets.wemeanbusinesscoalition.
org/wp-content/uploads/2021/05/25182135/Shape-And-Pace-Of-
Change-In-The-Transport-Transition-1.pdf.

G7. 2016. “G7 Ise-Shima Leaders’ Declaration.” https://www.mofa.
go.jp/files/000160266.pdf.

G7. 2021. “G7 Finance Ministers and Central Bank Governors’ 
Communiqué.” https://www.g7uk.org/g7-finance-ministers-and-
central-bank-governors-communique/.

G20. 2009. “Leaders’ Statement: The Pittsburgh Summit.” https://
www.treasury.gov/resource-center/international/g7-g20/
Documents/pittsburgh_summit_leaders_statement_250909.pdf.

Gupta, A. 2021. “HyDeal Ambition Project Plans Massive Boost of 
Green H2 from Iberia.” Institute for Energy Economics and Financial 
Analysis (blog), February 17. https://ieefa.org/hydeal-ambition-
project-plans-massive-boost-of-green-h2-from-iberia/. 

Gurman, R.O. 2021. “Taking Commercial Fleet Electrification to 
Scale: Financing Barriers and Solutions.” Pasadena, CA: CALSTART. 
https://globaldrivetozero.org/publication/taking-commercial-
fleet-electrification-to-scale-financing-barriers-and-solutions/.

Guzowski, M. 2014. “Towards Net-Zero Energy: Lessons for 
Architectural Design Education.” https://experts.umn.edu/en/
publications/towards-net-zero-energy-lessons-for-architectural-
design-educatio.

Hamzah, H., and R. Juliane. 2016. “What Indonesia Doesn’t Know 
about Peatlands Could Undermine Its Climate Goals.” World 
Resources Institute Insights (blog), March 10, 2016. https://www.
wri.org/insights/what-indonesia-doesnt-know-about-peatlands-
could-undermine-its-climate-goals.

Hansen, M.C., P.V. Potapov, R. Moore, M. Hancher, S.A. Turubanova, 
A. Tyukavina, D. Thau, et al. 2013. “High-Resolution Global Maps 
of 21st-Century Forest Cover Change.” Science 342 (6160): 850. 
doi:10.1126/science.1244693.

Hanson, C., and P. Mitchell. 2017. “The Business Case for Reducing 
Food Loss and Waste.” Washington, DC: World Resources Institute. 
https://champions123.org/publication/business-case-reducing-
food-loss-and-waste.

Hanson, C., K. Buckingham, S. Dewitt, and L. Laestadius. 2015. “The 
Restoration Diagnostic: A Method for Developing Forest Landscape 
Restoration Strategies by Rapidly Assessing the Status of Key 
Success Factors.” Washington, DC: World Resources Institute. 
https://www.wri.org/research/restoration-diagnostic.

Harris, N., and S. Sargent. 2016. “Destruction of Tropical Peatland 
Is an Overlooked Source of Emissions.” World Resources Institute 
Insights (blog), April 21, 2016. https://www.wri.org/insights/
destruction-tropical-peatland-overlooked-source-emissions.

Harris, N., D.A. Gibbs, A. Baccini, R.A. Birdsey, S. de Bruin, M. 
Farina, L. Fatoyinbo, et al. 2021. “Global Maps of Twenty-First 
Century Forest Carbon Fluxes.” Nature Climate Change 11: 234–40. 
doi:https://doi.org/10.1038/s41558-020-00976-6.

Hawkins, A. 2020. “Tesla’s Battery Day Ended with No Battery and a 
Lot of Unanswered Questions.” The Verge, October 1, 2020. https://
www.theverge.com/2020/10/1/21452436/tesla-battery-day-
reaction-elon-musk-questions-lithium-mining.

https://www.sec.gov/news/speech/spch091603cag.htm
https://globalenergymonitor.org/projects/global-coal-plant-tracker/summary-data/
https://globalenergymonitor.org/projects/global-coal-plant-tracker/summary-data/
https://globalenergymonitor.org/projects/global-steel-plant-tracker/
https://globalenergymonitor.org/projects/global-steel-plant-tracker/
https://globalenergymonitor.org/wp-content/uploads/2021/04/BoomAndBust_2021_final.pdf
https://globalenergymonitor.org/wp-content/uploads/2021/04/BoomAndBust_2021_final.pdf
https://www.globalmaritimeforum.org/content/2019/09/Getting-to-Zero-Coalition-Project-outline.pdf
https://www.globalmaritimeforum.org/content/2019/09/Getting-to-Zero-Coalition-Project-outline.pdf
https://gfi.org/marketresearch/
https://newclimateeconomy.report/workingpapers/workingpaper/the-economic-and-social-benefits-of-low-carbon-cities-a-systematic-review-of-the-evidence/
https://newclimateeconomy.report/workingpapers/workingpaper/the-economic-and-social-benefits-of-low-carbon-cities-a-systematic-review-of-the-evidence/
https://newclimateeconomy.report/workingpapers/workingpaper/the-economic-and-social-benefits-of-low-carbon-cities-a-systematic-review-of-the-evidence/
http://www.gov.cn/zwgk/2009-02/05/content_1222338.htm
https://www.ifc.org/wps/wcm/connect/ab54df3f-ea06-434c-9827-0522a942c11f/IFC-InfraNote-EBus-FINAL_web.pdf?MOD=AJPERES&CVID=nouB55N
https://www.ifc.org/wps/wcm/connect/ab54df3f-ea06-434c-9827-0522a942c11f/IFC-InfraNote-EBus-FINAL_web.pdf?MOD=AJPERES&CVID=nouB55N
https://www.ifc.org/wps/wcm/connect/ab54df3f-ea06-434c-9827-0522a942c11f/IFC-InfraNote-EBus-FINAL_web.pdf?MOD=AJPERES&CVID=nouB55N
http://rgdoi.net/10.13140/2.1.1410.6401
https://www.routledge.com/Transitions-to-Sustainable-Development-New-Directions-in-the-Study-of-Long/Grin-Rotmans-Schot/p/book/9780415898041
https://www.routledge.com/Transitions-to-Sustainable-Development-New-Directions-in-the-Study-of-Long/Grin-Rotmans-Schot/p/book/9780415898041
https://www.routledge.com/Transitions-to-Sustainable-Development-New-Directions-in-the-Study-of-Long/Grin-Rotmans-Schot/p/book/9780415898041
https://www.routledge.com/Transitions-to-Sustainable-Development-New-Directions-in-the-Study-of-Long/Grin-Rotmans-Schot/p/book/9780415898041
https://www.wemeanbusinesscoalition.org/wp-content/uploads/2020/10/Shape-and-Pace-of-Change-in-the-Electricity-Transition-1.pdf
https://www.wemeanbusinesscoalition.org/wp-content/uploads/2020/10/Shape-and-Pace-of-Change-in-the-Electricity-Transition-1.pdf
https://www.wemeanbusinesscoalition.org/wp-content/uploads/2020/10/Shape-and-Pace-of-Change-in-the-Electricity-Transition-1.pdf
https://s3.amazonaws.com/assets.wemeanbusinesscoalition.org/wp-content/uploads/2021/05/25182135/Shape-And-Pace-Of-Change-In-The-Transport-Transition-1.pdf
https://s3.amazonaws.com/assets.wemeanbusinesscoalition.org/wp-content/uploads/2021/05/25182135/Shape-And-Pace-Of-Change-In-The-Transport-Transition-1.pdf
https://s3.amazonaws.com/assets.wemeanbusinesscoalition.org/wp-content/uploads/2021/05/25182135/Shape-And-Pace-Of-Change-In-The-Transport-Transition-1.pdf
https://www.mofa.go.jp/files/000160266.pdf
https://www.mofa.go.jp/files/000160266.pdf
https://www.g7uk.org/g7-finance-ministers-and-central-bank-governors-communique/
https://www.g7uk.org/g7-finance-ministers-and-central-bank-governors-communique/
https://www.treasury.gov/resource-center/international/g7-g20/Documents/pittsburgh_summit_leaders_statement_250909.pdf
https://www.treasury.gov/resource-center/international/g7-g20/Documents/pittsburgh_summit_leaders_statement_250909.pdf
https://www.treasury.gov/resource-center/international/g7-g20/Documents/pittsburgh_summit_leaders_statement_250909.pdf
https://ieefa.org/hydeal-ambition-project-plans-massive-boost-of-green-h2-from-iberia/
https://ieefa.org/hydeal-ambition-project-plans-massive-boost-of-green-h2-from-iberia/
https://globaldrivetozero.org/publication/taking-commercial-fleet-electrification-to-scale-financing-barriers-and-solutions/
https://globaldrivetozero.org/publication/taking-commercial-fleet-electrification-to-scale-financing-barriers-and-solutions/
https://experts.umn.edu/en/publications/towards-net-zero-energy-lessons-for-architectural-design-educatio
https://experts.umn.edu/en/publications/towards-net-zero-energy-lessons-for-architectural-design-educatio
https://experts.umn.edu/en/publications/towards-net-zero-energy-lessons-for-architectural-design-educatio
https://www.wri.org/insights/what-indonesia-doesnt-know-about-peatlands-could-undermine-its-climate-goals
https://www.wri.org/insights/what-indonesia-doesnt-know-about-peatlands-could-undermine-its-climate-goals
https://www.wri.org/insights/what-indonesia-doesnt-know-about-peatlands-could-undermine-its-climate-goals
https://champions123.org/publication/business-case-reducing-food-loss-and-waste
https://champions123.org/publication/business-case-reducing-food-loss-and-waste
https://www.wri.org/research/restoration-diagnostic
https://www.wri.org/insights/destruction-tropical-peatland-overlooked-source-emissions
https://www.wri.org/insights/destruction-tropical-peatland-overlooked-source-emissions
https://doi.org/10.1038/s41558-020-00976-6
https://www.theverge.com/2020/10/1/21452436/tesla-battery-day-reaction-elon-musk-questions-lithium-mining
https://www.theverge.com/2020/10/1/21452436/tesla-battery-day-reaction-elon-musk-questions-lithium-mining
https://www.theverge.com/2020/10/1/21452436/tesla-battery-day-reaction-elon-musk-questions-lithium-mining


223STATE OF CLIMATE ACTION 2021  | rEFErENCES

Hawkins, A. 2021. “Biden Wants to Replace Government Fleet 
with Electric Vehicles.” The Verge, January 25, 2021. https://www.
theverge.com/2021/1/25/22249237/biden-electric-vehicle-
government-fleet-ev.

Heid, B., C. Martens, and A. Orthofer. 2021. “How Hydrogen 
Combustion Engines Can Contribute to Zero Emissions.” New York: 
McKinsey & Company. https://www.mckinsey.com/industries/
automotive-and-assembly/our-insights/how-hydrogen-
combustion-engines-can-contribute-to-zero-emissions.

Heithaus, M.R., T. Alcoverro, R. Arthur, D.A. Burkholder, K.A. Coates, 
M.J.A. Christianen, N. Kelkar, et al. 2014. “Seagrasses in the Age of 
Sea Turtle Conservation and Shark Overfishing.” Frontiers in Marine 
Science 1 (August). doi:10.3389/fmars.2014.00028.

Henze, V. 2020. “Battery Pack Prices Cited below $100/KWh for 
the First Time in 2020, while Market Average Sits at $137/KWh.” 
BloombergNEF, December 16, 2020. https://about.bnef.com/blog/
battery-pack-prices-cited-below-100-kwh-for-the-first-time-in-
2020-while-market-average-sits-at-137-kwh/.

Herold, N., L. Alexander, D. Green, and M. Donat. 2017. “Greater 
Increases in Temperature Extremes in Low versus High Income 
Countries.” Environmental Research Letters 12 (3). IOP Publishing: 
034007. doi:10.1088/1748-9326/aa5c43.

Herr, D., and E. Landis. 2016. “Coastal Blue Carbon Ecosystems: 
Opportunities for Nationally Determined Contributions.” Gland, 
Switzerland: International Union for Conversation of Nature and 
The Nature Conservancy. https://www.nature.org/content/dam/
tnc/nature/en/documents/BC_NDCs_FINAL.pdf.

Herrero, M., P. Havlík, H. Valin, A. Notenbaert, M.C. Rufino, P.K. 
Thornton, M. Blummel, et al. 2013. “Biomass Use, Production, Feed 
Efficiencies, and Greenhouse Gas Emissions from Global Livestock 
Systems.” Proceedings of the National Academy of Sciences 110 (52): 
20888–93. doi:10.1073/pnas.1308149110.

Heyen, D., and A. Beznea. 2021. “Measuring a Just Transition in 
the EU in the Context of the 8th Environment Action Programme: 
An Assessment of Existing Indicators and Gaps at the Socio-
environmental Nexus, with Suggestions for the Way Forward.” 
Freiburg, Germany: Oeko-Institut e.V. https://ec.europa.
eu/environment/enveco/growth_jobs_social/pdf/studies/
JustTransition_Indicator_Paper_final_clean-2021.pdf.

Hiraishi, T., T. Krug, K. Tanabe, N. Srivastava, B. Jamsranjav, M. 
Fukuda, and T. Troxler, eds. 2014. 2013 Supplement to the 2006 IPCC 
Guidelines for National Greenhouse Gas Inventories: Wetlands— 
Methodological Guidance on Lands with Wet and Drained Soils, 
and Constructed Wetlands for Wastewater Treatment. Geneva: 
Intergovernmental Panel on Climate Change. https://www.ipcc.ch/
publication/2013-supplement-to-the-2006-ipcc-guidelines-for-
national-greenhouse-gas-inventories-wetlands/.

Hjorth, M. 2019. “How the Global Demand for Oil and Gas Is Putting 
Our Arctic Ecosystems at Risk.” COWI (blog). https://www.cowi.
com/insights/how-the-global-demand-for-oil-and-gas-is-putting-
our-arctic-ecosystems-at-risk.

Hoegh-Guldberg, O., K. Caldeira, T. Chopin, S. Gaines, P. Haugan, M. 
Hemer, J. Howard, et al. 2019. The Ocean as a Solution to Climate 
Change: Five Opportunities for Action. Washington, DC: World 
Resources Institute. https://oceanpanel.org/sites/default/
files/2019-10/HLP_Report_Ocean_Solution_Climate_Change_final.pdf.

Hoffmann, C., M.V. Hoey, and B. Zeumer. 2020. “Decarbonization 
Challenge for Steel: Hydrogen as a Solution in Europe.” New York: 
McKinsey & Company. https://www.mckinsey.com/~/media/McKinsey/
Industries/Metals and Mining/Our Insights/Decarbonization challenge 
for steel/Decarbonization-challenge-for-steel.pdf.

Höhl, M., V. Ahimbisibwe, J.A. Stanturf, P. Elsasser, M. Kleine, and 
A. Bolte. 2020. “Forest Landscape Restoration: What Generates 
Failure and Success?” Forests 11 (9): 938. doi:10.3390/f11090938.

Hölscher, K., J.M. Wittmayer, and D. Loorbach. 2018. “Transition 
versus Transformation: What’s the Difference?” Environmental 
Innovation and Societal Transitions 27 (June): 1–3. doi:10.1016/j.
eist.2017.10.007.

Howard, J., A. Sutton-Grier, D. Herr, J. Kleypas, E. Landis, E. Mcleod, 
E. Pidgeon, and S. Simpson. 2017. “Clarifying the Role of Coastal and 
Marine Systems in Climate Mitigation.” Frontiers in Ecology and the 
Environment 15 (1): 42–50. doi:10.1002/fee.1451.

Howell, B. 2020. “The UK Gas Boiler Ban: Everything You Need 
to Know.” Eco Experts (blog), January 31, 2020. https://www.
theecoexperts.co.uk/boilers/uk-gas-boiler-ban.

Hristov, A.N., J. Oh, F. Giallongo, T.W. Frederick, M.T. Harper, H.L. 
Weeks, A.F. Branco, et al. 2015. “An Inhibitor Persistently Decreased 
Enteric Methane Emission from Dairy Cows with No Negative 
Effect on Milk Production.” Proceedings of the National Academy of 
Sciences 112 (34): 10663–68. doi:10.1073/pnas.1504124112.

Humpenöder, F., K. Karstens, H. Lotze-Campen, J. Leifeld, 
L. Menichetti, A. Barthelmes, and A. Popp. 2020. “Peatland 
Protection and Restoration Are Key for Climate Change Mitigation.” 
Environmental Research Letters 15 (10): 104093. doi:10.1088/1748-
9326/abae2a.

Hutchinson, N., M. Dennis, E. Damgaard Grann, T. Clevenger, M. 
Manion, J. Bøggild, and J. Layke. 2021. “Unlocking a Renewable 
Energy Future: How Government Action Can Drive Private 
Investment.” Washington, DC: World Resources Institute. 
doi:10.46830/wriwp.20.00077.

Hydrogen Council. 2017. “Hydrogen Scaling Up: A Sustainable 
Pathway for the Global Energy Transition.” Brussels: Hydrogen 
Council. https://hydrogencouncil.com/wp-content/
uploads/2017/11/Hydrogen-scaling-up-Hydrogen-Council.pdf. 

ICAO (International Civil Aviation Organization). 2021. “European 
Advanced Biofuels Flight Path.” Initiatives and Projects. https://
www.icao.int/environmental-protection/GFAAF/Pages/Project.
aspx?ProjectID=9.

ICAT (Initiative for Climate Action Transparency). 2020. 
“Transformational Change Methodology: Assessing the 
Transformational Impacts of Policies and Actions.” Copenhagen 
and Washington, DC: ICAT, UNEP DTU Partnership, World Resources 
Institute. https://climateactiontransparency.org/wp-content/
uploads/2020/04/Transformational-Change-Assessment-Guide.pdf.

ICCT (International Council on Clean Transportation). 2017. 
“Transitioning to Zero-Emission Heavy-Duty Freight Vehicles.” 
https://theicct.org/publications/transitioning-zero-emission-
heavy-duty-freight-vehicles.

ICCT. 2020a. “Vision 2050: A Strategy to Decarbonize the Global 
Transport Sector by Mid-century.” https://theicct.org/publications/
vision2050.

ICCT. 2020b. “Update on the Global Transition to Electric Vehicles 
through 2019.” https://theicct.org/publications/update-global-ev-
transition-2019.

ICCT. 2021. “A Strategy to Decarbonize the Global Transport Sector 
by 2050, Explained.” May 2021. https://theicct.org/blog/staff/
vision2050-explained-may2021.

IEA (International Energy Agency). 2017a. “Energy Technology 
Perspectives 2017.” Paris: IEA. www.iea.org/etp2017.

https://www.theverge.com/2021/1/25/22249237/biden-electric-vehicle-government-fleet-ev
https://www.theverge.com/2021/1/25/22249237/biden-electric-vehicle-government-fleet-ev
https://www.theverge.com/2021/1/25/22249237/biden-electric-vehicle-government-fleet-ev
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/how-hydrogen-combustion-engines-can-contribute-to-zero-emissions
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/how-hydrogen-combustion-engines-can-contribute-to-zero-emissions
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/how-hydrogen-combustion-engines-can-contribute-to-zero-emissions
https://about.bnef.com/blog/battery-pack-prices-cited-below-100-kwh-for-the-first-time-in-2020-while-market-average-sits-at-137-kwh/
https://about.bnef.com/blog/battery-pack-prices-cited-below-100-kwh-for-the-first-time-in-2020-while-market-average-sits-at-137-kwh/
https://about.bnef.com/blog/battery-pack-prices-cited-below-100-kwh-for-the-first-time-in-2020-while-market-average-sits-at-137-kwh/
https://www.nature.org/content/dam/tnc/nature/en/documents/BC_NDCs_FINAL.pdf
https://www.nature.org/content/dam/tnc/nature/en/documents/BC_NDCs_FINAL.pdf
https://ec.europa.eu/environment/enveco/growth_jobs_social/pdf/studies/JustTransition_Indicator_Paper_final_clean-2021.pdf
https://ec.europa.eu/environment/enveco/growth_jobs_social/pdf/studies/JustTransition_Indicator_Paper_final_clean-2021.pdf
https://ec.europa.eu/environment/enveco/growth_jobs_social/pdf/studies/JustTransition_Indicator_Paper_final_clean-2021.pdf
https://www.ipcc.ch/publication/2013-supplement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories-wetlands/
https://www.ipcc.ch/publication/2013-supplement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories-wetlands/
https://www.ipcc.ch/publication/2013-supplement-to-the-2006-ipcc-guidelines-for-national-greenhouse-gas-inventories-wetlands/
https://www.cowi.com/insights/how-the-global-demand-for-oil-and-gas-is-putting-our-arctic-ecosystems-at-risk
https://www.cowi.com/insights/how-the-global-demand-for-oil-and-gas-is-putting-our-arctic-ecosystems-at-risk
https://www.cowi.com/insights/how-the-global-demand-for-oil-and-gas-is-putting-our-arctic-ecosystems-at-risk
https://oceanpanel.org/sites/default/files/2019-10/HLP_Report_Ocean_Solution_Climate_Change_final.pdf
https://oceanpanel.org/sites/default/files/2019-10/HLP_Report_Ocean_Solution_Climate_Change_final.pdf
https://www.mckinsey.com/~/media/McKinsey/Industries/Metals
https://www.mckinsey.com/~/media/McKinsey/Industries/Metals
https://www.theecoexperts.co.uk/boilers/uk-gas-boiler-ban
https://www.theecoexperts.co.uk/boilers/uk-gas-boiler-ban
https://hydrogencouncil.com/wp-content/uploads/2017/11/Hydrogen-scaling-up-Hydrogen-Council.pdf
https://hydrogencouncil.com/wp-content/uploads/2017/11/Hydrogen-scaling-up-Hydrogen-Council.pdf
https://www.icao.int/environmental-protection/GFAAF/Pages/Project.aspx?ProjectID=9
https://www.icao.int/environmental-protection/GFAAF/Pages/Project.aspx?ProjectID=9
https://www.icao.int/environmental-protection/GFAAF/Pages/Project.aspx?ProjectID=9
https://climateactiontransparency.org/wp-content/uploads/2020/04/Transformational-Change-Assessment-Guide.pdf
https://climateactiontransparency.org/wp-content/uploads/2020/04/Transformational-Change-Assessment-Guide.pdf
https://theicct.org/publications/transitioning-zero-emission-heavy-duty-freight-vehicles
https://theicct.org/publications/transitioning-zero-emission-heavy-duty-freight-vehicles
https://theicct.org/publications/vision2050
https://theicct.org/publications/vision2050
https://theicct.org/publications/update-global-ev-transition-2019
https://theicct.org/publications/update-global-ev-transition-2019
https://theicct.org/blog/staff/vision2050-explained-may2021
https://theicct.org/blog/staff/vision2050-explained-may2021
http://www.iea.org/etp2017


224STATE OF CLIMATE ACTION 2021  | rEFErENCES

IEA. 2017b. “Renewable Energy for Industry: From Green Energy 
to Green Materials and Fuels.” Paris: IEA. https://iea.blob.core.
windows.net/assets/48356f8e-77a7-49b8-87de-87326a862a9a/
Insights_series_2017_Renewable_Energy_for_Industry.pdf.

IEA. 2019a. Global Status Report for Buildings and Construction ,2019. 
Paris: IEA. https://www.iea.org/reports/global-status-report-for-
buildings-and-construction-2019.

IEA. 2019b. “Perspectives for the Clean Energy Transition 2019: The 
Critical Role of Buildings.” Paris: IEA. https://iea.blob.core.windows.
net/assets/026bff1b-821d-48bc-8a0e-7c1280c62bc/Perspectives_
for_the_Clean_Energy_Transition_2019.pdf.

IEA. 2019c. The Future of Hydrogen. Paris: IEA. https://www.iea.org/
reports/the-future-of-hydrogen.

IEA. 2020a. “Buildings Sector Energy Intensity in Selected Regions 
in the Sustainable Development Scenario, 2000–2030: Charts—
Data & Statistics.” Paris: IEA. https://www.iea.org/data-and-
statistics/charts/buildings-sector-energy-intensity-in-selected-
regions-in-the-sustainable-development-scenario-2000-2030.

IEA. 2020b. “Buildings Sector Energy-Related CO2 Emissions in the 
Sustainable Development Scenario, 2000–2030: Charts—Data & 
Statistics.” Paris: IEA. https://www.iea.org/data-and-statistics/
charts/buildings-sector-energy-related-co2-emissions-in-the-
sustainable-development-scenario-2000-2030.

IEA. 2020c. “CO2 Emissions from Fuel Combustion Highlights, 2020.” 
Paris: IEA. https://www.iea.org/data-and-statistics/data-product/
co2-emissions-from-fuel-combustion-highlights.

IEA. 2020d. “CO2 Emissions Statistics 2020.” Paris: IEA. https://
www.iea.org/statistics/co2emissions/.

IEA. 2020e. Energy Storage Report. Paris: IEA. https://www.iea.org/
reports/energy-storage.

IEA. 2020f. Energy Technology Perspectives 2020. Paris: IEA. https://
www.iea.org/reports/energy-technology-perspectives-2020.

IEA. 2020g. Global EV Outlook 2020. Paris: IEA. https://www.iea.org/
reports/global-ev-outlook-2020.

IEA. 2020h. “Low Fuel Prices Provide a Historic Opportunity to 
Phase Out Fossil Fuel Consumption Subsidies.” Paris: IEA. https://
www.iea.org/articles/low-fuel-prices-provide-a-historic-
opportunity-to-phase-out-fossil-fuel-consumption-subsidies.

IEA. 2020i. Renewable Power Report. Paris: IEA. https://www.iea.
org/reports/renewable-power.

IEA. 2020j. Sustainable Recovery. Paris: IEA. https://www.iea.org/
reports/sustainable-recovery/electricity.

IEA. 2020k. Tracking Buildings 2020: Building Envelopes. Paris: IEA. 
https://www.iea.org/reports/tracking-buildings-2020.

IEA. 2020l. Tracking Buildings 2020: Cooling. Paris: IEA. https://
www.iea.org/reports/cooling.

IEA. 2020m. Tracking Buildings 2020: Heat Pumps. Paris: IEA. 
https://www.iea.org/reports/tracking-buildings-2020.

IEA. 2020n. World Energy Balances. Paris: IEA. https://www.iea.org/
reports/world-energy-balances-overview.

IEA. 2020o. “World Energy Balances 2020: Energy Balances for 
190 Countries and Regional Aggregates.” Paris: IEA. https://www.
iea.org/data-and-statistics/data-product/world-energy-balances.

IEA. 2020p. World Energy Outlook. Home page. Paris: IEA. https://
www.iea.org/topics/world-energy-outlook.

IEA. 2020q. Tracking Report: Trucks and Buses. Paris: IEA. https://
www.iea.org/reports/trucks-and-buses.

IEA. 2020r. “Gas Boilers Replacement by Low-Carbon Heating 
Systems: Policies.” June 26, 2020. Paris: IEA. https://www.iea.org/
policies/8506-gas-boilers-replacement-by-low-carbon-heating-
systems.

IEA. 2020s. Energy Technology Perspectives 2020. Paris: IEA. 
https://webstore.iea.org/download/direct/4022?fileName=Energy_
Technology_Perspectives_2020_-_Special_Report_on_Clean_
Energy_Innovation.pdf.

IEA. 2021a. Direct Air Capture: Analysis. Paris: IEA. https://www.iea.
org/reports/direct-air-capture.

IEA. 2021b. Multiple Benefits of Energy Efficiency. Paris: IEA. https://
www.iea.org/reports/multiple-benefits-of-energy-efficiency/
economic-benefits-2.

IEA. 2021c. Net Zero by 2050: A Roadmap for the Global Energy Sector. 
Paris: IEA. https://www.iea.org/reports/net-zero-by-2050.

IEA. 2021d. Renewables: Global Energy Review 2021—Analysis. Paris: 
IEA. https://www.iea.org/reports/global-energy-review-2021/
renewables.

IEA. 2021e. The Role of Critical Minerals in Clean Energy Transitions. 
Paris: IEA. https://www.iea.org/reports/the-role-of-critical-
minerals-in-clean-energy-transitions.

IEA. 2021f. World Energy Investment 2021. Paris: IEA. https://www.
iea.org/reports/world-energy-investment-2021.

IEA. 2021g. “Global EV Policy Explorer: Electric Vehicle Deployment 
Policies and Measures.” April 2021. Paris: IEA. https://www.iea.org/
articles/global-ev-policy-explorer.

IEA. 2021h. “System Integration of Renewables: Decarbonising 
While Meeting Growing Demand.” August 18, 2021. Paris: IEA. 
https://www.iea.org/topics/system-integration-of-renewables.

IEA and UNDP. 2013. “Modernising Building Energy Codes to 
Secure Our Global Energy Future.” Paris and New York: IEA and 
UNDP. https://unfccc.int/files/documentation/submissions_and_
statements/application/pdf/international_energy_agency_-_
unep._modernising_building_energy_codes_to_secure_our_global_
energy_future_-_submitted_by_the_u.s..pdf.

IEA, IRENA (International Renewable Energy Agency), UNSD 
(UN Statistics Division), World Bank, and WHO (World Health 
Organization). 2021. Tracking SDG7: The Energy Progress Report 
2021. Washington, DC: World Bank. https://trackingsdg7.esmap.org/
data/files/download-documents/2021_tracking_sdg7_report.pdf.

IEA and J. Teter. 2020. “Tracking Report: Trucks and Buses.” Paris: 
International Energy Agency. https://www.iea.org/reports/trucks-
and-buses.

IEA TCP (Technology Collaboration Programme). 2020. “The Role 
of Renewable Transport Fuels in Decarbonizing Road Transport.” 
https://www.ieabioenergy.com/wp-content/uploads/2020/11/
Deployment-Barriers-and-Policy-Recommendations.pdf.

IFC (International Finance Corporation). 2021. Ctrl-Alt-Delete: 
A Green Reboot for Emerging Markets. Washington, DC: IFC. 
https://www.ifc.org/wps/wcm/connect/Topics_Ext_Content/
IFC_External_Corporate_Site/Climate+Business/Resources/
A+Green+Reboot+for+Emerging+Markets. 

IHS Markit. 2021. “Average Age of Cars and Light Trucks in the US 
Rises to 12.1 Years, Accelerated by COVID-19.” https://ihsmarkit.
com/research-analysis/average-age-of-cars-and-light-trucks-in-
the-us-rises.html.

https://iea.blob.core.windows.net/assets/48356f8e-77a7-49b8-87de-87326a862a9a/Insights_series_2017_Renewable_Energy_for_Industry.pdf
https://iea.blob.core.windows.net/assets/48356f8e-77a7-49b8-87de-87326a862a9a/Insights_series_2017_Renewable_Energy_for_Industry.pdf
https://iea.blob.core.windows.net/assets/48356f8e-77a7-49b8-87de-87326a862a9a/Insights_series_2017_Renewable_Energy_for_Industry.pdf
https://www.iea.org/reports/global-status-report-for-buildings-and-construction-2019
https://www.iea.org/reports/global-status-report-for-buildings-and-construction-2019
https://iea.blob.core.windows.net/assets/026bff1b-821d-48bc-8a0e-7c1280c62bc/Perspectives_for_the_Clean_Energy_Transition_2019.pdf
https://iea.blob.core.windows.net/assets/026bff1b-821d-48bc-8a0e-7c1280c62bc/Perspectives_for_the_Clean_Energy_Transition_2019.pdf
https://iea.blob.core.windows.net/assets/026bff1b-821d-48bc-8a0e-7c1280c62bc/Perspectives_for_the_Clean_Energy_Transition_2019.pdf
https://www.iea.org/reports/the-future-of-hydrogen
https://www.iea.org/reports/the-future-of-hydrogen
https://www.iea.org/data-and-statistics/charts/buildings-sector-energy-intensity-in-selected-regions-in-the-sustainable-development-scenario-2000-2030
https://www.iea.org/data-and-statistics/charts/buildings-sector-energy-intensity-in-selected-regions-in-the-sustainable-development-scenario-2000-2030
https://www.iea.org/data-and-statistics/charts/buildings-sector-energy-intensity-in-selected-regions-in-the-sustainable-development-scenario-2000-2030
https://www.iea.org/data-and-statistics/charts/buildings-sector-energy-related-co2-emissions-in-the-sustainable-development-scenario-2000-2030
https://www.iea.org/data-and-statistics/charts/buildings-sector-energy-related-co2-emissions-in-the-sustainable-development-scenario-2000-2030
https://www.iea.org/data-and-statistics/charts/buildings-sector-energy-related-co2-emissions-in-the-sustainable-development-scenario-2000-2030
https://www.iea.org/data-and-statistics/data-product/co2-emissions-from-fuel-combustion-highlights
https://www.iea.org/data-and-statistics/data-product/co2-emissions-from-fuel-combustion-highlights
https://www.iea.org/statistics/co2emissions/
https://www.iea.org/statistics/co2emissions/
https://www.iea.org/reports/energy-storage
https://www.iea.org/reports/energy-storage
https://www.iea.org/reports/energy-technology-perspectives-2020
https://www.iea.org/reports/energy-technology-perspectives-2020
https://www.iea.org/reports/global-ev-outlook-2020
https://www.iea.org/reports/global-ev-outlook-2020
https://www.iea.org/articles/low-fuel-prices-provide-a-historic-opportunity-to-phase-out-fossil-fuel-consumption-subsidies
https://www.iea.org/articles/low-fuel-prices-provide-a-historic-opportunity-to-phase-out-fossil-fuel-consumption-subsidies
https://www.iea.org/articles/low-fuel-prices-provide-a-historic-opportunity-to-phase-out-fossil-fuel-consumption-subsidies
https://www.iea.org/reports/renewable-power
https://www.iea.org/reports/renewable-power
https://www.iea.org/reports/sustainable-recovery/electricity
https://www.iea.org/reports/sustainable-recovery/electricity
https://www.iea.org/reports/tracking-buildings-2020
https://www.iea.org/reports/cooling
https://www.iea.org/reports/cooling
https://www.iea.org/reports/tracking-buildings-2020
https://www.iea.org/reports/world-energy-balances-overview
https://www.iea.org/reports/world-energy-balances-overview
https://www.iea.org/data-and-statistics/data-product/world-energy-balances
https://www.iea.org/data-and-statistics/data-product/world-energy-balances
https://www.iea.org/topics/world-energy-outlook
https://www.iea.org/topics/world-energy-outlook
https://www.iea.org/reports/trucks-and-buses
https://www.iea.org/reports/trucks-and-buses
https://www.iea.org/policies/8506-gas-boilers-replacement-by-low-carbon-heating-systems
https://www.iea.org/policies/8506-gas-boilers-replacement-by-low-carbon-heating-systems
https://www.iea.org/policies/8506-gas-boilers-replacement-by-low-carbon-heating-systems
https://webstore.iea.org/download/direct/4022?fileName=Energy_Technology_Perspectives_2020_-_Special_Report_on_Clean_Energy_Innovation.pdf
https://webstore.iea.org/download/direct/4022?fileName=Energy_Technology_Perspectives_2020_-_Special_Report_on_Clean_Energy_Innovation.pdf
https://webstore.iea.org/download/direct/4022?fileName=Energy_Technology_Perspectives_2020_-_Special_Report_on_Clean_Energy_Innovation.pdf
https://www.iea.org/reports/direct-air-capture
https://www.iea.org/reports/direct-air-capture
https://www.iea.org/reports/multiple-benefits-of-energy-efficiency/economic-benefits-2
https://www.iea.org/reports/multiple-benefits-of-energy-efficiency/economic-benefits-2
https://www.iea.org/reports/multiple-benefits-of-energy-efficiency/economic-benefits-2
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/global-energy-review-2021/renewables
https://www.iea.org/reports/global-energy-review-2021/renewables
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions
https://www.iea.org/reports/world-energy-investment-2021
https://www.iea.org/reports/world-energy-investment-2021
https://www.iea.org/articles/global-ev-policy-explorer
https://www.iea.org/articles/global-ev-policy-explorer
https://www.iea.org/topics/system-integration-of-renewables
https://unfccc.int/files/documentation/submissions_and_statements/application/pdf/international_energy_agency_-_unep._modernising_building_energy_codes_to_secure_our_global_energy_future_-_submitted_by_the_u.s..pdf
https://unfccc.int/files/documentation/submissions_and_statements/application/pdf/international_energy_agency_-_unep._modernising_building_energy_codes_to_secure_our_global_energy_future_-_submitted_by_the_u.s..pdf
https://unfccc.int/files/documentation/submissions_and_statements/application/pdf/international_energy_agency_-_unep._modernising_building_energy_codes_to_secure_our_global_energy_future_-_submitted_by_the_u.s..pdf
https://unfccc.int/files/documentation/submissions_and_statements/application/pdf/international_energy_agency_-_unep._modernising_building_energy_codes_to_secure_our_global_energy_future_-_submitted_by_the_u.s..pdf
https://trackingsdg7.esmap.org/data/files/download-documents/2021_tracking_sdg7_report.pdf
https://trackingsdg7.esmap.org/data/files/download-documents/2021_tracking_sdg7_report.pdf
https://www.iea.org/reports/trucks-and-buses
https://www.iea.org/reports/trucks-and-buses
https://www.ieabioenergy.com/wp-content/uploads/2020/11/Deployment-Barriers-and-Policy-Recommendations.pdf
https://www.ieabioenergy.com/wp-content/uploads/2020/11/Deployment-Barriers-and-Policy-Recommendations.pdf
https://www.ifc.org/wps/wcm/connect/Topics_Ext_Content/IFC_External_Corporate_Site/Climate+Business/Resources/A+Green+Reboot+for+Emerging+Markets
https://www.ifc.org/wps/wcm/connect/Topics_Ext_Content/IFC_External_Corporate_Site/Climate+Business/Resources/A+Green+Reboot+for+Emerging+Markets
https://www.ifc.org/wps/wcm/connect/Topics_Ext_Content/IFC_External_Corporate_Site/Climate+Business/Resources/A+Green+Reboot+for+Emerging+Markets
https://ihsmarkit.com/research-analysis/average-age-of-cars-and-light-trucks-in-the-us-rises.html
https://ihsmarkit.com/research-analysis/average-age-of-cars-and-light-trucks-in-the-us-rises.html
https://ihsmarkit.com/research-analysis/average-age-of-cars-and-light-trucks-in-the-us-rises.html


225STATE OF CLIMATE ACTION 2021  | rEFErENCES

IISD (International Institute for Sustainable Development). 2018. 
“Green Conflict Minerals: The Fuels of Conflict in the Transition 
to a Low-Carbon Economy.” https://www.iisd.org/system/files/
publications/green-conflict-minerals.pdf.

IISD. 2021a. “Energy Policy Tracker.” https://www.
energypolicytracker.org/.

IISD. 2021b. “Story 4: Governance of the EU-Wide Phase-Out of 
Fossil Fuel Subsidies by 2020.” https://www.iisd.org/system/files/
publications/stories-g20-eu-en.pdf.

ILO (International Labour Organization). 2015. Guidelines for a 
Just Transition towards Environmentally Sustainable Economies 
and Societies for All. Geneva: ILO. https://www.ilo.org/wcmsp5/
groups/public/---ed_emp/---emp_ent/documents/publication/
wcms_432859.pdf.

ILO. 2016. “Pilot Application of Policy Guidelines on Just Transition 
towards Environmentally Sustainable Economies and Societies 
for All in the Philippines (Just Transition).” Project. June 1, 2016. 
Geneva: ILO. http://www.ilo.org/manila/projects/WCMS_522318/
lang--en/index.htm.

ILO. 2017. “Uruguay: Implementing Guidelines for a Just Transition 
towards Environmentally Sustainable Economies and Societies for 
All.” Project. June 21, 2017. Geneva: ILO. http://www.ilo.org/global/
topics/green-jobs/projects/latin-america/WCMS_559552/lang--
en/index.htm.

ILO. 2018a. Greening with Jobs: World Employment and Social 
Outlook 2018. Geneva: ILO. https://www.ilo.org/global/research/
global-reports/weso/greening-with-jobs/lang--en/index.htm.

ILO. 2018b. “Just Transition towards Environmentally Sustainable 
Economies and Societies for All.” Publication. Geneva: ILO. https://
www.greengrowthknowledge.org/research/just-transition-towards-
environmentally-sustainable-economies-and-societies-all.

ILO. 2021. “ILOSTAT.” May 28, 2021. Geneva: ILO. https://ilostat.ilo.org/.

IMF (International Monetary Fund). 2019. “Fiscal Policies 
for Paris Climate Strategies: From Principle to Practice.” 
Washington, DC: IMF. http://elibrary.imf.org/view/IMF007/25996-
9781498311717/25996-9781498311717/25996-9781498311717.xml.

IMO (International Maritime Organization). 2020. Fourth IMO 
Greenhouse Gas Study. London: IMO.

Independent Group of Scientists Appointed by the Secretary-
General. 2019. Global Sustainable Development Report 2019: The 
Future Is Now—Science for Achieving Sustainable Development. New 
York: United Nations. https://sustainabledevelopment.un.org/
content/documents/24797GSDR_report_2019.pdf.

Institute for Carbon Removal Law. 2021. “Carbon Removal 
Corporate Action Tracker.” American University. https://docs.
google.com/spreadsheets/d/1vf--uXsf6fo7MuNpPya2Kz82Dxte0hH
gtOXimgpRA3c/edit?usp=embed_facebook.

Intelligent Transport. 2020. “Electric Road Systems and 
the Swedish Evolution.” September 2020. https://www.
intelligenttransport.com/transport-articles/106866/electric-road-
systems-and-the-swedish-evolution/.

International Peatland Society. 2021. “Peatland Restoration.” May 25, 
2021. https://peatlands.org/peatlands/peatland-restoration/.

IPCC (Intergovernmental Panel on Climate Change). 2014. Climate 
Change 2014: Mitigation of Climate Change. Contribution of Working 
Group III to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change, edited by O. Edenhofer, R. Pichs-Madruga, 
Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, et al. 
Cambridge: Cambridge University Press. https://www.ipcc.ch/
report/ar5/wg3/. 

IPCC. 2018. Global Warming of 1.5°C. An IPCC Special Report on the 
Impacts of Global Warming of 1.5°C above Pre-industrial Levels and 
Related Global Greenhouse Gas Emission Pathways, in the Context of 
Strengthening the Global Response to the Threat of Climate Change, 
Sustainable Development, and Efforts to Eradicate Poverty. Geneva: 
IPCC. https://www.ipcc.ch/sr15/.

IPCC. 2019. Climate Change and Land: An IPCC Special Report on 
Climate Change, Desertification, Land Degradation, Sustainable Land 
Management, Food Security, and Greenhouse Gas Fluxes in Terrestrial 
Ecosystems. Edited by P.R. Shukla, J. Skea, E.C. Buendia, V. Masson-
Delmotte, H.-O. Pörtner, D.C. Roberts, et al. Geneva: IPCC. https://
www.ipcc.ch/srccl/.

IPCC. 2021. Climate Change 2021: The Physical Science Basis. 
Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change. Edited by V. Masson-
Delmotte, P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, 
et al. Cambridge: Cambridge University Press, in press. https://
www.ipcc.ch/report/ar6/wg1/#SPM.

IRENA (International Renewable Energy Agency). 2018. “Renewable 
Power Generation Costs in 2017.” Abu Dhabi: IRENA. https://www.
irena.org/publications/2018/Jan/Renewable-power-generation-
costs-in-2017.

IRENA. 2019a. “Advanced Biofuels: What Holds Them Back?” Abu 
Dhabi: IRENA. https://irena.org/publications/2019/Nov/Advanced-
biofuels-What-holds-them-back.

IRENA. 2019b. “Demand-Side Flexibility for Power Sector 
Transformation.” Abu Dhabi: IRENA. https://www.irena.org/-/
media/Files/IRENA/Agency/Publication/2019/Dec/IRENA_Demand-
side_flexibility_2019.pdf.

IRENA. 2019c. “Electric Vehicle Smart Charging: Innovation 
Landscape Brief.” Abu Dhabi: IRENA. https://irena.org/-/media/
Files/IRENA/Agency/Publication/2019/Sep/IRENA_EV_smart_
charging_2019.pdf?la=en&hash=E77FAB7422226D29931E-
8469698C709EFC13EDB2.

IRENA. 2019d. “Future of Wind: Deployment, Investment, 
Technology, Grid Integration and Socio-economic Aspects (A Global 
Energy Transformation Paper).” Abu Dhabi: IRENA. https://www.
irena.org/-/media/Files/IRENA/Agency/Publication/2019/Oct/
IRENA_Future_of_wind_2019.pdf.

IRENA. 2020a. “Green Hydrogen: A Guide to Policy Making.” Abu 
Dhabi: IRENA. https://www.irena.org/-/media/Files/IRENA/Agency/
Publication/2020/Nov/IRENA_Green_hydrogen_policy_2020.pdf.

IRENA. 2020b. “Green Hydrogen Cost Reduction: Scaling 
Up Electrolysers to Meet the 1.5C Climate Goal.” Abu Dhabi: 
IRENA. https://www.irena.org/-/media/Files/IRENA/Agency/
Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf.

IRENA. 2020c. “Reaching Zero with Renewables: Eliminating 
CO2 Emissions from Industry and Transport in Line with the 1.50C 

Climate Goal.” Abu Dhabi: IRENA. https://www.irena.org/publications/2020/Sep/
Reaching-Zero-with-Renewables.

IRENA. 2020d. “Renewable Power Generation Costs in 2019.” Abu 
Dhabi: IRENA. https://www.irena.org/-/media/Files/IRENA/Agency/
Publication/2020/Jun/IRENA_Power_Generation_Costs_2019.pdf.

IRENA. 2021a. “Renewable Capacity Statistics 2021.” Abu Dhabi: 
IRENA. https://www.irena.org/publications/2021/March/
Renewable-Capacity-Statistics-2021.

IRENA. 2021b. “Renewable Power Generation Costs in 2020.” Abu 
Dhabi: IRENA. https://www.irena.org/publications/2021/Jun/
Renewable-Power-Costs-in-2020.

https://www.iisd.org/system/files/publications/green-conflict-minerals.pdf
https://www.iisd.org/system/files/publications/green-conflict-minerals.pdf
https://www.energypolicytracker.org/
https://www.energypolicytracker.org/
https://www.iisd.org/system/files/publications/stories-g20-eu-en.pdf
https://www.iisd.org/system/files/publications/stories-g20-eu-en.pdf
https://www.ilo.org/wcmsp5/groups/public/---ed_emp/---emp_ent/documents/publication/wcms_432859.pdf
https://www.ilo.org/wcmsp5/groups/public/---ed_emp/---emp_ent/documents/publication/wcms_432859.pdf
https://www.ilo.org/wcmsp5/groups/public/---ed_emp/---emp_ent/documents/publication/wcms_432859.pdf
http://www.ilo.org/manila/projects/WCMS_522318/lang--en/index.htm
http://www.ilo.org/manila/projects/WCMS_522318/lang--en/index.htm
http://www.ilo.org/global/topics/green-jobs/projects/latin-america/WCMS_559552/lang--en/index.htm
http://www.ilo.org/global/topics/green-jobs/projects/latin-america/WCMS_559552/lang--en/index.htm
http://www.ilo.org/global/topics/green-jobs/projects/latin-america/WCMS_559552/lang--en/index.htm
https://www.ilo.org/global/research/global-reports/weso/greening-with-jobs/lang--en/index.htm
https://www.ilo.org/global/research/global-reports/weso/greening-with-jobs/lang--en/index.htm
https://www.greengrowthknowledge.org/research/just-transition-towards-environmentally-sustainable-economies-and-societies-all
https://www.greengrowthknowledge.org/research/just-transition-towards-environmentally-sustainable-economies-and-societies-all
https://www.greengrowthknowledge.org/research/just-transition-towards-environmentally-sustainable-economies-and-societies-all
https://ilostat.ilo.org/
http://elibrary.imf.org/view/IMF007/25996-9781498311717/25996-9781498311717/25996-9781498311717.xml
http://elibrary.imf.org/view/IMF007/25996-9781498311717/25996-9781498311717/25996-9781498311717.xml
https://sustainabledevelopment.un.org/content/documents/24797GSDR_report_2019.pdf
https://sustainabledevelopment.un.org/content/documents/24797GSDR_report_2019.pdf
https://docs.google.com/spreadsheets/d/1vf--uXsf6fo7MuNpPya2Kz82Dxte0hHgtOXimgpRA3c/edit?usp=embed_facebook
https://docs.google.com/spreadsheets/d/1vf--uXsf6fo7MuNpPya2Kz82Dxte0hHgtOXimgpRA3c/edit?usp=embed_facebook
https://docs.google.com/spreadsheets/d/1vf--uXsf6fo7MuNpPya2Kz82Dxte0hHgtOXimgpRA3c/edit?usp=embed_facebook
https://www.intelligenttransport.com/transport-articles/106866/electric-road-systems-and-the-swedish-evolution/
https://www.intelligenttransport.com/transport-articles/106866/electric-road-systems-and-the-swedish-evolution/
https://www.intelligenttransport.com/transport-articles/106866/electric-road-systems-and-the-swedish-evolution/
https://peatlands.org/peatlands/peatland-restoration/
https://www.ipcc.ch/report/ar5/wg3/
https://www.ipcc.ch/report/ar5/wg3/
https://www.ipcc.ch/sr15/
https://www.ipcc.ch/srccl/
https://www.ipcc.ch/srccl/
https://www.ipcc.ch/report/ar6/wg1/#SPM
https://www.ipcc.ch/report/ar6/wg1/#SPM
https://www.irena.org/publications/2018/Jan/Renewable-power-generation-costs-in-2017
https://www.irena.org/publications/2018/Jan/Renewable-power-generation-costs-in-2017
https://www.irena.org/publications/2018/Jan/Renewable-power-generation-costs-in-2017
https://irena.org/publications/2019/Nov/Advanced-biofuels-What-holds-them-back
https://irena.org/publications/2019/Nov/Advanced-biofuels-What-holds-them-back
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Dec/IRENA_Demand-side_flexibility_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Dec/IRENA_Demand-side_flexibility_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Dec/IRENA_Demand-side_flexibility_2019.pdf
https://irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_EV_smart_charging_2019.pdf?la=en&hash=E77FAB7422226D29931E8469698C709EFC13EDB2
https://irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_EV_smart_charging_2019.pdf?la=en&hash=E77FAB7422226D29931E8469698C709EFC13EDB2
https://irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_EV_smart_charging_2019.pdf?la=en&hash=E77FAB7422226D29931E8469698C709EFC13EDB2
https://irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_EV_smart_charging_2019.pdf?la=en&hash=E77FAB7422226D29931E8469698C709EFC13EDB2
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Oct/IRENA_Future_of_wind_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Oct/IRENA_Future_of_wind_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Oct/IRENA_Future_of_wind_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_hydrogen_policy_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_hydrogen_policy_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
https://www.irena.org/publications/2020/Sep/Reaching-Zero-with-Renewables
https://www.irena.org/publications/2020/Sep/Reaching-Zero-with-Renewables
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jun/IRENA_Power_Generation_Costs_2019.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jun/IRENA_Power_Generation_Costs_2019.pdf
https://www.irena.org/publications/2021/March/Renewable-Capacity-Statistics-2021
https://www.irena.org/publications/2021/March/Renewable-Capacity-Statistics-2021
https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020
https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020


226STATE OF CLIMATE ACTION 2021  | rEFErENCES

IRENA. 2021c. “World Energy Transitions Outlook: 1.5°C Pathway.” 
Abu Dhabi: International Renewable Energy Agency. https://irena.
org/publications/2021/Jun/World-Energy-Transitions-Outlook. 

ITF (International Transport Forum). 2021. “ITF Transport Outlook 
2021.” https://www.oecd-ilibrary.org/transport/itf-transport-
outlook-2021_16826a30-en.

ITUC (International Trade Union Confederation). 2019. “Just 
Transition in Action: Union Experiences and Lessons from Canada, 
Germany, New Zealand, Norway, Nigeria and Spain.” Brussels: Just 
Transition Centre. https://www.ituc-csi.org/IMG/pdf/191120_-_just_
transition_case_studies.pdf.

ITUC. 2021a. “Just Transition Centre.” May 28, 2021. https://www.
ituc-csi.org/.

ITUC. 2021b. “Just Transition in Nigeria.” September 2, 2021. https://
www.ituc-csi.org/just-transition-in-nigeria.

IUCN (International Union for Conservation of Nature). 2020. 
Restore Our Future: Impact and Potential of Forest Landscape 
Restoration. Bonn, Germany: IUCN. https://www.bonnchallenge.
org/resources/bonn-challenge-2020-report.

IUCN. 2021. “Peatlands and Climate Change.” Bonn, Germany: IUCN. 
May 25, 2021. https://www.iucn.org/resources/issues-briefs/
peatlands-and-climate-change.

Jaeger, J., G. Walls, E. Clarke, J.-C. Altamirano, H. Mountford, S. 
Burrow, S. Smith, and A. Tate. 2021. “The Green Jobs Advantage: 
How Green Investments are Better Job Creators.” Washington, DC: 
World Resources Institute.

Jakob, M., J.C. Steckel, F. Jotzo, B.K. Sovacool, L. Cornelsen, 
R. Chandra, O. Edenhofer, et al. 2020. “The Future of Coal in a 
Carbon-Constrained Climate.” Nature Climate Change 10 (8): 704–7. 
doi:10.1038/s41558-020-0866-1.

Jayathilake, D.R.M., and M.J. Costello. 2018. “A Modelled Global 
Distribution of the Seagrass Biome.” Biological Conservation 226 
(October): 120–26. doi:10.1016/j.biocon.2018.07.009.

Jeffery, L., N. Hohne, M. Moisio, T. Day, and B. Lawless. 2020a. 
“Options for Supporting Carbon Dioxide Removal.” Cologne, 
Germany: NewClimate Institute. https://newclimate.org/wp-
content/uploads/2020/07/Options-for-supporting-Carbon-
Dioxide-Removal_July_2020.pdf.

Jeffery, L., A. Nilsson, N. Höhne, M. Hagemann, M.-C. Attard, U.F. 
Hutfilter, A. Geiges, et al. 2020b. Paris Agreement Compatible 
Sectoral Benchmarks: Elaborating the Decarbonisation Roadmap. 
Climate Action Tracker. https://climateactiontracker.org/
documents/753/CAT_2020-07-10_ParisAgreementBenchmarks_
FullReport.pdf.

Jewell, J., V. Vinichenko, L. Nacke, and A. Cherp. 2019. “Prospects 
for Powering Past Coal.” Nature Climate Change 9 (8): 592–97. 
doi:10.1038/s41558-019-0509-6.

Joffe, P., D. Waskow, K. DeAngelis, W. Bevins, and Y. Dagnet. 2013. 
“Equity Lessons from Multilateral Regimes for the New Climate 
Agreement.” Washington, DC: World Resources Institute. https://
www.wri.org/research/equity-lessons-multilateral-regimes-new-
climate-agreement.

Jones, N. 2021. “Why the Market for ‘Blue Carbon’ Credits May Be 
Poised to Take Off.” Yale Environment 360 (blog), April 13, 2021. 
https://e360.yale.edu/features/why-the-market-for-blue-carbon-
credits-may-be-poised-to-take-off.

Joosten, H. 2010. “The Global Peatland CO2 Picture.” Wageningen, the 
Netherlands: Greifswald University, Wetlands International. https://
www.wetlands.org/publications/the-global-peatland-co2-picture/.

Joosten, H., M.-L. Tapio-Biström, and S. Tol, eds. 2012. Peatlands: 
Guidance for Climate Change Mitigation through Conservation, 
Rehabilitation and Sustainable Use. 2nd ed. Mitigation of Climate 
Change in Agriculture Series 5. Rome: Food and Agriculture 
Organization of the United Nations, Wetlands International. http://
www.fao.org/documents/card/en/c/ec2b1e72-73f8-507c-b1b1-
f5b4c6512d21/.

Jupiter. 2021. “Mandatory Climate Disclosures: The Writing on the 
Wall Is Clear.” https://jupiterintel.com/sr-mandatory-climate-
disclosures/.

Kalantzakos, S. 2020. “The Race for Critical Minerals in an Era of 
Geopolitical Realignments.” International Spectator 55 (3): 1–16. doi:1
0.1080/03932729.2020.1786926.

Keith, D.W., G. Holmes, D. St. Angelo, and K. Heidel. 2018. “A Process 
for Capturing CO2 from the Atmosphere.” Joule 2 (8): 1573–94. 
doi:10.1016/j.joule.2018.05.006.

Kennedy, K. 2019. “Putting a Price on Carbon: Evaluating a 
Carbon Price and Complementary Policies for a 1.5° World.” 
Washington, DC: World Resources Institute. https://www.wri.org/
research/putting-price-carbon-evaluating-carbon-price-and-
complementary-policies-15deg-world.

Khomenko, S., M. Cirach, E. Pereira-Barboza, N. Mueller, J. Barrera-
Gómez, D. Rojas-Rueda, K. de Hoogh, et al. 2021. “Premature 
Mortality Due to Air Pollution in European Cities: A Health Impact 
Assessment.” Lancet Planetary Health 5 (3): e121–34. doi:10.1016/
S2542-5196(20)30272-2.

Khreis, H., A. Sudmant, A. Gouldson, and M. Nieuwenhuijsen. 
2019. “Transport Policy Measures for Climate Change as Drivers 
for Health in Cities.” In Integrating Human Health into Urban and 
Transport Planning: A Framework, edited by M. Nieuwenhuijsen and 
H. Khreis, 583–608. Cham, Switzerland: Springer International. 
doi:10.1007/978-3-319-74983-9_28.

Killip, G., A. Owen, and M. Topouzi. 2020. “Exploring the Practices 
and Roles of UK Construction Manufacturers and Merchants in 
Relation to Housing Energy Retrofit.” Journal of Cleaner Production 
251: 119205. doi:https://doi.org/10.1016/j.jclepro.2019.119205.

Kirwan, M.L., D.C. Walters, W.G. Reay, and J.A. Carr. 2016. “Sea 
Level Driven Marsh Expansion in a Coupled Model of Marsh Erosion 
and Migration.” Geophysical Research Letters 43 (9): 4366–73. 
doi:10.1002/2016GL068507.

Klenert, D., L. Mattauch, E. Combet, O. Edenhofer, C. Hepburn, 
R. Rafaty, and N. Stern. 2018. “Making Carbon Pricing Work for 
Citizens.” Nature Climate Change 8 (8): 669–77. doi:10.1038/s41558-
018-0201-2.

Konar, M., and H. Ding. 2020. “A Sustainable Ocean Economy for 
2050: Approximating Its Benefits and Costs.” Washington, DC: 
World Resources Institute. https://oceanpanel.org/sites/default/
files/2020-07/Ocean%20Panel_Economic%20Analysis_FINAL.pdf.

Korte, C. 2021. “Illegal Deforestation Is Ravaging the Planet and 
Driving Emissions Up. A New Bill in Congress Seeks to Change That.” 
CBS News, March 3, 2021. https://www.cbsnews.com/news/brian-
schatz-bill-to-curb-illegal-deforestation/.

Koska, T., and F. Rudolph. 2016. The Role of Walking and Cycling 
in Reducing Congestion. Brussels: FLOW Project. http://h2020-
flow.eu/uploads/tx_news/FLOW_REPORT_-_Portfolio_of_
Measures_v_06_web.pdf.

Kroeger, K.D., S. Crooks, S. Moseman-Valtierra, and J. Tang. 2017. 
“Restoring Tides to Reduce Methane Emissions in Impounded 
Wetlands: A New and Potent Blue Carbon Climate Change 
Intervention.” Scientific Reports 7 (1): 11914. doi:10.1038/s41598-017-
12138-4.

https://irena.org/publications/2021/Jun/World-Energy-Transitions-Outlook
https://irena.org/publications/2021/Jun/World-Energy-Transitions-Outlook
https://www.oecd-ilibrary.org/transport/itf-transport-outlook-2021_16826a30-en
https://www.oecd-ilibrary.org/transport/itf-transport-outlook-2021_16826a30-en
https://www.ituc-csi.org/IMG/pdf/191120_-_just_transition_case_studies.pdf
https://www.ituc-csi.org/IMG/pdf/191120_-_just_transition_case_studies.pdf
https://www.ituc-csi.org/
https://www.ituc-csi.org/
https://www.ituc-csi.org/just-transition-in-nigeria
https://www.ituc-csi.org/just-transition-in-nigeria
https://www.bonnchallenge.org/resources/bonn-challenge-2020-report
https://www.bonnchallenge.org/resources/bonn-challenge-2020-report
https://www.iucn.org/resources/issues-briefs/peatlands-and-climate-change
https://www.iucn.org/resources/issues-briefs/peatlands-and-climate-change
https://newclimate.org/wp-content/uploads/2020/07/Options-for-supporting-Carbon-Dioxide-Removal_July_2020.pdf
https://newclimate.org/wp-content/uploads/2020/07/Options-for-supporting-Carbon-Dioxide-Removal_July_2020.pdf
https://newclimate.org/wp-content/uploads/2020/07/Options-for-supporting-Carbon-Dioxide-Removal_July_2020.pdf
https://climateactiontracker.org/documents/753/CAT_2020-07-10_ParisAgreementBenchmarks_FullReport.pdf
https://climateactiontracker.org/documents/753/CAT_2020-07-10_ParisAgreementBenchmarks_FullReport.pdf
https://climateactiontracker.org/documents/753/CAT_2020-07-10_ParisAgreementBenchmarks_FullReport.pdf
https://www.wri.org/research/equity-lessons-multilateral-regimes-new-climate-agreement
https://www.wri.org/research/equity-lessons-multilateral-regimes-new-climate-agreement
https://www.wri.org/research/equity-lessons-multilateral-regimes-new-climate-agreement
https://e360.yale.edu/features/why-the-market-for-blue-carbon-credits-may-be-poised-to-take-off
https://e360.yale.edu/features/why-the-market-for-blue-carbon-credits-may-be-poised-to-take-off
https://www.wetlands.org/publications/the-global-peatland-co2-picture/
https://www.wetlands.org/publications/the-global-peatland-co2-picture/
http://www.fao.org/documents/card/en/c/ec2b1e72-73f8-507c-b1b1-f5b4c6512d21/
http://www.fao.org/documents/card/en/c/ec2b1e72-73f8-507c-b1b1-f5b4c6512d21/
http://www.fao.org/documents/card/en/c/ec2b1e72-73f8-507c-b1b1-f5b4c6512d21/
https://jupiterintel.com/sr-mandatory-climate-disclosures/
https://jupiterintel.com/sr-mandatory-climate-disclosures/
https://www.wri.org/research/putting-price-carbon-evaluating-carbon-price-and-complementary-policies-15deg-world
https://www.wri.org/research/putting-price-carbon-evaluating-carbon-price-and-complementary-policies-15deg-world
https://www.wri.org/research/putting-price-carbon-evaluating-carbon-price-and-complementary-policies-15deg-world
https://doi.org/10.1016/j.jclepro.2019.119205
https://oceanpanel.org/sites/default/files/2020-07/Ocean%20Panel_Economic%20Analysis_FINAL.pdf
https://oceanpanel.org/sites/default/files/2020-07/Ocean%20Panel_Economic%20Analysis_FINAL.pdf
https://www.cbsnews.com/news/brian-schatz-bill-to-curb-illegal-deforestation/
https://www.cbsnews.com/news/brian-schatz-bill-to-curb-illegal-deforestation/
http://h2020-flow.eu/uploads/tx_news/FLOW_REPORT_-_Portfolio_of_Measures_v_06_web.pdf
http://h2020-flow.eu/uploads/tx_news/FLOW_REPORT_-_Portfolio_of_Measures_v_06_web.pdf
http://h2020-flow.eu/uploads/tx_news/FLOW_REPORT_-_Portfolio_of_Measures_v_06_web.pdf


227STATE OF CLIMATE ACTION 2021  | rEFErENCES

Kröner, N., and A. Newman. 2021. “The TCFD Framework Has Pushed 
Climate-Related Financial Reporting into the Mainstream.” South 
Pole. https://www.southpole.com/blog/the-tcfd-framework-has-
pushed-climate-related-financial-reporting-into-the-mainstream-

--companies-must-move-fast.

Kruit, K., J. Vendrik, P. van Berkel, F. van der Poll, and F. Rootjers. 
2020. “Zero Carbon Buildings 2050.” European Climate Foundation. 
https://europeanclimate.org/resources/bringing-buildings-on-
track-to-reach-zero-carbon-by-2050/.

Kucharavy, D., and R. De Guio. 2011. “Logistic Substitution Model 
and Technological Forecasting.” Procedia Engineering 9 (January): 
402–16. doi:10.1016/j.proeng.2011.03.129.

Kuramochi, T., N. Höhne, M. Schaeffer, J. Cantzler, B. Hare, Y. Deng, 
S. Sterl, et al. 2018. “Ten Key Short-Term Sectoral Benchmarks to 
Limit Warming to 1.5°C.” Climate Policy 18 (3): 287–305. doi:10.1080/1
4693062.2017.1397495. 

Larsen, J., W. Herndon, M. Grant, and P. Marsters. 2019. “Capturing 
Leadership: Policies for the US to Advance Direct Air Capture 
Technology.” New York: Rhodium Group. https://rhg.com/research/
capturing-leadership-policies-for-the-us-to-advance-direct-air-
capture-technology/.

Larson, E., C. Greig, and J. Jenkins. 2021. “Net-Zero America 
Project: Rapid Switch—Andlinger Center.” Princeton, NJ: Princeton 
University. https://acee.princeton.edu/rapidswitch/projects/net-
zero-america-project/.

Leadit. 2021. “Green Steel Tracker.” Leadit Leadership Group for 
Industry Transition. https://www.industrytransition.org/green-
steel-tracker/.

Lebling, K., M. Ge, K. Levin, R. Waite, J. Friedrich, C. Elliott, C. Chan, 
et al. 2020. State of Climate Action: Assessing Progress toward 
2030 and 2050. Washington, DC: World Resources Institute. https://
www.wri.org/research/state-climate-action-assessing-progress-
toward-2030-and-2050.

Lebling, K., N. McQueen, M. Pisciotta, and J. Wilcox. 2021. “Direct 
Air Capture: Resource Considerations and Costs for Carbon 
Removal.” World Resources Institute Initiatives (blog), January 6, 
2021. https://www.wri.org/insights/direct-air-capture-resource-
considerations-and-costs-carbon-removal.

Lecerf, M., D. Herr, T. Thomas, C. Elverum, E. Delrieu, and L. Picourt. 
2021. “Coastal and Marine Ecosystems as Nature-Based Solutions 
in New or Updated Nationally Determined Contributions, Ocean 
& Climate Platform.” Washington, DC: Conservation International, 
IUCN, GIZ, Rare, The Nature Conservancy, and World Wildlife Fund. 
https://ocean-climate.org/wp-content/uploads/2021/06/coastal-
and-marine-ecosystem-2806.pdf.

Lee, A. 2021a. “China Ramps Up Push to Make World’s Biggest 
Steel Industry Green.” Bloomberg, March 30, 2021. https://www.
bloombergquint.com/markets/china-ramps-up-push-to-make-
world-s-biggest-steel-industry-green.

Lee, A.H. 2021b. “Public Input Welcomed on Climate Change 
Disclosures.” U.S. Securities and Exchange Commission. https://www.
sec.gov/news/public-statement/lee-climate-change-disclosures.

Lee, D.B., L.A. Klein, and G. Camus. 1999. “Induced Traffic and 
Induced Demand.” Transportation Research Record 1659 (1). SAGE 
Publications Inc:68–75. doi:10.3141/1659-09.

Lee, D.S., D.W. Fahey, A. Skowron, M.R. Allen, U. Burkhardt, Q. Chen, 
S.J. Doherty, et al. 2021. “The Contribution of Global Aviation to 
Anthropogenic Climate Forcing for 2000 to 2018.” Atmospheric 
Environment 244 (January). doi:10.1016/j.atmosenv.2020.117834.

Le Feuvre, P. 2019. “Are Aviation Biofuels Ready for Take Off?” 
International Energy Agency (blog), March 18, 2019. https://www.iea.
org/commentaries/are-aviation-biofuels-ready-for-take-off.

Lefevre, B., A. Chaudhary, D. Yavrom, and A. Srivastava. 2016. “The 
Trillion Dollar Question II: Tracking Investment Needs in Transport.” 
Washington, DC: World Resources Institute. https://www.wri.org/
research/trillion-dollar-question-ii-tracking-investment-needs-
transport.

Lehne, J., and F. Preston. 2018. “Making Concrete Change 
Innovation in Low-Carbon.” London: Chatham House, Royal Institute 
of International Affairs. https://www.chathamhouse.org/sites/
default/files/publications/2018-06-13-making-concrete-change-
cement-lehne-preston-final.pdf.

Leichenko, R., and J.A. Silva. 2014. “Climate Change and Poverty: 
Vulnerability, Impacts, and Alleviation Strategies.” WIREs Climate 
Change 5 (4): 539–56. doi:10.1002/wcc.287.

Lenton, T.M. 2020. “Tipping Positive Change.” Philosophical 
Transactions of the Royal Society B: Biological Sciences 375 (1794): 
20190123. doi:10.1098/rstb.2019.0123. 

Lenton, T.M., H. Held, E. Kriegler, J.W. Hall, W. Lucht, S. Rahmstorf, 
and H.J. Schellnhuber. 2008. “Tipping Elements in the Earth’s 
Climate System.” Proceedings of the National Academy of Sciences 
105 (6): 1786–93. doi:10.1073/pnas.0705414105.

Leo, K.L., C.L. Gillies, J.A. Fitzsimons, L.Z. Hale, and M.W. 
Beck. 2019. “Coastal Habitat Squeeze: A Review of Adaptation 
Solutions for Saltmarsh, Mangrove and Beach Habitats.” 
Ocean & Coastal Management 175 (June): 180–90. doi:10.1016/j.
ocecoaman.2019.03.019.

Le Quéré, C., G.P. Peters, P. Friedlingstein, R.M. Andrew, J.G. 
Canadell, S.J. Davis, R.B. Jackson, and M.W. Jones. 2021. “Fossil 
CO2 Emissions in the Post-COVID-19 Era.” Nature Climate Change 11 
(3): 197–99. doi:10.1038/s41558-021-01001-0.

Leurent, T. 2021. “Follow the Sun: How Other Renewables Can 
Emulate the Solar Success Story.” World Economic Forum (blog), 
January 27, 2021. https://www.weforum.org/agenda/2021/01/solar-
energy-renewables-energy-transition/.

Levin, K., B. Cashore, S. Bernstein, and G. Auld. 2012. “Overcoming 
the Tragedy of Super Wicked Problems: Constraining Our Future 
Selves to Ameliorate Global Climate Change.” Policy Sciences 45 (2): 
123–52. doi:10.1007/s11077-012-9151-0.

Levin, K., S. Boehm, N. Singh, A. Maassen, M. Galvin, F. McRaith, R. 
Becqué, et al. 2020. “Safeguarding Our Global Commons: A Systems 
Change Lab to Monitor, Learn from, and Advance Transformational 
Change.” Washington, DC: World Resources Institute. https://
globalcommonsalliance.org/wp-content/uploads/2020/12/
Systems-Change-Paper.pdf.

Lewis, J. 2020. “Building a Globally Networked Supply of Zero-
Carbon Shipping Fuel.” Clean Air Task Force. July 8, 2020. https://
www.catf.us/2020/07/building-a-globally-networked-supply-of-
zero-carbon-shipping-fuel/.

Lewis, R.R., B.M. Brown, and L.L. Flynn. 2019. “Methods and 
Criteria for Successful Mangrove Forest Rehabilitation.” In Coastal 
Wetlands: An Integrated Ecosystem Approach, 2nd ed., 863–87. 
Amsterdam, the Netherlands: Elsevier. doi:10.1016/B978-0-444-
63893-9.00024-1.

Li, X., C. Gorguinpour, R. Sclar, and S. Castellanos. 2019. “How to 
Enable Electric Bus Adoption in Cities Worldwide.” World Resources 
Institute. doi:10.46830/wrirpt.18.00123.

https://www.southpole.com/blog/the-tcfd-framework-has-pushed-climate-related-financial-reporting-into-the-mainstream---companies-must-move-fast
https://www.southpole.com/blog/the-tcfd-framework-has-pushed-climate-related-financial-reporting-into-the-mainstream---companies-must-move-fast
https://www.southpole.com/blog/the-tcfd-framework-has-pushed-climate-related-financial-reporting-into-the-mainstream---companies-must-move-fast
https://europeanclimate.org/resources/bringing-buildings-on-track-to-reach-zero-carbon-by-2050/
https://europeanclimate.org/resources/bringing-buildings-on-track-to-reach-zero-carbon-by-2050/
https://rhg.com/research/capturing-leadership-policies-for-the-us-to-advance-direct-air-capture-technology/
https://rhg.com/research/capturing-leadership-policies-for-the-us-to-advance-direct-air-capture-technology/
https://rhg.com/research/capturing-leadership-policies-for-the-us-to-advance-direct-air-capture-technology/
https://acee.princeton.edu/rapidswitch/projects/net-zero-america-project/
https://acee.princeton.edu/rapidswitch/projects/net-zero-america-project/
https://www.industrytransition.org/green-steel-tracker/
https://www.industrytransition.org/green-steel-tracker/
https://www.wri.org/research/state-climate-action-assessing-progress-toward-2030-and-2050
https://www.wri.org/research/state-climate-action-assessing-progress-toward-2030-and-2050
https://www.wri.org/research/state-climate-action-assessing-progress-toward-2030-and-2050
https://www.wri.org/insights/direct-air-capture-resource-considerations-and-costs-carbon-removal
https://www.wri.org/insights/direct-air-capture-resource-considerations-and-costs-carbon-removal
https://ocean-climate.org/wp-content/uploads/2021/06/coastal-and-marine-ecosystem-2806.pdf
https://ocean-climate.org/wp-content/uploads/2021/06/coastal-and-marine-ecosystem-2806.pdf
https://www.bloombergquint.com/markets/china-ramps-up-push-to-make-world-s-biggest-steel-industry-green
https://www.bloombergquint.com/markets/china-ramps-up-push-to-make-world-s-biggest-steel-industry-green
https://www.bloombergquint.com/markets/china-ramps-up-push-to-make-world-s-biggest-steel-industry-green
https://www.sec.gov/news/public-statement/lee-climate-change-disclosures
https://www.sec.gov/news/public-statement/lee-climate-change-disclosures
https://www.iea.org/commentaries/are-aviation-biofuels-ready-for-take-off
https://www.iea.org/commentaries/are-aviation-biofuels-ready-for-take-off
https://www.wri.org/research/trillion-dollar-question-ii-tracking-investment-needs-transport
https://www.wri.org/research/trillion-dollar-question-ii-tracking-investment-needs-transport
https://www.wri.org/research/trillion-dollar-question-ii-tracking-investment-needs-transport
https://www.chathamhouse.org/sites/default/files/publications/2018-06-13-making-concrete-change-cement-lehne-preston-final.pdf
https://www.chathamhouse.org/sites/default/files/publications/2018-06-13-making-concrete-change-cement-lehne-preston-final.pdf
https://www.chathamhouse.org/sites/default/files/publications/2018-06-13-making-concrete-change-cement-lehne-preston-final.pdf
https://www.weforum.org/agenda/2021/01/solar-energy-renewables-energy-transition/
https://www.weforum.org/agenda/2021/01/solar-energy-renewables-energy-transition/
https://globalcommonsalliance.org/wp-content/uploads/2020/12/Systems-Change-Paper.pdf
https://globalcommonsalliance.org/wp-content/uploads/2020/12/Systems-Change-Paper.pdf
https://globalcommonsalliance.org/wp-content/uploads/2020/12/Systems-Change-Paper.pdf
https://www.catf.us/2020/07/building-a-globally-networked-supply-of-zero-carbon-shipping-fuel/
https://www.catf.us/2020/07/building-a-globally-networked-supply-of-zero-carbon-shipping-fuel/
https://www.catf.us/2020/07/building-a-globally-networked-supply-of-zero-carbon-shipping-fuel/


228STATE OF CLIMATE ACTION 2021  | rEFErENCES

Liebreich, M. 2020. “Liebreich: Separating Hype from Hydrogen—
Part One: The Supply Side.” BloombergNEF (blog), August 20, 2020. 
https://about.bnef.com/blog/liebreich-separating-hype-from-
hydrogen-part-one-the-supply-side/.

Linn, J. 2021. “Electric Vehicles and Equity: How Would Aiming 
Subsidies at Lower-Income Households Affect Vehicle Sales?” 
Resources, May 3, 2021. https://www.resources.org/common-
resources/electric-vehicles-and-equity-how-would-aiming-
subsidies-at-lower-income-households-affect-vehicle-sales/.

Lipinski, B. 2020. “SDG Target 12.3 on Food Loss and Waste: 
2020 Progress Report.” Washington, DC: World Resources Institute. 
https://champions123.org/sites/default/files/2020-09/champions-
12-3-2020-progress-report.pdf.

Lipkin, Y., S. Beer, and D. Zakai. 2003. “The Seagrasses of the 
Eastern Mediterranean and the Red Sea.” In World Atlas of 
Seagrasses, edited by E.P. Green and F.T. Short, 65–73. Berkeley: 
University of California Press. https://www.unep-wcmc.org/
resources-and-data/world-atlas-of-seagrasses.

Litman, T., and R. Steele. 2021. “Land Use Impacts on Transport How 
Land Use Factors Affect Travel Behavior.” Victoria, Canada: Victoria 
Transport Policy Institute. https://www.vtpi.org/landtravel.pdf.

Liu, G., Y. Tan, and X. Li. 2020. “China’s Policies of Building Green 
Retrofit: A State-of-the-Art Overview.” Building and Environment 
169:106554. doi:https://doi.org/10.1016/j.buildenv.2019.106554.

Löfqvist, S., and J. Ghazoul. 2019. “Private Funding Is Essential to 
Leverage Forest and Landscape Restoration at Global Scales.” Nature 
Ecology & Evolution 3 (12): 1612–15. doi:10.1038/s41559-019-1031-y.

Logan, K.G., J.D. Nelson, and A. Hastings. 2020. “Electric and 
Hydrogen Buses: Shifting from Conventionally Fuelled Cars in the 
UK.” Transportation Research Part D: Transport and Environment 85 
(August): 102350. doi:10.1016/j.trd.2020.102350.

Logan, K.G., J.D. Nelson, B.C. McLellan, and A. Hastings. 2021. 
“Japan and the UK: Emission Predictions of Electric and Hydrogen 
Trains to 2050.” Transportation Research Interdisciplinary 
Perspectives 10 (June): 100344. doi:10.1016/j.trip.2021.100344.

Logtenberg, R., P. James, and B. Saxifrage. 2018. Comparing Fuel 
and Maintenance Costs of Electric and Gas Powered Vehicles in 
Canada. Sechelt, BC: 2°C Institute. https://www.2degreesinstitute.
org/reports/comparing_fuel_and_maintenance_costs_of_electric_
and_gas_powered_vehicles_in_canada.pdf.

Luderer, G., F. Ueckerdt, C. Bauer, L. Delsa, A. Dirnaichner, C. Mutel, 
L. Popin, and J. Strefler. 2018. “Renewable Synthetic Fuels and Their 
Potential for Climate Change Mitigation.” Villigen, Switzerland: Paul 
Scherrer Institute. https://www.psi.ch/de/media/63272/download.

Lustgarten, A., and A. Gilbertson. 2018. “Fuel to the Fire.” ProPublica, 
November 20, 2018. https://features.propublica.org/palm-oil/
palm-oil-biofuels-ethanol-indonesia-peatland/.

MacDonnell, O., and C. Facanha. 2021. “How Zero-Emission Heavy-
Duty Trucks Can Be Part of the Climate Solution.” Pasadena, CA: 
CALSTART. https://calstart.org/how-zero-emission-heavy-duty-
trucks-can-be-part-of-the-climate-solution/.

Macduffie, J.P., and S. Light. 2021. “EV Turning Point: Momentum 
Builds for U.S. Electric Vehicle Transition.” Yale Environment 360 
(blog), March 15, 2021. https://e360.yale.edu/features/ev-turning-
point-momentum-builds-for-u.s.-electric-vehicle-transition.

Macedo, M.N., R.S. DeFries, D.C. Morton, C.M. Stickler, G.L. Galford, 
and Y.E. Shimabukuro. 2012. “Decoupling of Deforestation and 
Soy Production in the Southern Amazon during the Late 2000s.” 
Proceedings of the National Academy of Sciences 109 (4): 1341. 
doi:10.1073/pnas.1111374109.

Macquarie, R., B. Naran, P. Rosane, M. Solomon, C. Wetherbee, and B. 
Buchner. 2020. “Updated View on the Global Landscape of Climate 
Finance 2019.” London: Climate Policy Initiative. https://www.
climatepolicyinitiative.org/publication/updated-view-on-the-
global-landscape-of-climate-finance-2019/.

Macreadie, P.I., A. Anton, J.A. Raven, N. Beaumont, R.M. Connolly, 
D.A. Friess, J.J. Kelleway, et al. 2019. “The Future of Blue Carbon 
Science.” Nature Communications 10 (1): 3998. doi:10.1038/s41467-
019-11693-w.

Markandya, A., J. Sampedro, S. Smith, S. van Dingenen, C. Pizarro-
Irizar, I. Arto, and M. González-Eguino. 2018. “Health Co-benefits 
from Air Pollution and Mitigation Costs of the Paris Agreement: A 
Modelling Study.” Lancet Planetary Health 2 (3): 123–26. doi:https://
doi.org/10.1016/S2542-5196(18)30029-9.

Markkanen, S., and A. Anger-Kraavi. 2019. “Social Impacts of 
Climate Change Mitigation Policies and Their Implications for 
Inequality.” Climate Policy 19 (7): 827–44. doi:10.1080/14693062.201
9.1596873.

Marrakech Partnership. 2021. “Climate Action Pathway: Human 
Settlements. Action Table.” UNFCCC. https://unfccc.int/sites/
default/files/resource/HS_ActionTable_2.1.pdf.

Marshall, G., D. Conway, R. Webster, L. Comeau, D.J. Besley, and 
I. Saldarriaga Arango. 2018. Guide to Communicating Carbon 
Pricing. 132534. Washington, DC: World Bank Group. https://
documents.worldbank.org/en/publication/documents-reports/
documentdetail/668481543351717355/guide-to-communicating-
carbon-pricing.

Masais, A., J. Marcicki, and W. Paxton. 2021. “Opportunities and 
Challenges of Lithium Ion Batteries in Automotive Applications.” 
ASC Energy Letter 6 (2): 521–630. doi:https://doi.org/10.1021/
acsenergylett.0c02584.

Matalucci, S. 2021. “The Hydrogen Stream: Projects Move Forward 
in China, Japan, Australia and across Several European Countries.” 
Pv Magazine International, April 2021. https://www.pv-magazine.
com/2021/04/02/the-hydrogen-stream-projects-move-forward-
in-china-japan-australia-and-across-several-european-countries/.

Material Economics. 2019. “Industrial Transformation 2050.” 
Stockholm: Material Economics. https://materialeconomics.com/
publications/industrial-transformation-2050.

Maxwell, P.S., J.S. Eklöf, M.M. van Katwijk, K.R. O’Brien, M. de la 
Torre-Castro, C. Boström, T.J. Bouma, et al. 2017. “The Fundamental 
Role of Ecological Feedback Mechanisms for the Adaptive 
Management of Seagrass Ecosystems—A Review.” Biological 
Reviews 92 (3): 1521–38. doi:10.1111/brv.12294.

McConnell, V., and B. Leard. 2020. Progress and Potential for Electric 
Vehicles to Reduce Carbon Emissions. Washington, DC: Resources 
for the Future. https://www.rff.org/publications/reports/potential-
role-and-impact-evs-us-decarbonization-strategies/.

McDonald, P., K. Kramer, and B. King. 2021. “How Proposed New 
US Hydrogen Tax Incentives Should Spur Investment.” Baker 
Mckenzie. July 21, 2021. https://www.lexology.com/library/detail.
aspx?g=f657a5fe-e647-4a9d-a816-feaf5ebe51d3.

McKenna, C., A. Shah, and L. Louis-Prescott. 2020. “The New 
Economics of Electrifying Buildings: An Analysis of Seven Cities.” 
Basalt, CO: Rocky Mountain Institute. https://rmi.org/insight/the-
new-economics-of-electrifying-buildings?submitted=1983dhtw8.

McKenzie, L.J., L.M. Nordlund, B.L. Jones, L.C. Cullen-Unsworth, C. 
Roelfsema, and R.K.F. Unsworth. 2020. “The Global Distribution of 
Seagrass Meadows.” Environmental Research Letters 15 (7): 074041. 
doi:10.1088/1748-9326/ab7d06.

https://about.bnef.com/blog/liebreich-separating-hype-from-hydrogen-part-one-the-supply-side/
https://about.bnef.com/blog/liebreich-separating-hype-from-hydrogen-part-one-the-supply-side/
https://www.resources.org/common-resources/electric-vehicles-and-equity-how-would-aiming-subsidies-at-lower-income-households-affect-vehicle-sales/
https://www.resources.org/common-resources/electric-vehicles-and-equity-how-would-aiming-subsidies-at-lower-income-households-affect-vehicle-sales/
https://www.resources.org/common-resources/electric-vehicles-and-equity-how-would-aiming-subsidies-at-lower-income-households-affect-vehicle-sales/
https://champions123.org/sites/default/files/2020-09/champions-12-3-2020-progress-report.pdf
https://champions123.org/sites/default/files/2020-09/champions-12-3-2020-progress-report.pdf
https://www.unep-wcmc.org/resources-and-data/world-atlas-of-seagrasses
https://www.unep-wcmc.org/resources-and-data/world-atlas-of-seagrasses
https://www.vtpi.org/landtravel.pdf
https://doi.org/10.1016/j.buildenv.2019.106554
http://degreesinstitute.org/reports/comparing_fuel_and_maintenance_costs_of_electric_and_gas_powered_vehicles_in_canada.pdf
http://degreesinstitute.org/reports/comparing_fuel_and_maintenance_costs_of_electric_and_gas_powered_vehicles_in_canada.pdf
http://degreesinstitute.org/reports/comparing_fuel_and_maintenance_costs_of_electric_and_gas_powered_vehicles_in_canada.pdf
https://www.psi.ch/de/media/63272/download
https://features.propublica.org/palm-oil/palm-oil-biofuels-ethanol-indonesia-peatland/
https://features.propublica.org/palm-oil/palm-oil-biofuels-ethanol-indonesia-peatland/
https://calstart.org/how-zero-emission-heavy-duty-trucks-can-be-part-of-the-climate-solution/
https://calstart.org/how-zero-emission-heavy-duty-trucks-can-be-part-of-the-climate-solution/
https://e360.yale.edu/features/ev-turning-point-momentum-builds-for-u.s.-electric-vehicle-transition
https://e360.yale.edu/features/ev-turning-point-momentum-builds-for-u.s.-electric-vehicle-transition
https://www.climatepolicyinitiative.org/publication/updated-view-on-the-global-landscape-of-climate-finance-2019/
https://www.climatepolicyinitiative.org/publication/updated-view-on-the-global-landscape-of-climate-finance-2019/
https://www.climatepolicyinitiative.org/publication/updated-view-on-the-global-landscape-of-climate-finance-2019/
https://doi.org/10.1016/S2542-5196(18)30029-9
https://doi.org/10.1016/S2542-5196(18)30029-9
https://unfccc.int/sites/default/files/resource/HS_ActionTable_2.1.pdf
https://unfccc.int/sites/default/files/resource/HS_ActionTable_2.1.pdf
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/668481543351717355/guide-to-communicating-carbon-pricing
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/668481543351717355/guide-to-communicating-carbon-pricing
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/668481543351717355/guide-to-communicating-carbon-pricing
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/668481543351717355/guide-to-communicating-carbon-pricing
https://doi.org/10.1021/acsenergylett.0c02584
https://doi.org/10.1021/acsenergylett.0c02584
https://www.pv-magazine.com/2021/04/02/the-hydrogen-stream-projects-move-forward-in-china-japan-australia-and-across-several-european-countries/
https://www.pv-magazine.com/2021/04/02/the-hydrogen-stream-projects-move-forward-in-china-japan-australia-and-across-several-european-countries/
https://www.pv-magazine.com/2021/04/02/the-hydrogen-stream-projects-move-forward-in-china-japan-australia-and-across-several-european-countries/
https://materialeconomics.com/publications/industrial-transformation-2050
https://materialeconomics.com/publications/industrial-transformation-2050
https://www.rff.org/publications/reports/potential-role-and-impact-evs-us-decarbonization-strategies/
https://www.rff.org/publications/reports/potential-role-and-impact-evs-us-decarbonization-strategies/
https://www.lexology.com/library/detail.aspx?g=f657a5fe-e647-4a9d-a816-feaf5ebe51d3
https://www.lexology.com/library/detail.aspx?g=f657a5fe-e647-4a9d-a816-feaf5ebe51d3
https://rmi.org/insight/the-new-economics-of-electrifying-buildings?submitted=1983dhtw8
https://rmi.org/insight/the-new-economics-of-electrifying-buildings?submitted=1983dhtw8


229STATE OF CLIMATE ACTION 2021  | rEFErENCES

McLane, R., and Q. Liu. 2020. “A Look inside China’s Timely Charging 
Infrastructure Plan.” GreenBiz, July 21, 2020. https://www.greenbiz.
com/article/look-inside-chinas-timely-charging-infrastructure-plan.

Mcleod, E., G.L. Chmura, S. Bouillon, R. Salm, M. Björk, C.M. Duarte, 
C.E. Lovelock, et al. 2011. “A Blueprint for Blue Carbon: Toward an 
Improved Understanding of the Role of Vegetated Coastal Habitats 
in Sequestering CO2.” Frontiers in Ecology and the Environment 9 (10): 
552–60. doi:10.1890/110004.

McMillan, C. 2018. “Electrification of Industry.” National Renewable 
Energy Laboratory. https://www.nrel.gov/docs/fy18osti/72311.pdf.

Meadowcroft, J. 2011. “Engaging with the Politics of Sustainability 
Transitions.” Environmental Innovation and Societal Transitions 1 (1): 
70–75. doi:10.1016/j.eist.2011.02.003.

Melvin, J. 2018. “The Split Incentives Energy Efficiency Problem: 
Evidence of Underinvestment by Landlords.” Energy Policy 115 
(November 2017): 342–352. doi:10.1016/j.enpol.2017.11.069.

Mersmann, F., K. Holm Olsen, T. Wehnert, and Z. Boodoo. 2014a. 
“Understanding Transformational Change in NAMAs: From Theory 
to Practice.” Wuppertal, Germany: Wuppertal Institute for Climate, 
Environment and Energy. https://www.transparency-partnership.
net/sites/default/files/unep_dtu_nama_hr_web.pdf.

Mersmann, F., T. Wehnert, M. Göpel, S. Arens, and O. Ujj. 2014b. 
“Shifting Paradigms: Unpacking Transformation for Climate Action ; 
a Guidebook for Climate Finance & Development Practitioners.” 
August. Wuppertal, Germany: Wuppertal Institute for Climate, 
Environment and Energy. https://epub.wupperinst.org/frontdoor/
index/index/docId/5518.

Meszaros, F., M. Shatanawi, and G.A. Ogunkunbi. 2020. “Challenges 
of the Electric Vehicle Markets in Emerging Economies.” Periodica 
Polytechnica Transportation Engineering 49 (1): 93–101. doi:10.3311/
PPtr.14037.

Meyfroidt, P., and E.F. Lambin. 2011. “Global Forest Transition: 
Prospects for an End to Deforestation.” Annual Review of 
Environment and Resources 36 (1): 343–71. doi:10.1146/annurev-
environ-090710-143732.

Ministry of Economy and Finance (Republic of Korea). 2020. “The 
Korean New Deal: National Strategy for a Great Transformation 
View.” August 28, 2020. https://www.mofa.go.kr/eng/brd/m_22747/
view.do?seq=35&srchFr=&amp%3BsrchTo=&amp%3Bsrch-
Word=&amp%3BsrchTp=&amp%3Bmulti_itm_seq=0&amp%3Bitm_
seq_1=0&amp%3Bitm_seq_2=0&amp%3Bcompany_cd=&amp%3B-
company_nm=&page=1&titleNm=.

Miu, L., and A.D. Hawkes. 2020. “Private Landlords and Energy 
Efficiency: Evidence for Policymakers from a Large-Scale Study in 
the United Kingdom.” Energy Policy 142 (March): 111446. doi:10.1016/j.
enpol.2020.111446.

Moffette, F., J. Alix-Garcia, K. Shea, and A.H. Pickens. 2021. “The Impact 
of Near-Real-Time Deforestation Alerts across the Tropics.” Nature 
Climate Change 11 (2): 172–78. doi:10.1038/s41558-020-00956-w.

Moore, F. 2020. “Milan Cuts Emissions through School Lunches.” 
Eurocities (blog), October 20, 2020. https://eurocities.eu/latest/
milan-cuts-emissions-through-school-lunches/.

Moore, M.-L., O. Tjornbo, E. Enfors, C. Knapp, J. Hodbod, J.A. Baggio, 
A. Norström, et al. 2014. “Studying the Complexity of Change: 
Toward an Analytical Framework for Understanding Deliberate 
Social-Ecological Transformations.” Ecology and Society 19 (4): 
art54. doi:10.5751/ES-06966-190454.

Morgans, C.L., E. Meijaard, T. Santika, E. Law, S. Budiharta, M. 
Ancrenaz, and K.A. Wilson. 2018. “Evaluating the Effectiveness 
of Palm Oil Certification in Delivering Multiple Sustainability 
Objectives.” Environmental Research Letters 13 (6): 064032. 
doi:10.1088/1748-9326/aac6f4.

Mountford, H., S. Colenbrander, C. Brandon, E. Davey, J. Brand, and D. 
Erdenesanaa. 2019. “Putting People at the Center of Climate Action.” 
World Resources Institute Insights (blog), December 8, 2019. https://
www.wri.org/insights/putting-people-center-climate-action.

Mulligan, J., A. Rudee, K. Lebling, K. Levin, J. Anderson, and B. 
Christensen. 2020. “CarbonShot: Federal Policy Options for Carbon 
Removal in the United States.” Washington, DC: World Resources 
Institute. https://www.wri.org/publication/carbonshot-federal-
policy-options-for-carbon-removal-in-the-united-states.

Murgueitio, E., Z. Calle, F. Uribe, A. Calle, and B. Solorio. 2011. “Native 
Trees and Shrubs for the Productive Rehabilitation of Tropical 
Cattle Ranching Lands.” Forest Ecology and Management 261 (10): 
1654–63. doi:10.1016/j.foreco.2010.09.027.

Murtaugh, D., and B. Eckhouse. 2021. “Solar Power’s Decade of 
Falling Costs Is Thrown Into Reverse.” New York: Bloomberg Green. 
https://www.bloomberg.com/news/articles/2021-05-23/solar-
power-s-decade-of-falling-costs-is-thrown-into-reverse.

Muttitt, G., and S. Kartha. 2020. “Equity, Climate Justice and Fossil 
Fuel Extraction: Principles for a Managed Phase Out.” Climate Policy 
20 (8): 1024–42.

Myrdal Miller, A., K. Mills, T. Wong, G. Drescher, S.M. Lee, C. 
Sirimuangmoon, S. Schaefer, et al. 2014. “Flavor-Enhancing 
Properties of Mushrooms in Meat-Based Dishes in Which Sodium 
Has Been Reduced and Meat Has Been Partially Substituted 
with Mushrooms.” Journal of Food Science 79 (9): S1795–1804. 
doi:10.1111/1750-3841.12549.

Naimoli, S.J., and N. Tsafos. 2020. “Climate Solutions Series: 
Decarbonizing Global Transport.” Washington, DC: Center for 
Strategic and International Studies. https://www.csis.org/analysis/
climate-solutions-series-decarbonizing-global-transport.

Napp, T.A., S. Few, A. Sood, D. Bernie, A. Hawkes, and A. Gambhir. 
2019. “The Role of Advanced Demand-Sector Technologies 
and Energy Demand Reduction in Achieving Ambitious Carbon 
Budgets.” Applied Energy 238 (December 2018): 351–67. doi:10.1016/j.
apenergy.2019.01.033.

NASA (U.S. National Aeronautics and Space Agency). 2021. 
“2020 Tied for Warmest Year on Record, NASA Analysis Shows.” 
January 14, 2021. http://www.nasa.gov/press-release/2020-tied-
for-warmest-year-on-record-nasa-analysis-shows.

Nascimento, A. 2021. “Global Planned Green Hydrogen Capacity 
Reaches 94 GW by 2030.” H2 Bulletin, March 29, 2021. https://
www.h2bulletin.com/global-planned-green-hydrogen-capacity-
reaches-94-gw-by-2030/.

National Academies of Sciences, Engineering, and Medicine. 2019. 
Negative Emissions Technologies and Reliable Sequestration: A 
Research Agenda. Washington, DC: National Academies Press. 
doi:10.17226/25259.

National Household Travel Survey. 2017. Home page. https://nhts.
ornl.gov/.

NCE (New Climate Economy). 2014. Better Growth, Better Climate. 
Washington, DC: Global Commission on the Economy and Climate. 
http://newclimateeconomy.report/2014/.

NCE. 2018. “Unlocking the Inclusive Growth Story of the 21st 
Century: Accelerating Climate Action in Urgent Times.” Washington, 
DC: NCE. https://newclimateeconomy.report/2018.

https://www.greenbiz.com/article/look-inside-chinas-timely-charging-infrastructure-plan
https://www.greenbiz.com/article/look-inside-chinas-timely-charging-infrastructure-plan
https://www.nrel.gov/docs/fy18osti/72311.pdf
https://www.transparency-partnership.net/sites/default/files/unep_dtu_nama_hr_web.pdf
https://www.transparency-partnership.net/sites/default/files/unep_dtu_nama_hr_web.pdf
https://epub.wupperinst.org/frontdoor/index/index/docId/5518
https://epub.wupperinst.org/frontdoor/index/index/docId/5518
https://www.mofa.go.kr/eng/brd/m_22747/view.do?seq=35&srchFr=&amp%3BsrchTo=&amp%3BsrchWord=&amp%3BsrchTp=&amp%3Bmulti_itm_seq=0&amp%3Bitm_seq_1=0&amp%3Bitm_seq_2=0&amp%3Bcompany_cd=&amp%3Bcompany_nm=&page=1&titleNm=
https://www.mofa.go.kr/eng/brd/m_22747/view.do?seq=35&srchFr=&amp%3BsrchTo=&amp%3BsrchWord=&amp%3BsrchTp=&amp%3Bmulti_itm_seq=0&amp%3Bitm_seq_1=0&amp%3Bitm_seq_2=0&amp%3Bcompany_cd=&amp%3Bcompany_nm=&page=1&titleNm=
https://www.mofa.go.kr/eng/brd/m_22747/view.do?seq=35&srchFr=&amp%3BsrchTo=&amp%3BsrchWord=&amp%3BsrchTp=&amp%3Bmulti_itm_seq=0&amp%3Bitm_seq_1=0&amp%3Bitm_seq_2=0&amp%3Bcompany_cd=&amp%3Bcompany_nm=&page=1&titleNm=
https://www.mofa.go.kr/eng/brd/m_22747/view.do?seq=35&srchFr=&amp%3BsrchTo=&amp%3BsrchWord=&amp%3BsrchTp=&amp%3Bmulti_itm_seq=0&amp%3Bitm_seq_1=0&amp%3Bitm_seq_2=0&amp%3Bcompany_cd=&amp%3Bcompany_nm=&page=1&titleNm=
https://www.mofa.go.kr/eng/brd/m_22747/view.do?seq=35&srchFr=&amp%3BsrchTo=&amp%3BsrchWord=&amp%3BsrchTp=&amp%3Bmulti_itm_seq=0&amp%3Bitm_seq_1=0&amp%3Bitm_seq_2=0&amp%3Bcompany_cd=&amp%3Bcompany_nm=&page=1&titleNm=
https://eurocities.eu/latest/milan-cuts-emissions-through-school-lunches/
https://eurocities.eu/latest/milan-cuts-emissions-through-school-lunches/
https://www.wri.org/insights/putting-people-center-climate-action
https://www.wri.org/insights/putting-people-center-climate-action
https://www.wri.org/publication/carbonshot-federal-policy-options-for-carbon-removal-in-the-united-states
https://www.wri.org/publication/carbonshot-federal-policy-options-for-carbon-removal-in-the-united-states
https://www.bloomberg.com/news/articles/2021-05-23/solar-power-s-decade-of-falling-costs-is-thrown-into-reverse
https://www.bloomberg.com/news/articles/2021-05-23/solar-power-s-decade-of-falling-costs-is-thrown-into-reverse
https://www.csis.org/analysis/climate-solutions-series-decarbonizing-global-transport
https://www.csis.org/analysis/climate-solutions-series-decarbonizing-global-transport
http://www.nasa.gov/press-release/2020-tied-for-warmest-year-on-record-nasa-analysis-shows
http://www.nasa.gov/press-release/2020-tied-for-warmest-year-on-record-nasa-analysis-shows
https://www.h2bulletin.com/global-planned-green-hydrogen-capacity-reaches-94-gw-by-2030/
https://www.h2bulletin.com/global-planned-green-hydrogen-capacity-reaches-94-gw-by-2030/
https://www.h2bulletin.com/global-planned-green-hydrogen-capacity-reaches-94-gw-by-2030/
https://nhts.ornl.gov/
https://nhts.ornl.gov/
http://newclimateeconomy.report/2014/
https://newclimateeconomy.report/2018


230STATE OF CLIMATE ACTION 2021  | rEFErENCES

Nepstad, D., D. McGrath, C. Stickler, A. Alencar, A. Azevedo, B. 
Swette, T. Bezerra, et al. 2014. “Slowing Amazon Deforestation 
through Public Policy and Interventions in Beef and Soy Supply 
Chains.” Science 344 (6188): 1118. doi:10.1126/science.1248525.

NewClimate Institute; Data-Driven Lab; PBL (Netherlands 
Environmental Assessment Agency); DIE (German Development 
Institute); and Blavatnik School of Government, University of 
Oxford. 2019. “Global Climate Action from Cities, Regions and 
Businesses.” Cologne, Germany: NewClimate Institute. https://
newclimate.org/2019/09/18/global-climate-action-from-cities-
regions-and-businesses-2019/.

New York City. 2019. Local Law 97: Sustainable Buildings. https://
www1.nyc.gov/site/sustainablebuildings/ll97/local-law-97.page.

NOAA (National Oceanic and Atmospheric Administration). 2021. Global 
Climate Report: Annual 2020—Global Annual Temperature Rankings 
Outlook. National Centers for Environmental Information. https://www.
ncdc.noaa.gov/sotc/global/202013/supplemental/page-5.

Nolte, C., A. Agrawal, K.M. Silvius, and B.S. Soares-Filho. 2013. 
“Governance Regime and Location Influence Avoided Deforestation 
Success of Protected Areas in the Brazilian Amazon.” Proceedings 
of the National Academy of Sciences 110 (13): 4956–61. doi:10.1073/
pnas.1214786110.

Norsk Elbilforening. 2021. “Norwegian EV Policy.” https://elbil.no/
english/norwegian-ev-policy/.

Northrop, E., S. Ruffo, G. Taraska, L. Schindler Murray, E. Pidgeon, 
E. Landis, E. Cerny-Chipman, et al. 2021. “Enhancing Nationally 
Determined Contributions: Opportunities for Ocean-Based Climate 
Action.” Washington, DC: World Resources Institute. https://www.
wri.org/research/enhancing-nationally-determined-contributions-
opportunities-ocean-based-climate-action.

Notess, L., P. Veit, I. Monterroso, Andiko, E. Sulle, A.M. Larson, 
A.-S. Gindroz, J. Quaedvlieg, and A. Williams. 2018. “The Scramble 
for Land Rights: Reducing Inequity between Communities and 
Companies.” Washington, DC: World Resources Institute. https://
www.wri.org/publication/scramble-for-land-rights.

NREL (National Renewable Energy Laboratory). 2021. “Electrifying 
Transit: A Guidebook for Implementing Battery Electric Buses.” 
Golden, CO: NREL. https://www.nrel.gov/docs/fy21osti/76932.pdf.

Nuss, P., and M.J. Eckelman. 2014. “Life Cycle Assessment of 
Metals: A Scientific Synthesis.” PLoS ONE 9 (7): e101298. doi:https://
doi.org/10.1371/journal.pone.0101299.

NYDF (New York Declaration on Forests) Assessment Partners. 2019. 
Protecting and Restoring Forests: A Story of Large Commitments 
yet Limited Progress. Amsterdam: Climate Focus. https://www.
climatefocus.com/sites/default/files/2019NYDFReport.pdf.

NYSERDA (New York State Energy Research and Development 
Authority). 2020. “DEC and NYSERDA Announce Members of ‘Just 
Transition’ Working Group to Support Implementation of State’s 
Nation-Leading Climate Law.” August 25, 2020. https://www.
nyserda.ny.gov/About/Newsroom/2020-Announcements/2020-
08-25-dec-and-nyserda-announce-members-of-just-transition-
working-group-to-support-implementation-of-states-nation-
leading-climate-law.

O’Brien, K., and L. Sygna. 2013. “Responding to Climate Change: The 
Three Spheres of Transformation.” In Proceedings Transformation 
in a Changing Climate: International Conference in Oslo, 19–21 June 
2013, 16–23. University of Oslo. https://www.sv.uio.no/iss/english/
research/projects/adaptation/publications/1-responding-to-
climate-change---three-spheres-of-transformation_obrien-and-
sygna_webversion_final.pdf.

OECD (Organisation for Economic Co-operation and Development). 
2017. “Investing in Climate, Investing in Growth.” Paris: OECD. 
doi:https://doi.org/10.1787/9789264273528-en.

OECD. 2021a. “OECD Companion to the Inventory of Support 
Measures for Fossil Fuels 2021.” Paris: OECD. doi:https://doi.
org/10.1787/e670c620-en.

OECD. 2021b. OECD Secretary-General Tax Report to G20 Finance 
Ministers and Central Bank Governors. Paris: OECD. www.oecd.org/
tax/oecd-secretary-general-tax-report-g20-finance-ministers-
february-2021.pdf.

OECD. 2021c. “Climate Finance Provided and Mobilised by Developed 
Countries: Aggregate Trends Updated with 2019 Data.” Paris: 
Organisation for Economic Co-operation and Development. https://
doi.org/10.1787/03590fb7-en. 

OECD and IEA. 2019. “Update on Recent Progress in Reform 
of Inefficient Fossil-Fuel Subsidies That Encourage Wasteful 
Consumption.” Paris: OECD/IEA. https://www.oecd.org/fossil-
fuels/publication/OECD-IEA-G20-Fossil-Fuel-Subsidies-Reform-
Update-2019.pdf.

OECD, World Bank, and UNEP (UN Environment Programme). 2018. 
“Financing Climate Futures: Rethinking Infrastructure.” https://doi.
org/10.1787/9789264308114-en.

Oei, P.-Y., H. Brauers, and P. Herpich. 2020. “Lessons from 
Germany’s Hard Coal Mining Phase-Out: Policies and Transition 
from 1950 to 2018.” Climate Policy 20 (8): 963–79. doi:https://doi.org
/10.1080/14693062.2019.1688636.

Office of Energy Efficiency and Renewable Energy. 2021. “Property 
Assessed Clean Energy Programs.” August 18, 2021. https://www.
energy.gov/eere/slsc/property-assessed-clean-energy-programs.

Olsson, P., C. Folke, and T. Hahn. 2004. “Social-Ecological 
Transformation for Ecosystem Management: The Development of 
Adaptive Co-management of a Wetland Landscape in Southern 
Sweden.” Ecology and Society 9 (4). Resilience Alliance. doi:10.5751/
ES-00683-090402.

Olsson, P., L.H. Gunderson, S.R. Carpenter, P. Ryan, L. Lebel, C. Folke, 
and C.S. Holling. 2006. “Shooting the Rapids: Navigating Transitions 
to Adaptive Governance of Social-Ecological Systems.” Ecology and 
Society 11 (1): art18. doi:10.5751/ES-01595-110118.

Osaka, S. 2021. “The EV Tax Credit Can Save You Thousands—If You’re 
Rich Enough.” Grist, February 26, 2021. https://grist.org/energy/the-
ev-tax-credit-can-save-you-thousands-if-youre-rich-enough/.

Osterkamp, P., T. Smith, and K. Sogaard. 2021. “Five Percent 
Zero Emission Fuels by 2030 Needed for Paris-Aligned Shipping 
Decarbonization.” Copenhagen: Getting to Zero Coalition. https://
www.globalmaritimeforum.org/news/five-percent-zero-
emission-fuels-by-2030-needed-for-paris-aligned-shipping-
decarbonization.

Otto, I.M., J.F. Donges, R. Cremades, A. Bhowmik, R.J. Hewitt, W. 
Lucht, J. Rockström, et al. 2020. “Social Tipping Dynamics for 
Stabilizing Earth’s Climate by 2050.” Proceedings of the National 
Academy of Sciences 117 (5): 2354–65. doi:10.1073/pnas.1900577117.

Packard Foundation. 2018. “Indonesian Peat Prize Winner 
Announced: New Mapping Method Will Protect Carbon-Rich 
Peatlands.” David and Lucile Packard Foundation (blog), February 
2, 2018. https://www.packard.org/insights/news/indonesian-peat-
prize-winner-announced-new-mapping-method-will-protect-
carbon-rich-peatlands/.

https://newclimate.org/2019/09/18/global-climate-action-from-cities-regions-and-businesses-2019/
https://newclimate.org/2019/09/18/global-climate-action-from-cities-regions-and-businesses-2019/
https://newclimate.org/2019/09/18/global-climate-action-from-cities-regions-and-businesses-2019/
https://www1.nyc.gov/site/sustainablebuildings/ll97/local-law-97.page
https://www1.nyc.gov/site/sustainablebuildings/ll97/local-law-97.page
https://www.ncdc.noaa.gov/sotc/global/202013/supplemental/page-5
https://www.ncdc.noaa.gov/sotc/global/202013/supplemental/page-5
https://elbil.no/english/norwegian-ev-policy/
https://elbil.no/english/norwegian-ev-policy/
https://www.wri.org/research/enhancing-nationally-determined-contributions-opportunities-ocean-based-climate-action
https://www.wri.org/research/enhancing-nationally-determined-contributions-opportunities-ocean-based-climate-action
https://www.wri.org/research/enhancing-nationally-determined-contributions-opportunities-ocean-based-climate-action
https://www.wri.org/publication/scramble-for-land-rights
https://www.wri.org/publication/scramble-for-land-rights
https://www.nrel.gov/docs/fy21osti/76932.pdf
https://doi.org/10.1371/journal.pone.0101299
https://doi.org/10.1371/journal.pone.0101299
https://www.climatefocus.com/sites/default/files/2019NYDFReport.pdf
https://www.climatefocus.com/sites/default/files/2019NYDFReport.pdf
https://www.nyserda.ny.gov/About/Newsroom/2020-Announcements/2020-08-25-dec-and-nyserda-announce-members-of-just-transition-working-group-to-support-implementation-of-states-nation-leading-climate-law
https://www.nyserda.ny.gov/About/Newsroom/2020-Announcements/2020-08-25-dec-and-nyserda-announce-members-of-just-transition-working-group-to-support-implementation-of-states-nation-leading-climate-law
https://www.nyserda.ny.gov/About/Newsroom/2020-Announcements/2020-08-25-dec-and-nyserda-announce-members-of-just-transition-working-group-to-support-implementation-of-states-nation-leading-climate-law
https://www.nyserda.ny.gov/About/Newsroom/2020-Announcements/2020-08-25-dec-and-nyserda-announce-members-of-just-transition-working-group-to-support-implementation-of-states-nation-leading-climate-law
https://www.nyserda.ny.gov/About/Newsroom/2020-Announcements/2020-08-25-dec-and-nyserda-announce-members-of-just-transition-working-group-to-support-implementation-of-states-nation-leading-climate-law
https://www.sv.uio.no/iss/english/research/projects/adaptation/publications/1-responding-to-climate-change---three-spheres-of-transformation_obrien-and-sygna_webversion_final.pdf
https://www.sv.uio.no/iss/english/research/projects/adaptation/publications/1-responding-to-climate-change---three-spheres-of-transformation_obrien-and-sygna_webversion_final.pdf
https://www.sv.uio.no/iss/english/research/projects/adaptation/publications/1-responding-to-climate-change---three-spheres-of-transformation_obrien-and-sygna_webversion_final.pdf
https://www.sv.uio.no/iss/english/research/projects/adaptation/publications/1-responding-to-climate-change---three-spheres-of-transformation_obrien-and-sygna_webversion_final.pdf
https://doi.org/10.1787/9789264273528-en
https://doi.org/10.1787/e670c620-en
https://doi.org/10.1787/e670c620-en
http://www.oecd.org/tax/oecd-secretary-general-tax-report-g20-finance-ministers-february-2021.pdf
http://www.oecd.org/tax/oecd-secretary-general-tax-report-g20-finance-ministers-february-2021.pdf
http://www.oecd.org/tax/oecd-secretary-general-tax-report-g20-finance-ministers-february-2021.pdf
https://doi.org/10.1787/03590fb7-en
https://doi.org/10.1787/03590fb7-en
https://www.oecd.org/fossil-fuels/publication/OECD-IEA-G20-Fossil-Fuel-Subsidies-Reform-Update-2019.pdf
https://www.oecd.org/fossil-fuels/publication/OECD-IEA-G20-Fossil-Fuel-Subsidies-Reform-Update-2019.pdf
https://www.oecd.org/fossil-fuels/publication/OECD-IEA-G20-Fossil-Fuel-Subsidies-Reform-Update-2019.pdf
https://doi.org/10.1787/9789264308114-en
https://doi.org/10.1787/9789264308114-en
https://doi.org/10.1080/14693062.2019.1688636
https://doi.org/10.1080/14693062.2019.1688636
https://www.energy.gov/eere/slsc/property-assessed-clean-energy-programs
https://www.energy.gov/eere/slsc/property-assessed-clean-energy-programs
https://grist.org/energy/the-ev-tax-credit-can-save-you-thousands-if-youre-rich-enough/
https://grist.org/energy/the-ev-tax-credit-can-save-you-thousands-if-youre-rich-enough/
https://www.globalmaritimeforum.org/news/five-percent-zero-emission-fuels-by-2030-needed-for-paris-aligned-shipping-decarbonization
https://www.globalmaritimeforum.org/news/five-percent-zero-emission-fuels-by-2030-needed-for-paris-aligned-shipping-decarbonization
https://www.globalmaritimeforum.org/news/five-percent-zero-emission-fuels-by-2030-needed-for-paris-aligned-shipping-decarbonization
https://www.globalmaritimeforum.org/news/five-percent-zero-emission-fuels-by-2030-needed-for-paris-aligned-shipping-decarbonization
https://www.packard.org/insights/news/indonesian-peat-prize-winner-announced-new-mapping-method-will-protect-carbon-rich-peatlands/
https://www.packard.org/insights/news/indonesian-peat-prize-winner-announced-new-mapping-method-will-protect-carbon-rich-peatlands/
https://www.packard.org/insights/news/indonesian-peat-prize-winner-announced-new-mapping-method-will-protect-carbon-rich-peatlands/


231STATE OF CLIMATE ACTION 2021  | rEFErENCES

Pai, S., K. Harrison, and H. Zerriffi. 2020a. “A Systematic 
Review of the Key Elements of a Just Transition for 
Fossil Fuel Workers.” Ottawa: Smart Prosperity Institute. 
https://institute.smartprosperity.ca/sites/default/files/
transitionforfossilfuelworkers.pdf.

Pai, S., H. Zerriffi, J. Jewell, and J. Pathak. 2020b. “Solar Has 
Greater Techno-economic Resource Suitability than Wind for 
Replacing Coal Mining Jobs.” Environmental Research Letters 15 (3): 
034065. doi:10.1088/1748-9326/ab6c6d.

Parry, I.W.H., M. Walls, and W. Harrington. 2007. “Automobile 
Externalities and Policies.” Journal of Economic Literature 45 (2): 
373–99. doi:10.1257/jel.45.2.373.

Patel, K. 2020. “Another Intense Summer of Fires in Siberia.” NASA 
Earth Observatory, August 6, 2020. https://earthobservatory.nasa.
gov/images/147083/another-intense-summer-of-fires-in-siberia.

Patterson, J., K. Schulz, J. Vervoort, S. van der Hel, O. Widerberg, 
C. Adler, M. Hurlbert, et al. 2017. “Exploring the Governance and 
Politics of Transformations towards Sustainability.” Environmental 
Innovation and Societal Transitions 24 (September): 1–16. 
doi:10.1016/j.eist.2016.09.001.

Pavlenko, N., B. Comer, Y. Zhou, N. Clark, and D. Rutherford. 2020. 
“The Climate Implications of Using LNG as a Marine Fuel.” Working 
paper 2020-02. Washington, DC: International Council on Clean 
Transportation. https://theicct.org/publications/climate-impacts-
LNG-marine-fuel-2020.

Pekanov, A., and M. Schratzenstaller. 2019. “A Global Financial 
Transaction Tax. Theory, Practice and Potential Revenues.” 582/2019. 
Vienna: Österreichisches Institut für Wirtschaftsforschung. 
https://www.wifo.ac.at/jart/prj3/wifo/main.jart?content-
id=1454619331110&publikation_id=61805&detail-view=yes.

Pendleton, L., D.C. Donato, B.C. Murray, S. Crooks, W.A. Jenkins, 
S. Sifleet, C. Craft, et al. 2012. “Estimating Global ‘Blue Carbon’ 
Emissions from Conversion and Degradation of Vegetated 
Coastal Ecosystems.” Edited by S. Thrush. PLoS ONE 7 (9): e43542. 
doi:10.1371/journal.pone.0043542.

Petersen, R., C. Davis, and M. Herold. 2018. “Ending Tropical 
Deforestation: Tropical Forest Monitoring: Exploring the Gaps 
between What Is Required and What Is Possible for REDD+ and 
Other Initiatives.” Washington, DC: World Resources Institute. 
https://www.wri.org/research/ending-tropical-deforestation-
tropical-forest-monitoring-exploring-gaps-between-what. 

Phadke, A., A. Khandekar, N. Abhayankar, D. Wooley, and D. 
Rajagopal. 2021. “ ‘Why Regional and Long-Haul Trucks Are Primed 
for Electrification Now’: Berkeley Lab.” Lawrence Berkeley National 
Laboratory. https://energycentral.com/c/ec/why-regional-and-
long-haul-trucks-are-primed-electrification-now-berkeley-lab.

Piper, E., and M. Wacket. 2021. “In Climate Push, G7 Agrees to Stop 
International Funding for Coal.” Reuters, May 21, 2021. https://www.
reuters.com/business/energy/g7-countries-agree-stop-funding-
coal-fired-power-2021-05-21/.

Porter, J.R., X. Liyong, A.J. Challinor, K. Cochrane, S.M. Howden, M.M. 
Iqbal, D.B. Lobell, et al. 2014. “Food Security and Food Production 
Systems.” In Climate Change 2014: Impacts, Adaptation, and Vulnerability. 
Part A, Global and Sectoral Aspects. Contribution of Working Group II to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change, edited by C.B. Field, V.R. Barros, D.J. Dokken, K.J. Mach, M.D. 
Mastrandrea, T.E. Bilir, M. Chatterjee, et al., 485–533. Cambridge: 
Cambridge University Press. https://www.ipcc.ch/site/assets/
uploads/2018/02/WGIIAR5-Chap7_FINAL.pdf.

PPCA (Powering Past Coal Alliance). 2021. “PPCA Members.” https://
www.poweringpastcoal.org/members.

Pratap, A., P. Pillai, A. Muthu, K. Kohli, and M. Menon. 2020. 
“Powering Ahead.” Berlin: Heinrich Böll Stiftung. https://in.boell.org/
en/2020/08/31/powering-ahead.

PtX Hub. 2021. “International PtX Hub.” https://ptx-hub.org/.

Puri, J. 2018. “Transformational Change: The Challenge of a 
Brave New World.” Incheon, Republic of Korea: Green Climate 
Fund Independent Evaluation Unit. https://www.cbd.int/doc/
presentations/tc-imrr/Learning-Paper-1.pdf.

Race to Zero. 2021a. “Upgrading Our Systems Together: A Global 
Challenge to Accelerate Sector Breakthroughs for COP26—and 
Beyond.” Rio de Janeiro and New York: UNFCCC Secretariat. 
https://racetozero.unfccc.int/wp-content/uploads/2021/08/2020-
Breakthroughs-Upgrading-our-sytems-together.pdf.

Race to Zero. 2021b. “Race to Zero Breakthroughs.” Race to 
Zero (blog), January 28, 2021. https://racetozero.unfccc.int/
breakthroughs/.

Race to Zero. 2021c. “Race to Zero Built Environment System Map 
Launches.” April 19, 2021. https://racetozero.unfccc.int/race-to-
zero-built-environment-system-map-launches/.

Rachel, L., and S. Brown. 2021. “How Superfast Charging Batteries 
Can Help Sell the Transition to Electric Vehicles.” The Conversation, 
2021. https://theconversation.com/how-superfast-charging-
batteries-can-help-sell-the-transition-to-electric-vehicles-153872.

Rajper, S.Z., and J. Albrecht. 2020. “Prospects of Electric Vehicles 
in the Developing Countries : A Literature Review.” Sustainability 12 
(5). doi:10.3390/su12051906.

Ramirez, J. 2019. “Contentious Dynamics within the Social 
Turbulence of Environmental (In)Justice Surrounding Wind Energy 
Farms in Oaxaca, Mexico.” Journal of Business Ethics 169: 387–404. 
doi:https://doi.org/10.1007/s10551-019-04297-3.

Ramsar Convention on Wetlands. 2018. “Global Wetland Outlook: 
State of the World’s Wetlands and Their Services to People.” Gland, 
Switzerland: Ramsar Convention Secretariat. https://static1.
squarespace.com/static/5b256c78e17ba335ea89fe1f/t/5b9ffd2e0e
2e7277f629eb8f/1537211739585/RAMSAR+GWO_ENGLISH_WEB.pdf.

Ranganathan, J., D. Vennard, R. Waite, P. Dumas, B. Lipinski, and 
T. Searchinger. 2016. “Shifting Diets for a Sustainable Food Future.” 
Washington, DC: World Resources Institute. https://www.wri.org/
publication/shifting-diets.

Ranganathan, J., R. Waite, T. Searchinger, and J. Zionts. 2020. 
“Regenerative Agriculture: Good for Soil Health, but Limited 
Potential to Mitigate Climate Change.” World Resources Institute 
Insights (blog), May 12, 2020. https://www.wri.org/insights/
regenerative-agriculture-good-soil-health-limited-potential-
mitigate-climate-change.

Rao, B. 2019. “A Case Study on One of the World’s Biggest Solar 
Parks—Pavagada in Karnataka—and the Lessons to Learn and 
(Un)Learn from the Scrutiny.” Presented at the Energy Finance 
Conference—India, IGCS Hall, IIT Madras, Chennai, Tamil 
Nadu, August 16, 2019. https://www.cenfa.org/wp-content/
uploads/2019/09/Bhargavi-S.Rao_Pavagada-Solar-park.pdf.

Raucci, C., B.J. Marc, S. de la Fuente Santiago, T. Smith, and K. 
Sogaard. 2020. “Aggregate Investment for the Decarbonisation of 
the Shipping Industry.” International Maritime Organization. https://
www.globalmaritimeforum.org/content/2020/01/Aggregate-
investment-for-the-decarbonisation-of-the-shipping-industry.pdf.

Rees, R.M., J. Maire, A. Florence, N. Cowan, U. Skiba, T. van der 
Weerden, and X. Ju. 2020. “Mitigating Nitrous Oxide Emissions 
from Agricultural Soils by Precision Management.” Frontiers of 
Agricultural Science and Engineering 7 (1): 75. doi:10.15302/J-
FASE-2019294.

https://institute.smartprosperity.ca/sites/default/files/transitionforfossilfuelworkers.pdf
https://institute.smartprosperity.ca/sites/default/files/transitionforfossilfuelworkers.pdf
https://earthobservatory.nasa.gov/images/147083/another-intense-summer-of-fires-in-siberia
https://earthobservatory.nasa.gov/images/147083/another-intense-summer-of-fires-in-siberia
https://theicct.org/publications/climate-impacts-LNG-marine-fuel-2020
https://theicct.org/publications/climate-impacts-LNG-marine-fuel-2020
https://www.wifo.ac.at/jart/prj3/wifo/main.jart?content-id=1454619331110&publikation_id=61805&detail-view=yes
https://www.wifo.ac.at/jart/prj3/wifo/main.jart?content-id=1454619331110&publikation_id=61805&detail-view=yes
https://www.wri.org/research/ending-tropical-deforestation-tropical-forest-monitoring-exploring-gaps-between-what
https://www.wri.org/research/ending-tropical-deforestation-tropical-forest-monitoring-exploring-gaps-between-what
https://energycentral.com/c/ec/why-regional-and-long-haul-trucks-are-primed-electrification-now-berkeley-lab
https://energycentral.com/c/ec/why-regional-and-long-haul-trucks-are-primed-electrification-now-berkeley-lab
https://www.reuters.com/business/energy/g7-countries-agree-stop-funding-coal-fired-power-2021-05-21/
https://www.reuters.com/business/energy/g7-countries-agree-stop-funding-coal-fired-power-2021-05-21/
https://www.reuters.com/business/energy/g7-countries-agree-stop-funding-coal-fired-power-2021-05-21/
https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-Chap7_FINAL.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-Chap7_FINAL.pdf
https://www.poweringpastcoal.org/members
https://www.poweringpastcoal.org/members
https://in.boell.org/en/2020/08/31/powering-ahead
https://in.boell.org/en/2020/08/31/powering-ahead
https://ptx-hub.org/
https://www.cbd.int/doc/presentations/tc-imrr/Learning-Paper-1.pdf
https://www.cbd.int/doc/presentations/tc-imrr/Learning-Paper-1.pdf
https://racetozero.unfccc.int/wp-content/uploads/2021/08/2020-Breakthroughs-Upgrading-our-sytems-together.pdf
https://racetozero.unfccc.int/wp-content/uploads/2021/08/2020-Breakthroughs-Upgrading-our-sytems-together.pdf
https://racetozero.unfccc.int/breakthroughs/
https://racetozero.unfccc.int/breakthroughs/
https://racetozero.unfccc.int/race-to-zero-built-environment-system-map-launches/
https://racetozero.unfccc.int/race-to-zero-built-environment-system-map-launches/
https://theconversation.com/how-superfast-charging-batteries-can-help-sell-the-transition-to-electric-vehicles-153872
https://theconversation.com/how-superfast-charging-batteries-can-help-sell-the-transition-to-electric-vehicles-153872
https://doi.org/10.1007/s10551-019-04297-3
https://static1.squarespace.com/static/5b256c78e17ba335ea89fe1f/t/5b9ffd2e0e2e7277f629eb8f/1537211739585/RAMSAR+GWO_ENGLISH_WEB.pdf
https://static1.squarespace.com/static/5b256c78e17ba335ea89fe1f/t/5b9ffd2e0e2e7277f629eb8f/1537211739585/RAMSAR+GWO_ENGLISH_WEB.pdf
https://static1.squarespace.com/static/5b256c78e17ba335ea89fe1f/t/5b9ffd2e0e2e7277f629eb8f/1537211739585/RAMSAR+GWO_ENGLISH_WEB.pdf
https://www.wri.org/publication/shifting-diets
https://www.wri.org/publication/shifting-diets
https://www.wri.org/insights/regenerative-agriculture-good-soil-health-limited-potential-mitigate-climate-change
https://www.wri.org/insights/regenerative-agriculture-good-soil-health-limited-potential-mitigate-climate-change
https://www.wri.org/insights/regenerative-agriculture-good-soil-health-limited-potential-mitigate-climate-change
https://www.cenfa.org/wp-content/uploads/2019/09/Bhargavi-S.Rao_Pavagada-Solar-park.pdf
https://www.cenfa.org/wp-content/uploads/2019/09/Bhargavi-S.Rao_Pavagada-Solar-park.pdf
https://www.globalmaritimeforum.org/content/2020/01/Aggregate-investment-for-the-decarbonisation-of-the-shipping-industry.pdf
https://www.globalmaritimeforum.org/content/2020/01/Aggregate-investment-for-the-decarbonisation-of-the-shipping-industry.pdf
https://www.globalmaritimeforum.org/content/2020/01/Aggregate-investment-for-the-decarbonisation-of-the-shipping-industry.pdf


232STATE OF CLIMATE ACTION 2021  | rEFErENCES

Reid, J.L., S.J. Wilson, G.S. Bloomfield, M.E. Cattau, M.E. Fagan, K.D. 
Holl, and R.A. Zahawi. 2017. “How Long Do Restored Ecosystems 
Persist?” Annals of the Missouri Botanical Garden 102 (2): 258–65. 
doi:10.3417/2017002.

Reij, C., and D. Garrity. 2016. “Scaling Up Farmer-Managed 
Natural Regeneration in Africa to Restore Degraded Landscapes.” 
Biotropica 48 (6): 834–43. doi:10.1111/btp.12390.

REN21 (Renewable Energy Policy Network for the 21st Century). 
2020. Renewables 2020 Global Status Report. Paris: REN21. https://
www.ren21.net/gsr-2020.

Reuters. 2020. “Factbox: Electric Delivery Vehicle Makers and 
Major Orders in the Works.” September 9, 2020. https://www.
reuters.com/article/autos-electric-delivery-vehicles-factbox-
idINKBN2601HE.

Reyers, B., C. Folke, M.-L. Moore, R. Biggs, and V. Galaz. 2018. 
“Social-Ecological Systems Insights for Navigating the Dynamics of 
the Anthropocene.” Annual Review of Environment and Resources 43 
(1): 267–89. doi:10.1146/annurev-environ-110615-085349.

Ribeiro, H.V., D. Rybski, and J.P. Kropp. 2019. “Effects of Changing 
Population or Density on Urban Carbon Dioxide Emissions.” Nature 
Communications 10 (1): 3204. doi:10.1038/s41467-019-11184-y.

Ritchie, H., and M. Roser. 2017. “Technology Adoption.” Our World in 
Data (blog). https://ourworldindata.org/technology-adoption.

Robbins, J. 2020. “The New Fuel to Come from Saudi Arabia.” Yale 
Environment 360 (blog). November 5, 2020. https://e360.yale.edu/
features/green-hydrogen-could-it-be-key-to-a-carbon-free-
economy. 

Rocky Mountain Institute. 2012. Guide to Building the Case for Deep 
Energy Retrofits. https://rmi.org/wp-content/uploads/2017/04/
Pathways-to-Zero_Bldg-Case-for-Deep-Retrofits_Report_2012.pdf.

Rocky Mountain Institute. 2019. Seven Challenges for Energy 
Transformation. Washington, DC: Rocky Mountain Institute. https://
rmi.org/seven-challenges-report/.

Rocky Mountain Institute. 2020. Building an Electric Bus Ecosystem 
in Indian Cities. Basalt, CO: Rocky Mountain Institute. https://rmi.
org/wp-content/uploads/2020/02/ebus_report.pdf.

Roe, S., C. Streck, M. Obersteiner, S. Frank, B. Griscom, L. Drouet, 
O. Fricko, et al. 2019. “Contribution of the Land Sector to a 1.5s°C 
World.” Nature Climate Change 9 (11): 817–28. doi:10.1038/s41558-
019-0591-9.

Roelofsen, O., K. Somers, E. Speelman, and M. Witteveen. 2020. 
“Plugging In: What Electrification Can Do for Industry.” McKinsey 
& Company (blog). https://www.mckinsey.com/industries/
electric-power-and-natural-gas/our-insights/plugging-in-what-
electrification-can-do-for-industry.

Roque, B.M., M. Venegas, R. Kinley, R. deNys, T.L. Neoh, T.L. 
Duarte, X. Yang, et al. 2020. “Red Seaweed (Asparagopsis 
Taxiformis) Supplementation Reduces Enteric Methane by 
over 80 Percent in Beef Steers.” Preprint. Systems Biology. 
doi:10.1101/2020.07.15.204958.

Rosentreter, J.A., D.T. Maher, D.V. Erler, R.H. Murray, and B.D. Eyre. 2018. 
“Methane Emissions Partially Offset ‘Blue Carbon’ Burial in Mangroves.” 
Science Advances 4 (6): eaao4985. doi:10.1126/sciadv.aao4985.

Rosentreter, J.A., A.V. Borges, B.R. Deemer, M.A. Holgerson, S. Liu, 
C. Song, J. Melack, et al. 2021. “Half of Global Methane Emissions 
Come from Highly Variable Aquatic Ecosystem Sources.” Nature 
Geoscience 14 (4): 225–30. doi:10.1038/s41561-021-00715-2.

Ross, K., K. Hite, R. Waite, R. Carter, L. Pegorsch, T. Damassa, and 
R. Gasper. 2019. “Enhancing NDCs: Opportunities in Agriculture.” 
Washington, DC: World Resources Institute. https://www.wri.org/
research/ndc-enhancement-opportunities-agriculture.

Rotmans, J., and D. Loorbach. 2009. “Complexity and Transition 
Management.” Journal of Industrial Ecology 13 (2): 184–96. 
doi:10.1111/j.1530-9290.2009.00116.x.

Royal Society. 2019. Policy Briefing: Sustainable Synthetic Carbon 
Based Fuels for Transport. London: Royal Society. https://
royalsociety.org/-/media/policy/projects/synthetic-fuels/
synthetic-fuels-briefing.pdf.

RRI (Rights and Resources Initiative). 2015. “Who Owns the World’s 
Land? A Global Baseline of Formally Recognized Indigenous 
and Community Land Rights.” Washington, DC: RRI. https://
rightsandresources.org/wp-content/uploads/GlobalBaseline_web.pdf.

RSPO (Roundtable on Sustainable Palm Oil). n.d. “About.” https://
rspo.org/about. Accessed May 27, 2021.

Sachs, J.D., G. Schmidt-Traub, M. Mazzucato, D. Messner, N. 
Nakicenovic, and J. Rockström. 2019. “Six Transformations to 
Achieve the Sustainable Development Goals.” Nature Sustainability 2 
(9): 805–14. doi:10.1038/s41893-019-0352-9.

Saha, D., and J. Jaeger. 2020. “America’s New Climate Economy: A 
Comprehensive Guide to the Economic Benefits of Climate Policy 
in the United States.” Washington, DC: World Resources Institute. 
https://www.wri.org/research/americas-new-climate-economy-
comprehensive-guide-economic-benefits-climate-policy-united.

Sala, E., and S. Giakoumi. 2018. “No-Take Marine Reserves Are the 
Most Effective Protected Areas in the Ocean.” Edited by P. Linwood. 
ICES Journal of Marine Science 75 (3): 1166–68. doi:10.1093/icesjms/
fsx059.

Sánchez, L., P. Wooders, and R. Bechauf. 2020. “53 Ways to Reform 
Fossil Fuel Consumer Subsidies and Pricing.” International Institute 
for Sustainable Development (blog), August 18, 2020. https://www.
iisd.org/articles/53-ways-reform-fossil-fuel-consumer-subsidies-
and-pricing.

Sánchez, L., R. Bridle, V. Corkal, P. Gass, A. Geddes, I. Gerasimchuk, 
J. Kuehl, et al. 2021. “Achieving a Fossil-Free Recovery.” Winnipeg, 
Canada: International Institute for Sustainable Development. 
https://www.iisd.org/publications/achieving-fossil-free-recovery.

S&P Global Platts. 2021. “German Bus Depots Clearly Favoring 
Batteries over Fuel Cells.” https://www.spglobal.com/platts/en/
market-insights/latest-news/electric-power/030421-german-bus-
depots-clearly-favoring-batteries-over-fuel-cells.

Sato, I., P. Langer, and F. Stolle. 2019. “Enhancing NDCs: 
Opportunities in the Forest and Land-Use Sector.” WRI.

Savan, B., E. Cohlmeyer, and T. Ledsham. 2017. “Integrated 
Strategies to Accelerate the Adoption of Cycling for Transportation.” 
Transportation Research Part F: Traffic Psychology and Behaviour 46 
(April): 236–49. doi:10.1016/j.trf.2017.03.002.

Schleicher, J., C.A. Peres, T. Amano, W. Llactayo, and N. Leader-
Williams. 2017. “Conservation Performance of Different 
Conservation Governance Regimes in the Peruvian Amazon.” 
Scientific Reports 7 (1). Nature Publishing Group:11318. doi:10.1038/
s41598-017-10736-w.

Schmidt, O., A. Gambhir, I. Staffell, A. Hawkes, J. Nelson, and S. 
Few. 2017. “Future Cost and Performance of Water Electrolysis: 
An Expert Elicitation Study.” International Journal of Hydrogen 
Energy 42 (54): 30470–92. doi:https://doi.org/10.1016/j.
ijhydene.2017.10.045.

https://www.ren21.net/gsr-2020
https://www.ren21.net/gsr-2020
https://www.reuters.com/article/autos-electric-delivery-vehicles-factbox-idINKBN2601HE
https://www.reuters.com/article/autos-electric-delivery-vehicles-factbox-idINKBN2601HE
https://www.reuters.com/article/autos-electric-delivery-vehicles-factbox-idINKBN2601HE
https://ourworldindata.org/technology-adoption
https://e360.yale.edu/features/green-hydrogen-could-it-be-key-to-a-carbon-free-economy
https://e360.yale.edu/features/green-hydrogen-could-it-be-key-to-a-carbon-free-economy
https://e360.yale.edu/features/green-hydrogen-could-it-be-key-to-a-carbon-free-economy
https://rmi.org/wp-content/uploads/2017/04/Pathways-to-Zero_Bldg-Case-for-Deep-Retrofits_Report_2012.pdf
https://rmi.org/wp-content/uploads/2017/04/Pathways-to-Zero_Bldg-Case-for-Deep-Retrofits_Report_2012.pdf
https://rmi.org/seven-challenges-report/
https://rmi.org/seven-challenges-report/
https://rmi.org/wp-content/uploads/2020/02/ebus_report.pdf
https://rmi.org/wp-content/uploads/2020/02/ebus_report.pdf
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/plugging-in-what-electrification-can-do-for-industry
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/plugging-in-what-electrification-can-do-for-industry
https://www.mckinsey.com/industries/electric-power-and-natural-gas/our-insights/plugging-in-what-electrification-can-do-for-industry
https://www.wri.org/research/ndc-enhancement-opportunities-agriculture
https://www.wri.org/research/ndc-enhancement-opportunities-agriculture
https://royalsociety.org/-/media/policy/projects/synthetic-fuels/synthetic-fuels-briefing.pdf
https://royalsociety.org/-/media/policy/projects/synthetic-fuels/synthetic-fuels-briefing.pdf
https://royalsociety.org/-/media/policy/projects/synthetic-fuels/synthetic-fuels-briefing.pdf
https://rightsandresources.org/wp-content/uploads/GlobalBaseline_web.pdf
https://rightsandresources.org/wp-content/uploads/GlobalBaseline_web.pdf
https://rspo.org/about
https://rspo.org/about
https://www.wri.org/research/americas-new-climate-economy-comprehensive-guide-economic-benefits-climate-policy-united
https://www.wri.org/research/americas-new-climate-economy-comprehensive-guide-economic-benefits-climate-policy-united
https://www.iisd.org/articles/53-ways-reform-fossil-fuel-consumer-subsidies-and-pricing
https://www.iisd.org/articles/53-ways-reform-fossil-fuel-consumer-subsidies-and-pricing
https://www.iisd.org/articles/53-ways-reform-fossil-fuel-consumer-subsidies-and-pricing
https://www.iisd.org/publications/achieving-fossil-free-recovery
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/030421-german-bus-depots-clearly-favoring-batteries-over-fuel-cells
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/030421-german-bus-depots-clearly-favoring-batteries-over-fuel-cells
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/030421-german-bus-depots-clearly-favoring-batteries-over-fuel-cells
https://doi.org/10.1016/j.ijhydene.2017.10.045
https://doi.org/10.1016/j.ijhydene.2017.10.045


233STATE OF CLIMATE ACTION 2021  | rEFErENCES

Schmitz, C., H. van Meijl, P. Kyle, G.C. Nelson, S. Fujimori, A. 
Gurgel, P. Havlík, et al. 2014. “Land-Use Change Trajectories up to 
2050: Insights from a Global Agro-economic Model Comparison.” 
Agricultural Economics 45 (1): 69–84. doi:10.1111/agec.12090.

Schreffler, R. 2019. “Costs Check Growth of Fuel-Cell Infrastructure.” 
WardsAuto, August 2019. https://www.wardsauto.com/technology/
costs-check-growth-fuel-cell-infrastructure.

Schuerch, M., T. Spencer, S. Temmerman, M.L. Kirwan, C. Wolff, D. 
Lincke, C.J. McOwen, et al. 2018. “Future Response of Global Coastal 
Wetlands to Sea-Level Rise.” Nature 561 (7722): 231–34. doi:10.1038/
s41586-018-0476-5.

Sclar, R., and E. Werthmann. 2019. “Power of the Used Car Market 
to Bring Electric Vehicles to Everyone.” World Resources Institute 
Insights (blog), August 12, 2019. https://www.wri.org/insights/6000-
electric-vehicle-power-used-car-market-bring-electric-vehicles-
everyone.

Sclar, R., C. Gorguinpour, S. Castellanos, and X. Li. 2019. “Barriers 
to Adopting Electric Buses.” Washington, DC: World Resources 
Institute. https://www.wri.org/publication/barriers-adopting-
electric-buses.

Scottish Government. 2021. “Scotland Just Transition 
Commission.” May 28, 2021. https://www.gov.scot/groups/just-
transition-commission/.

Searchinger, Tim, and R. Heimlich. 2015. “Avoiding Bioenergy 
Competition for Food Crops and Land.” Working paper, Installment 
9 of Creating a Sustainable Food Future. Washington, DC: World 
Resources Institute. https://www.wri.org/research/avoiding-
bioenergy-competition-food-crops-and-land.

Searchinger, Tim, and J. Ranganathan. 2020. “INSIDER: Further 
Explanation on the Potential Contribution of Soil Carbon 
Sequestration on Working Agricultural Lands to Climate Change 
Mitigation.” World Resources Institute Insights (blog), August 24, 
2020. https://www.wri.org/insights/insider-further-explanation-
potential-contribution-soil-carbon-sequestration-working.

Searchinger, T., R. Waite, C. Hanson, J. Ranganathan, and E. 
Matthews. 2019. Creating a Sustainable Food Future: A Menu of 
Solutions to Feed Nearly 10 Billion People by 2050. World Resources 
Report. Washington, DC: World Resources Institute. https://www.
wri.org/research/creating-sustainable-food-future.

Searchinger, T.D., C. Malins, P. Dumas, D. Baldock, J. Glauber, T. 
Jayne, J. Huang, and P. Marenya. 2020. “Revising Public Agricultural 
Support to Mitigate Climate Change.” Washington, DC: World Bank. 
https://openknowledge.worldbank.org/handle/10986/33677.

Searchinger, Timothy, J. Zionts, S. Wirsenius, L. Peng, T. Beringer, 
and P. Dumas. 2021. “A Pathway to Carbon Neutral Agriculture in 
Denmark.” Washington, DC: World Resources Institute. https://www.
wri.org/research/pathway-carbon-neutral-agriculture-denmark.

SEI (Stockholm Environment Institute), IISD (International Institute 
for Sustainable Development), ODI (Overseas Development 
Institute), E3G (Third Generation Environmentalism), and UNEP (UN 
Environment Programme). 2020. The Production Gap Report. http://
productiongap.org/2020report.

Serra, P., and G. Fancello. 2020. “Towards the IMO’s GHG Goals: A 
Critical Overview of the Perspectives and Challenges of the Main 
Options for Decarbonizing International Shipping.” Sustainability 12 
(8): 3220. doi:10.3390/su12083220.

Seto, K.C., S.J. Davis, R.B. Mitchell, E.C. Stokes, G. Unruh, and D. 
Ürge-Vorsatz. 2016. “Carbon Lock-In: Types, Causes, and Policy 
Implications.” Annual Review of Environment and Resources 41 (1): 
425–52. doi:10.1146/annurev-environ-110615-085934.

Seymour, F. 2021. “2021 Must Be a Turning Point for Forests: 
2020 Data Shows Us Why.” World Resources Institutes Insights 
(blog), March 31, 2021. https://www.wri.org/insights/2021-must-be-
turning-point-forests-2020-data-shows-us-why.

Seymour, F., and J. Busch. 2016. Why Forests? Why Now? The Science, 
Economics, and Politics of Tropical Forests and Climate Change. 
Washington, DC: Center for Global Development.

Seymour, F., A.E. Duchelle, A. Angelsen, A.M. Larson, M. Moeliono, 
G.Y. Wong, T.T. Pham, and C. Martius. 2018. “Ending Tropical 
Deforestation: REDD+: Lessons from National and Subnational 
Implementation.” Washington, DC: World Resources Institute. 
https://www.wri.org/research/ending-tropical-deforestation-
redd-lessons-national-and-subnational-implementation.

Sharpe, S., and T.M. Lenton. 2021. “Upward-Scaling Tipping 
Cascades to Meet Climate Goals: Plausible Grounds for Hope.” 
Climate Policy 21 (4): 421–33. doi:10.1080/14693062.2020.1870097.

Shell. 2020a. “Decarbonising Shipping: All Hands on Deck Industry 
Perspectives.” The Hague: Shell. https://www.shell.com/energy-
and-innovation/the-energy-future/decarbonising-shipping.html.

Shell, C. 2020b. “Electric Buses and Cities: Can Innovation Lead the 
Way?” Cleantech Group, June 2020. https://www.cleantech.com/
electric-buses-and-cities-can-innovation-lead-the-way/.

Shoup, D.C. 2011. The High Cost of Free Parking. Updated. Chicago: 
Planners Press, American Planning Association.

Shwartz, M. 2020. “New Battery Electrolyte Developed at Stanford 
May Boost the Performance of Electric Vehicles.” Stanford News, 
June 22, 2020. https://news.stanford.edu/2020/06/22/new-
electrolyte-design-may-lead-better-batteries-electric-vehicles/.

Siikamäki, J., J.N. Sanchirico, S. Jardine, D. McLaughlin, and D. 
Morris. 2013. “Blue Carbon: Coastal Ecosystems, Their Carbon 
Storage, and Potential for Reducing Emissions.” Environment: 
Science and Policy for Sustainable Development 55 (6): 14–29. doi:10.1
080/00139157.2013.843981.

Simpson, K., K. Janda, and K. Owen. 2020. “Preparing ‘Middle 
Actors’ to Deliver Zero-Carbon Building Transitions.” In “Education 
and Training: Mainstreaming Zero Carbon,” special collection of 
Buildings and Cities 1 (1): 610–24. doi:http://doi.org/10.5334/bc.53.

SLOCAT (Stichting Partnership on Sustainable, Low Carbon 
Transport). 2021. Tracking Trends in a Time of Change: The Need 
for Radical Action towards Sustainable Transport Decarbonisation, 
Transport and Climate Change Global Status Report. 2nd ed. 
Brussels: SLOCAT. www.tcc-gsr.com.

Slough, T., J. Kopas, and J. Urpelainen. 2021. “Satellite-Based 
Deforestation Alerts with Training and Incentives for Patrolling 
Facilitate Community Monitoring in the Peruvian Amazon.” 
Proceedings of the National Academy of Sciences 118 (29): 
e2015171118. doi:10.1073/pnas.2015171118.

South Florida Regional Planning Council. 2013. Adaptation 
Action Areas: Policy Options for Adaptive Planning for Rising Sea 
Levels. Hollywood, FL: South Florida Regional Planning Council. 
http://www.southeastfloridaclimatecompact.org/wp-content/
uploads/2014/09/final-report-aaa.pdf.

Spector, J. 2020. “Tesla Battery Day: Expect Battery Costs to Drop 
by Half within 3 Years.” Greentech Media, September 22, 2020. 
https://www.greentechmedia.com/articles/read/tesla-battery-
day-cost-reduction-three-years.

Springmann, M., H.C.J. Godfray, M. Rayner, and P. Scarborough. 
2016. “Analysis and Valuation of the Health and Climate Change 
Cobenefits of Dietary Change.” Proceedings of the National Academy 
of Sciences 113 (15): 4146–51. doi:10.1073/pnas.1523119113.

https://www.wardsauto.com/technology/costs-check-growth-fuel-cell-infrastructure
https://www.wardsauto.com/technology/costs-check-growth-fuel-cell-infrastructure
https://www.wri.org/insights/6000-electric-vehicle-power-used-car-market-bring-electric-vehicles-everyone
https://www.wri.org/insights/6000-electric-vehicle-power-used-car-market-bring-electric-vehicles-everyone
https://www.wri.org/insights/6000-electric-vehicle-power-used-car-market-bring-electric-vehicles-everyone
https://www.wri.org/publication/barriers-adopting-electric-buses
https://www.wri.org/publication/barriers-adopting-electric-buses
https://www.gov.scot/groups/just-transition-commission/
https://www.gov.scot/groups/just-transition-commission/
https://www.wri.org/research/avoiding-bioenergy-competition-food-crops-and-land
https://www.wri.org/research/avoiding-bioenergy-competition-food-crops-and-land
https://www.wri.org/insights/insider-further-explanation-potential-contribution-soil-carbon-sequestration-working
https://www.wri.org/insights/insider-further-explanation-potential-contribution-soil-carbon-sequestration-working
https://www.wri.org/research/creating-sustainable-food-future
https://www.wri.org/research/creating-sustainable-food-future
https://openknowledge.worldbank.org/handle/10986/33677
https://www.wri.org/research/pathway-carbon-neutral-agriculture-denmark
https://www.wri.org/research/pathway-carbon-neutral-agriculture-denmark
http://productiongap.org/2020report
http://productiongap.org/2020report
https://www.wri.org/insights/2021-must-be-turning-point-forests-2020-data-shows-us-why
https://www.wri.org/insights/2021-must-be-turning-point-forests-2020-data-shows-us-why
https://www.wri.org/research/ending-tropical-deforestation-redd-lessons-national-and-subnational-implementation
https://www.wri.org/research/ending-tropical-deforestation-redd-lessons-national-and-subnational-implementation
https://www.shell.com/energy-and-innovation/the-energy-future/decarbonising-shipping.html
https://www.shell.com/energy-and-innovation/the-energy-future/decarbonising-shipping.html
https://www.cleantech.com/electric-buses-and-cities-can-innovation-lead-the-way/
https://www.cleantech.com/electric-buses-and-cities-can-innovation-lead-the-way/
https://news.stanford.edu/2020/06/22/new-electrolyte-design-may-lead-better-batteries-electric-vehicles/
https://news.stanford.edu/2020/06/22/new-electrolyte-design-may-lead-better-batteries-electric-vehicles/
http://doi.org/10.5334/bc.53
http://www.tcc-gsr.com
http://www.southeastfloridaclimatecompact.org/wp-content/uploads/2014/09/final-report-aaa.pdf
http://www.southeastfloridaclimatecompact.org/wp-content/uploads/2014/09/final-report-aaa.pdf
https://www.greentechmedia.com/articles/read/tesla-battery-day-cost-reduction-three-years
https://www.greentechmedia.com/articles/read/tesla-battery-day-cost-reduction-three-years


234STATE OF CLIMATE ACTION 2021  | rEFErENCES

SSAB (Swedish Steel). 2021a. “Timeline for HYBRIT and Fossil-Free 
Steel.” SSAB (blog). https://www.ssab.com/company/sustainability/
sustainable-operations/hybrit-phases.

SSAB. 2021b. “HYBRIT: SSAB, LKAB and Vattenfall to Begin 
Industrialization of Future Fossil-Free Steelmaking by Establishing 
the World’s First Production Plant for Fossil-Free Sponge Iron 
in Gällivare.” SSAB (blog), March 24, 2021. https://www.ssab.es/
noticias/2021/03/hybrit-ssab-lkab-and-vattenfall-to-begin-
industrialization-of-future-fossilfree-steelmaking-by-estab.

Stangarone, T. 2021. “South Korean Efforts to Transition to a 
Hydrogen Economy.” Clean Technologies and Environmental Policy 
23: 509–16. https://doi.org/10.1007/s10098-020-01936-6. 

Stauffer, N. 2021. “China’s Transition to Electric Vehicles.” MIT News 
(blog), April 29, 2021. https://news.mit.edu/2021/chinas-transition-
electric-vehicles-0429.

Steffen, W., J. Rockström, K. Richardson, T.M. Lenton, C. Folke, D. 
Liverman, C.P. Summerhayes, et al. 2018. “Trajectories of the Earth 
System in the Anthropocene.” Proceedings of the National Academy 
of Sciences 115 (33): 8252–59. doi:10.1073/pnas.1810141115.

Sterl, S., M. Hagemann, H. Fekete, N. Höhne, K. Wouters, Y. Deng, 
K. Blok, et al. 2017. “Kick-Starting Global Decarbonization: It Only 
Takes a Few Actors to Get the Ball Rolling.” Berlin: NewClimate 
Institute, Ecofys, Climate Analytics, and ClimateWorks Foundation. 
https://climateactiontracker.org/documents/354/CAT_2017-04-
20_Faster-Cleaner-2_Technical-Report.pdf.

Stern, N. 2006. “The Economics of Climate Change: The 
Stern Review.” London: HM Treasury. https://webarchive.
nationalarchives.gov.uk/20100407172811/http://www.hm-treasury.
gov.uk/stern_review_report.htm.

Steven, A., K.A. Addo, G. Llewellyn, V.T. Ca, I. Boateng, R. 
Bustamante, C. Doropoulos, et al. 2020. “Coastal Development: 
Resilience, Restoration and Infrastructure Requirements.” 
Washington, DC: World Resources Institute. https://oceanpanel.
org/sites/default/files/2020-10/Coastal%20Development%20
Full%20Paper%20Final.pdf.

Stripe. 2021. “Stripe Newsroom: Stripe Commits $8M to Six New 
Carbon Removal Companies.” https://stripe.com/newsroom/news/
spring-21-carbon-removal-purchases.

Sumaila, U.R., M. Walsh, K. Hoareau, A. Cox, P. Abdallah, W. Akpalu, 
Z. Anna, et al. 2020. “Ocean Finance: Financing the Transition to a 
Sustainable Ocean Economy.” Washington, DC: World Resources 
Institute. https://oceanpanel.org/sites/default/files/2020-10/
Ocean%20Finance%20Full%20Paper.pdf.

Supply Change. 2021. “Supply Change: Palm.” May 27, 2021. https://
supply-change.org/commodity/palm.

Swilling, M., J. Musango, and J. Wakeford. 2016. “Developmental 
States and Sustainability Transitions: Prospects of a Just 
Transition in South Africa.” Journal of Environmental Policy & 
Planning 18 (5): 650–72. doi:https://doi.org/10.1080/152390
8X.2015.1107716.

Taylor, K. 2021. “EU Plans Mix of Mandatory and Voluntary Rules to 
Tackle Deforestation.” Euractive (blog), June 3, 2021. https://www.
euractiv.com/section/energy-environment/news/eu-plans-mix-of-
mandatory-and-voluntary-due-diligence-to-tackle-deforestation/.

TCFD (Task Force on Climate-Related Financial Disclosures). 
2017. Recommendations of the Task Force on Climate-Related 
Financial Disclosures. https://www.fsb-tcfd.org/wp-content/
uploads/2017/06/FINAL-TCFD-Report-062817.pdf.

TCFD. 2020. Task Force on Climate-Related Financial Disclosures: 
2020 Status Report. https://assets.bbhub.io/company/
sites/60/2020/09/2020-TCFD_Status-Report.pdf.

Tchagang, A., and Y. Yoo. 2020. “V2B/V2G on Energy Cost and 
Battery Degradation under Different Driving Scenarios, Peak 
Shaving, and Frequency Regulations.” World Electric Vehicle Journal 
11 (1): 14. doi:https://doi.org/10.3390/wevj11010014.

Termeer, C.J.A.M., A. Dewulf, and G.R. Biesbroek. 2017. 
“Transformational Change: Governance Interventions for Climate 
Change Adaptation from a Continuous Change Perspective.” 
Journal of Environmental Planning and Management 60 (4): 558–76. 
doi:10.1080/09640568.2016.1168288. 

Terrapon-Pfaff, J., T. Fink, P. Viebahn, and E.M. Jamea. 2019. “Social 
Impacts of Large-Scale Solar Thermal Power Plants: Assessment 
Results for the NOOR01 Power Plant in Morocco.” Renewable and 
Sustainable Energy Reviews 113: 109259.

Thomas, T., E. Pidgeon, M. von Unger, S. Crooks, C. Durham, D. Herr, 
T. Hickey, et al. 2020. “Guidelines on Enhanced Action: A Guide 
on How Countries May Include Blue Carbon in Their Nationally 
Determined Contributions.” Washington, DC: Blue Carbon Initiative. 
https://www.thebluecarboninitiative.org/policy-guidance.

Tilman, D., and M. Clark. 2014. “Global Diets Link Environmental 
Sustainability and Human Health.” Nature 515 (7528): 518–22. 
doi:10.1038/nature13959.

Tischer, T.D., D. Byerlee, and G. Edmeades. 2014. Crop Yields and 
Global Food Security: Will Yield Increases Continue to Feed the 
World? ACIAR Monograph no. 158. Canberra: Australian Center for 
International Agriculture Research. https://www.aciar.gov.au/
publication/books-and-manuals/crop-yields-and-global-food-
security-will-yield-increase-continue-feed-world.

Tollefson, J. 2018. “Sucking Carbon Dioxide from Air Is Cheaper than 
Scientists Thought.” Nature 558 (7709): 173. doi:10.1038/d41586-
018-05357-w.

Tongia, R., A. Sehgal, and P. Kamboj. 2020. Future of Coal in India: 
Smooth Transition or Bumpy Road Ahead? Chennai, India: Notion. 
https://www.brookings.edu/books/future-of-coal-in-india-
smooth-transition-or-bumpy-road-ahead/.

Tonkonogy, B., and J. Choi. 2021. “Framework for Sustainable 
Finance Integrity: Consultation Draft.” Climate Policy Initiative. 
https://www.climatepolicyinitiative.org/publication/framework-
for-sustainable-finance-integrity/.

Tonsor, G., T. Schroeder, and J. Mintert. 2009. “U.S. Beef Demand 
Drivers and Enhancement Opportunities: A Research Summary.” 
https://www.agmanager.info/livestock-meat/marketing-
extension-bulletins/trade-and-demand/us-beef-demand-drivers-
and-enhancement.

Trancik, J.E. 2014. “Renewable Energy: Back the Renewables Boom.” 
Nature 507 (7492): 300–302. doi:10.1038/507300a.

Transport Policy. 2018. “EU: Fuels—Biofuel Policy.” https://
www.transportpolicy.net/standard/eu-fuels-biofuel-
policy/#:~:text=The%20European%20Union%20(EU)%20
began,2003%2F30%2FEC).&text=extending%20to%202020.-

,The%20Renewable%20Energy%20Directive%20(RED)%20
mandates%20that%2020%25%20of,from%20renewable%20
sources%20by%202020.

Tucker, B., and K. DeAngelis. 2020. “Still Digging: G20 Governments 
Continue to Finance the Climate Crisis.” Oil Change International, 
Friends of the Earth US. http://priceofoil.org/content/
uploads/2020/05/G20-Still-Digging.pdf.

Turubanova, S., P.V. Potapov, A. Tyukavina, and M.C. Hansen. 2018. 
“Ongoing Primary Forest Loss in Brazil, Democratic Republic of 
the Congo, and Indonesia.” Environmental Research Letters 13 (7): 
074028. doi:10.1088/1748-9326/aacd1c.

https://www.ssab.com/company/sustainability/sustainable-operations/hybrit-phases
https://www.ssab.com/company/sustainability/sustainable-operations/hybrit-phases
https://www.ssab.es/noticias/2021/03/hybrit-ssab-lkab-and-vattenfall-to-begin-industrialization-of-future-fossilfree-steelmaking-by-estab
https://www.ssab.es/noticias/2021/03/hybrit-ssab-lkab-and-vattenfall-to-begin-industrialization-of-future-fossilfree-steelmaking-by-estab
https://www.ssab.es/noticias/2021/03/hybrit-ssab-lkab-and-vattenfall-to-begin-industrialization-of-future-fossilfree-steelmaking-by-estab
https://doi.org/10.1007/s10098-020-01936-6
https://news.mit.edu/2021/chinas-transition-electric-vehicles-0429
https://news.mit.edu/2021/chinas-transition-electric-vehicles-0429
https://climateactiontracker.org/documents/354/CAT_2017-04-20_Faster-Cleaner-2_Technical-Report.pdf
https://climateactiontracker.org/documents/354/CAT_2017-04-20_Faster-Cleaner-2_Technical-Report.pdf
https://webarchive.nationalarchives.gov.uk/20100407172811/http
https://webarchive.nationalarchives.gov.uk/20100407172811/http
http://www.hm-treasury.gov.uk/stern_review_report.htm
http://www.hm-treasury.gov.uk/stern_review_report.htm
https://oceanpanel.org/sites/default/files/2020-10/Coastal%20Development%20Full%20Paper%20Final.pdf
https://oceanpanel.org/sites/default/files/2020-10/Coastal%20Development%20Full%20Paper%20Final.pdf
https://oceanpanel.org/sites/default/files/2020-10/Coastal%20Development%20Full%20Paper%20Final.pdf
https://stripe.com/newsroom/news/spring-21-carbon-removal-purchases
https://stripe.com/newsroom/news/spring-21-carbon-removal-purchases
https://oceanpanel.org/sites/default/files/2020-10/Ocean%20Finance%20Full%20Paper.pdf
https://oceanpanel.org/sites/default/files/2020-10/Ocean%20Finance%20Full%20Paper.pdf
https://supply-change.org/commodity/palm
https://supply-change.org/commodity/palm
https://doi.org/10.1080/1523908X.2015.1107716
https://doi.org/10.1080/1523908X.2015.1107716
https://www.euractiv.com/section/energy-environment/news/eu-plans-mix-of-mandatory-and-voluntary-due-diligence-to-tackle-deforestation/
https://www.euractiv.com/section/energy-environment/news/eu-plans-mix-of-mandatory-and-voluntary-due-diligence-to-tackle-deforestation/
https://www.euractiv.com/section/energy-environment/news/eu-plans-mix-of-mandatory-and-voluntary-due-diligence-to-tackle-deforestation/
https://www.fsb-tcfd.org/wp-content/uploads/2017/06/FINAL-TCFD-Report-062817.pdf
https://www.fsb-tcfd.org/wp-content/uploads/2017/06/FINAL-TCFD-Report-062817.pdf
https://assets.bbhub.io/company/sites/60/2020/09/2020-TCFD_Status-Report.pdf
https://assets.bbhub.io/company/sites/60/2020/09/2020-TCFD_Status-Report.pdf
https://doi.org/10.3390/wevj11010014
https://www.thebluecarboninitiative.org/policy-guidance
https://www.aciar.gov.au/publication/books-and-manuals/crop-yields-and-global-food-security-will-yield-increase-continue-feed-world
https://www.aciar.gov.au/publication/books-and-manuals/crop-yields-and-global-food-security-will-yield-increase-continue-feed-world
https://www.aciar.gov.au/publication/books-and-manuals/crop-yields-and-global-food-security-will-yield-increase-continue-feed-world
https://www.brookings.edu/books/future-of-coal-in-india-smooth-transition-or-bumpy-road-ahead/
https://www.brookings.edu/books/future-of-coal-in-india-smooth-transition-or-bumpy-road-ahead/
https://www.climatepolicyinitiative.org/publication/framework-for-sustainable-finance-integrity/
https://www.climatepolicyinitiative.org/publication/framework-for-sustainable-finance-integrity/
https://www.agmanager.info/livestock-meat/marketing-extension-bulletins/trade-and-demand/us-beef-demand-drivers-and-enhancement
https://www.agmanager.info/livestock-meat/marketing-extension-bulletins/trade-and-demand/us-beef-demand-drivers-and-enhancement
https://www.agmanager.info/livestock-meat/marketing-extension-bulletins/trade-and-demand/us-beef-demand-drivers-and-enhancement
https://www.transportpolicy.net/standard/eu-fuels-biofuel-policy/#
https://www.transportpolicy.net/standard/eu-fuels-biofuel-policy/#
https://www.transportpolicy.net/standard/eu-fuels-biofuel-policy/#
http://priceofoil.org/content/uploads/2020/05/G20-Still-Digging.pdf
http://priceofoil.org/content/uploads/2020/05/G20-Still-Digging.pdf


235STATE OF CLIMATE ACTION 2021  | rEFErENCES

Uddin, K., T. Jackson, D. Widanalage, G. Chouchelamane, P. 
Jennings, and M. James. 2017. “On the Possibility of Extending the 
Lifetime of Lithium-Ion Batteries through Optimal V2G Facilitated 
by an Integrated Vehicle and Smart-Grid System.” Energy 133: 
710–22. doi:https://doi.org/10.1016/j.energy.2017.04.116.

UNCTAD (UN Conference on Trade and Development). 2019. Trade 
and Development Report 2019: Financing a Global Green New 
Deal. Geneva: UNCTAD. https://unctad.org/webflyer/trade-and-
development-report-2019.

UNCTAD. 2021. “Climate Change, Green Recovery and Trade.” 
Geneva: UNCTAD. https://unctad.org/system/files/official-
document/ditcted2021d2_en.pdf.

UN DESA (UN Department of Economic and Social Affairs). 2018. 
“World Urbanization Prospects: The 2018 Revision.” New York: 
United Nations. https://population.un.org/wup/Publications/Files/
WUP2018-Report.pdf.

UN DESA. 2019. “World Population Prospects 2019.” New York: 
United Nations. https://population.un.org/wpp/.

UNDP (UN Development Programme). 2021. “The Peoples’ Climate 
Vote.” UNDP, University of Oxford. https://www.undp.org/
publications/peoples-climate-vote.

UNDRR (UN Office for Disaster Risk Reduction). 2019. 2019 Global 
Assessment Report on Disaster Risk Reduction (GAR). Geneva: UNDRR. 
https://www.undrr.org/publication/global-assessment-report-
disaster-risk-reduction-2019.

UNEP (UN Environment Programme). 2016. The Adaptation Finance 
Gap Report. Nairobi: UNEP. https://wedocs.unep.org/bitstream/
handle/20.500.11822/32865/agr2016.pdf?sequence=1&isAllowed=y.

UNEP. 2017. The Emissions Gap Report 2017. Nairobi: UNEP. https://
wedocs.unep.org/bitstream/handle/20.500.11822/22070/
EGR_2017.pdf.

UNEP. 2018. “Fighting Fires on Indonesia’s Peatlands.” May 22, 2018. 
Nairobi: UNEP. http://www.unep.org/news-and-stories/story/
fighting-fires-indonesias-peatlands.

UNEP. 2019. Status of Electric Mobility in Latin America and the 
Caribbean. Nairobi: UNEP. https://movelatam.org/wp-content/
uploads/2020/09/Report-of-Electric-Mobility-in-Latin-America-
and-the-Caribbean-2019-LQ.pdf.

UNEP. 2020a. Emissions Gap Report 2020. Nairobi: UNEP. https://
www.unep.org/emissions-gap-report-2020.

UNEP. 2020b. Used Vehicles and the Environment. https://www.
unep.org/resources/report/global-trade-used-vehicles-report.

UNEP. 2020c. “Used Vehicles and the Environment: Global Overview 
of Used Light Duty Vehicles: Flow, Scale and Regulation.” Nairobi: 
UNEP. https://wedocs.unep.org/handle/20.500.11822/34175.

UNEP. 2021a. Food Waste Index Report 2021. Nairobi: UNEP. https://
www.unep.org/resources/report/unep-food-waste-index-
report-2021.

UNEP. 2021b. “State of Finance for Nature.” Nairobi: UNEP. https://
www.unep.org/resources/state-finance-nature.

UNEP, GRID-Arendal, and UNEP-WCMC. 2020. Out of the Blue: The 
Value of Seagrasses to the Environment and to People. Nairobi: 
UNEP. https://www.unep.org/resources/report/out-blue-value-
seagrasses-environment-and-people.

UNEP and UNEP DTU Partnership. 2020. Emissions Gap Report 2020. 
Nairobi: UNEP. https://www.unep.org/emissions-gap-report-2020.

UNFCCC. 2010. Report of the Conference of the Parties on Its 
Fifteenth Session, Held in Copenhagen from 7 to 19 December 2009: 
Addendum Part Two: Action Taken by the Conference of the Parties 
at Its Fifteenth Session. https://unfccc.int/resource/docs/2009/
cop15/eng/11a01.pdf. 

UNFCCC. 2016. Report of the Conference of the Parties on Its Twenty-
First Session, Held in Paris from 30 November to 13 December 2015. 
Addendum Part Two: Action Taken by the Conference of the Parties 
at Its Twenty-First Session. https://unfccc.int/resource/docs/2015/
cop21/eng/10a01.pdf. 

UNFCCC. 2021. “New Financial Alliance for Net Zero Emissions 
Launches.” https://unfccc.int/news/new-financial-alliance-for-
net-zero-emissions-launches.

UNFCCC Secretariat. 2021a. “Transforming Our Systems Together: 
A Global Challenge to Accelerate Sector Breakthroughs for 
COP26—and Beyond.” Bonn, Germany: UNFCCC Secretariat. https://
racetozero.unfccc.int/wp-content/uploads/2021/02/Race-to-
Zero-Breakthroughs-Transforming-Our-Systems-Together.pdf.

UNFCCC Secretariat. 2021b. “Climate Action Pathways.” August 22, 
2021. https://unfccc.int/climate-action/marrakech-partnership/
reporting-and-tracking/climate_action_pathways.

UNFCCC Standing Committee on Finance. 2014. “2014 Biennial 
Assessment and Overview of Climate Finance Flows Report.” 
Bonn, Germany: UNFCCC Standing Committee on Finance. https://
unfccc.int/files/cooperation_and_support/financial_mechanism/
standing_committee/application/pdf/2014_biennial_assessment_
and_overview_of_climate_finance_flows_report_web.pdf.

United Nations. 2015. “Sustainable Consumption and Production.” 
https://www.un.org/sustainabledevelopment/sustainable-
consumption-production/.

University of Notre Dame. 2021. “Country Index.” Notre Dame Global 
Adaptation Initiative, May 20, 2021. https://gain.nd.edu/our-work/
country-index/.

U.S. Bureau of Labor Statistics. 2019. “Consumer Expenditure 
Surveys Tables (CEX).” https://www.bls.gov/cex/tables.htm.

U.S. Council on Environmental Quality. 2021. Council on 
Environmental Quality Report to Congress on Carbon Capture, 
Utilization, and Sequestration. Washington, DC: Council on 
Environmental Quality. https://www.whitehouse.gov/wp-content/
uploads/2021/06/CEQ-CCUS-Permitting-Report.pdf.

U.S. Department of Energy. 2021. “Renewable Fuel Standard.” 
Alternative Fuels Data Center. https://afdc.energy.gov/laws/
RFS#:~:text=The%20Renewable%20Fuel%20Standard%20
(RFS,minimum%20volume%20of%20renewable%20
fuels.&text=The%20RFS%20requires%20renewable%20fuel,36%2-
0billion%20gallons%20by%202022.

USGS (U.S. Geological Survey). 2021. “Cement Statistics and 
Information.” https://www.usgs.gov/centers/nmic/cement-
statistics-and-information.

U.S. House. 2021. “House of Representatives: Energy and Water 
Development and Related Agencies Appropriations Bill, 2022.” 
https://www.congress.gov/117/crpt/hrpt98/CRPT-117hrpt98.pdf.

U.S. Senate. 2021. “U.S. Senate: Energy and Water Development 
Appropriations Bill, 2022.” https://www.appropriations.senate.gov/
imo/media/doc/Energy%20and%20Water%20Development%20
Report.pdf.

https://doi.org/10.1016/j.energy.2017.04.116
https://unctad.org/webflyer/trade-and-development-report-2019
https://unctad.org/webflyer/trade-and-development-report-2019
https://unctad.org/system/files/official-document/ditcted2021d2_en.pdf
https://unctad.org/system/files/official-document/ditcted2021d2_en.pdf
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
https://population.un.org/wup/Publications/Files/WUP2018-Report.pdf
https://population.un.org/wpp/
https://www.undp.org/publications/peoples-climate-vote
https://www.undp.org/publications/peoples-climate-vote
https://www.undrr.org/publication/global-assessment-report-disaster-risk-reduction-2019
https://www.undrr.org/publication/global-assessment-report-disaster-risk-reduction-2019
https://wedocs.unep.org/bitstream/handle/20.500.11822/32865/agr2016.pdf?sequence=1&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/32865/agr2016.pdf?sequence=1&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/22070/EGR_2017.pdf
https://wedocs.unep.org/bitstream/handle/20.500.11822/22070/EGR_2017.pdf
https://wedocs.unep.org/bitstream/handle/20.500.11822/22070/EGR_2017.pdf
http://www.unep.org/news-and-stories/story/fighting-fires-indonesias-peatlands
http://www.unep.org/news-and-stories/story/fighting-fires-indonesias-peatlands
https://movelatam.org/wp-content/uploads/2020/09/Report-of-Electric-Mobility-in-Latin-America-and-the-Caribbean-2019-LQ.pdf
https://movelatam.org/wp-content/uploads/2020/09/Report-of-Electric-Mobility-in-Latin-America-and-the-Caribbean-2019-LQ.pdf
https://movelatam.org/wp-content/uploads/2020/09/Report-of-Electric-Mobility-in-Latin-America-and-the-Caribbean-2019-LQ.pdf
https://www.unep.org/emissions-gap-report-2020
https://www.unep.org/emissions-gap-report-2020
https://www.unep.org/resources/report/global-trade-used-vehicles-report
https://www.unep.org/resources/report/global-trade-used-vehicles-report
https://wedocs.unep.org/handle/20.500.11822/34175
https://www.unep.org/resources/report/unep-food-waste-index-report-2021
https://www.unep.org/resources/report/unep-food-waste-index-report-2021
https://www.unep.org/resources/report/unep-food-waste-index-report-2021
https://www.unep.org/resources/state-finance-nature
https://www.unep.org/resources/state-finance-nature
https://www.unep.org/resources/report/out-blue-value-seagrasses-environment-and-people
https://www.unep.org/resources/report/out-blue-value-seagrasses-environment-and-people
https://www.unep.org/emissions-gap-report-2020
https://unfccc.int/resource/docs/2009/cop15/eng/11a01.pdf
https://unfccc.int/resource/docs/2009/cop15/eng/11a01.pdf
https://unfccc.int/resource/docs/2015/cop21/eng/10a01.pdf
https://unfccc.int/resource/docs/2015/cop21/eng/10a01.pdf
https://unfccc.int/news/new-financial-alliance-for-net-zero-emissions-launches
https://unfccc.int/news/new-financial-alliance-for-net-zero-emissions-launches
https://racetozero.unfccc.int/wp-content/uploads/2021/02/Race-to-Zero-Breakthroughs-Transforming-Our-Systems-Together.pdf
https://racetozero.unfccc.int/wp-content/uploads/2021/02/Race-to-Zero-Breakthroughs-Transforming-Our-Systems-Together.pdf
https://racetozero.unfccc.int/wp-content/uploads/2021/02/Race-to-Zero-Breakthroughs-Transforming-Our-Systems-Together.pdf
https://unfccc.int/climate-action/marrakech-partnership/reporting-and-tracking/climate_action_pathways
https://unfccc.int/climate-action/marrakech-partnership/reporting-and-tracking/climate_action_pathways
https://unfccc.int/files/cooperation_and_support/financial_mechanism/standing_committee/application/pdf/2014_biennial_assessment_and_overview_of_climate_finance_flows_report_web.pdf
https://unfccc.int/files/cooperation_and_support/financial_mechanism/standing_committee/application/pdf/2014_biennial_assessment_and_overview_of_climate_finance_flows_report_web.pdf
https://unfccc.int/files/cooperation_and_support/financial_mechanism/standing_committee/application/pdf/2014_biennial_assessment_and_overview_of_climate_finance_flows_report_web.pdf
https://unfccc.int/files/cooperation_and_support/financial_mechanism/standing_committee/application/pdf/2014_biennial_assessment_and_overview_of_climate_finance_flows_report_web.pdf
https://www.un.org/sustainabledevelopment/sustainable-consumption-production/
https://www.un.org/sustainabledevelopment/sustainable-consumption-production/
https://gain.nd.edu/our-work/country-index/
https://gain.nd.edu/our-work/country-index/
https://www.bls.gov/cex/tables.htm
https://www.whitehouse.gov/wp-content/uploads/2021/06/CEQ-CCUS-Permitting-Report.pdf
https://www.whitehouse.gov/wp-content/uploads/2021/06/CEQ-CCUS-Permitting-Report.pdf
https://afdc.energy.gov/laws/RFS#
https://afdc.energy.gov/laws/RFS#
https://www.usgs.gov/centers/nmic/cement-statistics-and-information
https://www.usgs.gov/centers/nmic/cement-statistics-and-information
https://www.congress.gov/117/crpt/hrpt98/CRPT-117hrpt98.pdf
https://www.appropriations.senate.gov/imo/media/doc/Energy%20and%20Water%20Development%20Report.pdf
https://www.appropriations.senate.gov/imo/media/doc/Energy%20and%20Water%20Development%20Report.pdf
https://www.appropriations.senate.gov/imo/media/doc/Energy%20and%20Water%20Development%20Report.pdf


236STATE OF CLIMATE ACTION 2021  | rEFErENCES

VDA (Verband der Automobilindustrie). 2020. “CO2 Regulation 
of Passenger Cars and Light Commercial Vehicles in Europe.” 
Eisenach, Germany: VDA. https://www.vda.de/en/topics/
environment-and-climate/co2-regulation-for-passenger-cars-
and-light-commercial-vehicles/co2-regulation-of-passenger-cars-
and-light-commercial-vehicles-in-europe.html.

Verhage, F., L. Cramer, P. Thornton, and B. Campbell. 2018. “Climate 
Risk Assessment and Agricultural Value Chain Prioritisation for 
Malawi and Zambia.” Wageningen, the Netherlands: CGIAR Research 
Program on Climate Change, Agriculture, and Food Security. 
https://ccafs.cgiar.org/resources/publications/climate-risk-
assessment-and-agricultural-value-chain-prioritisation.

Victor, D.G., F.W. Geels, and S. Sharpe. 2019. Accelerating the 
Low Carbon Transition: The Case for Stronger, More Targeted and 
Coordinated International Action. Washington, DC: Brookings 
Institution. https://www.brookings.edu/wp-content/
uploads/2019/12/Coordinatedactionreport.pdf.

Volcovici, V. 2021. “Democrats Float Border Tariff for Carbon 
Intensive Imports.” Reuters, July 19, 2021. https://www.reuters.
com/world/us/democrats-float-border-tariff-carbon-intensive-
imports-2021-07-19/.

Volvo. 2021. “Volvo Trucks Ready to Electrify a Large Part of Goods 
Transports.” SE-405 08: Volvo Group. https://www.volvogroup.com/
en/news-and-media/news/2021/apr/news-3948719.html.

Volz, U. 2020. “Investing in a Green Recovery.” International 
Monetary Fund, Fall 2020. https://www.imf.org/external/pubs/ft/
fandd/2020/09/investing-in-a-green-recovery-volz.htm.

Volz, U., S. Akthar, K. Gallagher, S. Griffith-Jones, and J. Haas. 
2020. Debt Relief for a Green and Inclusive Recovery. Heinrich Böll 
Foundation; Center for Sustainable Finance, School of Oriental and 
African Studies, University of London; Global Development Policy 
Center, Boston University. https://drgr.org/2020/11/16/report-debt-
relief-for-a-green-and-inclusive-recovery/.

Vorrath, S. 2021. “ ‘Clearly Unacceptable’: Morrison Government 
Blocks Massive Pilbara Renewable Hydrogen Hub.” Renew Economy 
(blog). https://reneweconomy.com.au/clearly-unacceptable-
morrison-government-blocks-massive-pilbara-renewable-
hydrogen-hub/.

Waddell, S., S. Waddock, S. Cornell, D. Dentoni, M. McLachlan, and 
G. Meszoely. 2015. “Large Systems Change: An Emerging Field of 
Transformation and Transitions.” Journal of Corporate Citizenship 
2015 (58): 5–30. doi:10.9774/GLEAF.4700.2015.ju.00003.

Walker, B., C.S. Holling, S.R. Carpenter, and A.P. Kinzig. 2004. 
“Resilience, Adaptability and Transformability in Social-Ecological 
Systems.” Ecology and Society 9 (2): art5. doi:10.5751/ES-00650-
090205.

Wappelhorst, S. 2021. “Update on Government Targets for Phasing 
out New Sales of Internal Combustion Engine Passenger Cars.” 
International Council on Clean Transportation, June 15, 2021. 
https://theicct.org/publications/update-govt-targets-ice-
phaseouts-jun2021.

Wappelhorst, S., and H. Cui. 2020. “Growing Momentum: Global 
Overview of Government Targets for Phasing Out Sales of New 
Internal Combustion Engine Vehicles.” International Council on 
Clean Transportation, November 11, 2020. https://theicct.org/blog/
staff/global-ice-phaseout-nov2020.

Watt, R., and A. Hobley. 2021. “Tipping Points in Sight for the 
Industry Transition.” Leadit Leadership Group for Industry 
Transition (blog), April 23, 2021. https://www.industrytransition.
org/insights/tipping-points-in-sight-for-the-industry-transition/.

Waycott, M., C.M. Duarte, T.J.B. Carruthers, R.J. Orth, W.C. Dennison, 
S. Olyarnik, A. Calladine, et al. 2009. “Accelerating Loss of Seagrasses 
across the Globe Threatens Coastal Ecosystems.” Proceedings of 
the National Academy of Sciences 106 (30): 12377–81. doi:10.1073/
pnas.0905620106.

WBCSD (World Business Council for Sustainable Development). 
2021. “Vision 2050: Time to Transform.” Geneva: WBCSD. https://
www.wbcsd.org/Overview/About-us/Vision-2050-Time-to-
Transform/Resources/Time-to-Transform.

Weetch, B. 2021. “Peel NRE and BIG Secure Funding for Ince 
Bioenergy Carbon Capture and Storage Project.” Energy 
Global, May 25, 2021. https://www.energyglobal.com/special-
reports/25052021/peel-nre-and-big-secure-funding-for-ince-
bioenergy-carbon-capture-and-storage-project/.

WEF (World Economic Forum). 2019. “How to Set Up Effective 
Climate Governance on Corporate Boards: Guiding Principles and 
Questions.” Geneva: WEF. https://www.weforum.org/whitepapers/
how-to-set-up-effective-climate-governance-on-corporate-
boards-guiding-principles-and-questions.

WEF. 2020. Clean Skies for Tomorrow: Sustainable Aviation Fuels 
as a Pathway to Net-Zero Aviation. Geneva: World Economic Forum. 
https://www.weforum.org/reports/clean-skies-for-tomorrow-
sustainable-aviation-fuels-as-a-pathway-to-net-zero-aviation.

Wei, M., C.A. McMillan, and S. de la Rue du Can. 2019. “Electrification 
of Industry: Potential, Challenges and Outlook.” Current Sustainable/
Renewable Energy Reports 6: 140–48. doi:https://doi.org/10.1007/
s40518-019-00136-1.

Weisse, M., and E.D. Goldman. 2017. “Global Tree Cover Loss Rose 
51 Percent in 2016.” October. https://www.wri.org/insights/global-
tree-cover-loss-rose-51-percent-2016.

Weisse, M., and P. Potapov. 2021. “Assessing Trends in Tree Cover 
Loss over 20 Years of Data.” Global Forest Watch, April 28, 2021. 
https://www.globalforestwatch.org/blog/data-and-research/tree-
cover-loss-satellite-data-trend-analysis.

Weisse, M.J., R. Nogueron, R.E. Vivanco Vicencio, and D.A. 
Castillo Soto. 2019. “Use of Near-Real-Time Deforestation Alerts.” 
Washington, DC: World Resources Institute. https://www.wri.org/
research/use-near-real-time-deforestation-alerts.

Welch, D., C. Facanha, R. Kroon, H. Weken, D. Bruil, and F. Jousma. 
2020. “Moving Zero-Emission Freight toward Commercialization.” 
Pasadena, CA: CALSTART. https://calstart.org/moving-zero-
emission-freight-toward-commercialization/.

We Mean Business Coalition. 2020. “BMW Joins Growing List 
of Automakers Committed to Bold Climate Action.” We Mean 
Business Coalition Insights (blog), August 24, 2020. https://www.
wemeanbusinesscoalition.org/blog/bmw-joins-growing-list-of-
automakers-committed-to-bold-climate-action/.

Westley, F., P. Olsson, C. Folke, T. Homer-Dixon, H. Vredenburg, D. 
Loorbach, J. Thompson, et al. 2011. “Tipping toward Sustainability: 
Emerging Pathways of Transformation.” AMBIO 40 (7): 762–80. 
doi:10.1007/s13280-011-0186-9.

Whitley, S., J. Thwaites, H. Wright, and C. Ott. 2018. “Making Finance 
Consistent with Climate Goals: Insights for Operationalising Article 
2.1c of the UNFCCC Paris Agreement.” Overseas Development 
Institute, World Resources Institute, E3G, Rocky Mountain Institute. 
https://odi.org/en/publications/making-finance-consistent-with-
climate-goals-insights-for-operationalising-article-21c-of-the-
unfccc-paris-agreement/.

WHO (World Health Organization). 2021. “Road Traffic Injuries.” https://
www.who.int/news-room/fact-sheets/detail/road-traffic-injuries.

https://www.vda.de/en/topics/environment-and-climate/co2-regulation-for-passenger-cars-and-light-commercial-vehicles/co2-regulation-of-passenger-cars-and-light-commercial-vehicles-in-europe.html
https://www.vda.de/en/topics/environment-and-climate/co2-regulation-for-passenger-cars-and-light-commercial-vehicles/co2-regulation-of-passenger-cars-and-light-commercial-vehicles-in-europe.html
https://www.vda.de/en/topics/environment-and-climate/co2-regulation-for-passenger-cars-and-light-commercial-vehicles/co2-regulation-of-passenger-cars-and-light-commercial-vehicles-in-europe.html
https://www.vda.de/en/topics/environment-and-climate/co2-regulation-for-passenger-cars-and-light-commercial-vehicles/co2-regulation-of-passenger-cars-and-light-commercial-vehicles-in-europe.html
https://ccafs.cgiar.org/resources/publications/climate-risk-assessment-and-agricultural-value-chain-prioritisation
https://ccafs.cgiar.org/resources/publications/climate-risk-assessment-and-agricultural-value-chain-prioritisation
https://www.brookings.edu/wp-content/uploads/2019/12/Coordinatedactionreport.pdf
https://www.brookings.edu/wp-content/uploads/2019/12/Coordinatedactionreport.pdf
https://www.reuters.com/world/us/democrats-float-border-tariff-carbon-intensive-imports-2021-07-19/
https://www.reuters.com/world/us/democrats-float-border-tariff-carbon-intensive-imports-2021-07-19/
https://www.reuters.com/world/us/democrats-float-border-tariff-carbon-intensive-imports-2021-07-19/
https://www.volvogroup.com/en/news-and-media/news/2021/apr/news-3948719.html
https://www.volvogroup.com/en/news-and-media/news/2021/apr/news-3948719.html
https://www.imf.org/external/pubs/ft/fandd/2020/09/investing-in-a-green-recovery-volz.htm
https://www.imf.org/external/pubs/ft/fandd/2020/09/investing-in-a-green-recovery-volz.htm
https://drgr.org/2020/11/16/report-debt-relief-for-a-green-and-inclusive-recovery/
https://drgr.org/2020/11/16/report-debt-relief-for-a-green-and-inclusive-recovery/
https://reneweconomy.com.au/clearly-unacceptable-morrison-government-blocks-massive-pilbara-renewable-hydrogen-hub/
https://reneweconomy.com.au/clearly-unacceptable-morrison-government-blocks-massive-pilbara-renewable-hydrogen-hub/
https://reneweconomy.com.au/clearly-unacceptable-morrison-government-blocks-massive-pilbara-renewable-hydrogen-hub/
https://theicct.org/publications/update-govt-targets-ice-phaseouts-jun2021
https://theicct.org/publications/update-govt-targets-ice-phaseouts-jun2021
https://theicct.org/blog/staff/global-ice-phaseout-nov2020
https://theicct.org/blog/staff/global-ice-phaseout-nov2020
https://www.industrytransition.org/insights/tipping-points-in-sight-for-the-industry-transition/
https://www.industrytransition.org/insights/tipping-points-in-sight-for-the-industry-transition/
https://www.wbcsd.org/Overview/About-us/Vision-2050-Time-to-Transform/Resources/Time-to-Transform
https://www.wbcsd.org/Overview/About-us/Vision-2050-Time-to-Transform/Resources/Time-to-Transform
https://www.wbcsd.org/Overview/About-us/Vision-2050-Time-to-Transform/Resources/Time-to-Transform
https://www.energyglobal.com/special-reports/25052021/peel-nre-and-big-secure-funding-for-ince-bioenergy-carbon-capture-and-storage-project/
https://www.energyglobal.com/special-reports/25052021/peel-nre-and-big-secure-funding-for-ince-bioenergy-carbon-capture-and-storage-project/
https://www.energyglobal.com/special-reports/25052021/peel-nre-and-big-secure-funding-for-ince-bioenergy-carbon-capture-and-storage-project/
https://www.weforum.org/whitepapers/how-to-set-up-effective-climate-governance-on-corporate-boards-guiding-principles-and-questions
https://www.weforum.org/whitepapers/how-to-set-up-effective-climate-governance-on-corporate-boards-guiding-principles-and-questions
https://www.weforum.org/whitepapers/how-to-set-up-effective-climate-governance-on-corporate-boards-guiding-principles-and-questions
https://www.weforum.org/reports/clean-skies-for-tomorrow-sustainable-aviation-fuels-as-a-pathway-to-net-zero-aviation
https://www.weforum.org/reports/clean-skies-for-tomorrow-sustainable-aviation-fuels-as-a-pathway-to-net-zero-aviation
https://doi.org/10.1007/s40518-019-00136-1
https://doi.org/10.1007/s40518-019-00136-1
https://www.wri.org/insights/global-tree-cover-loss-rose-51-percent-2016
https://www.wri.org/insights/global-tree-cover-loss-rose-51-percent-2016
https://www.globalforestwatch.org/blog/data-and-research/tree-cover-loss-satellite-data-trend-analysis
https://www.globalforestwatch.org/blog/data-and-research/tree-cover-loss-satellite-data-trend-analysis
https://www.wri.org/research/use-near-real-time-deforestation-alerts
https://www.wri.org/research/use-near-real-time-deforestation-alerts
https://calstart.org/moving-zero-emission-freight-toward-commercialization/
https://calstart.org/moving-zero-emission-freight-toward-commercialization/
https://www.wemeanbusinesscoalition.org/blog/bmw-joins-growing-list-of-automakers-committed-to-bold-climate-action/
https://www.wemeanbusinesscoalition.org/blog/bmw-joins-growing-list-of-automakers-committed-to-bold-climate-action/
https://www.wemeanbusinesscoalition.org/blog/bmw-joins-growing-list-of-automakers-committed-to-bold-climate-action/
https://odi.org/en/publications/making-finance-consistent-with-climate-goals-insights-for-operationalising-article-21c-of-the-unfccc-paris-agreement/
https://odi.org/en/publications/making-finance-consistent-with-climate-goals-insights-for-operationalising-article-21c-of-the-unfccc-paris-agreement/
https://odi.org/en/publications/making-finance-consistent-with-climate-goals-insights-for-operationalising-article-21c-of-the-unfccc-paris-agreement/
https://www.who.int/news-room/fact-sheets/detail/road-traffic-injuries
https://www.who.int/news-room/fact-sheets/detail/road-traffic-injuries


237STATE OF CLIMATE ACTION 2021  | rEFErENCES

Willett, W., J. Rockström, B. Loken, M. Springmann, T. Lang, S. 
Vermeulen, T. Garnett, et al. 2019. “Food in the Anthropocene: 
The EAT-Lancet Commission on Healthy Diets from Sustainable 
Food Systems.” Lancet 393 (10170): 447–92. doi:10.1016/S0140-
6736(18)31788-4.

Woodward, M., B. Walton, and J. Hamilton. 2020. “Electric Vehicles: 
Setting a Course for 2030.” Deloitte. June 28, 2020. https://www2.
deloitte.com/us/en/insights/focus/future-of-mobility/electric-
vehicle-trends-2030.html.

World Bank. 2021a. “Carbon Pricing Dashboard.” Washington, DC: 
World Bank. https://carbonpricingdashboard.worldbank.org/.

World Bank. 2021b. “State and Trends of Carbon Pricing 2021.” 
Washington, DC: World Bank. https://openknowledge.worldbank.
org/handle/10986/35620.

World Bank. 2021c. “Social Dimensions of Climate Change.” June 10, 
2021. https://www.worldbank.org/en/topic/social-dimensions-of-
climate-change.

World Bank Group. 2021. “ASPIRE: The Atlas of Social Protection 
Indicators of Resilience and Equity.” May 28, 2021. https://www.
worldbank.org/en/data/datatopics/aspire.

World Green Building Council. 2020. “The Building System 
Carbon Framework.” Geneva: World Business Council for 
Sustainable Development. https://www.wbcsd.org/contentwbc/
download/9731/146973/1.

World Green Building Council. 2021. “The Net Zero Carbon Buildings 
Commitment.” Geneva: World Business Council for Sustainable 
Development. https://worldgbc.org/thecommitment.

World Steel Association. 2009. “Steel Statistical Yearbook 2009.” 
Brussels: World Steel Association. https://www.worldsteel.
org/en/dam/jcr:818a3c9e-325a-472b-b9da-2889e38e2cad/
Steel%2520statistical%2520yearbook%25202009.pdf.

World Steel Association. 2010. “Steel Statistical Yearbook 2010.” 
Brussels: World Steel Association. https://www.worldsteel.
org/en/dam/jcr:1ef195b3-1a46-41c2-b88b-6072c2687850/
Steel%2520statistical%2520yearbook%25202010.pdf.

World Steel Association. 2011. “Steel Statistical Yearbook 2011.” 
Brussels: World Steel Association. https://www.worldsteel.
org/en/dam/jcr:c12843e8-49c3-40f1-92f1-9665dc3f7a35/
Steel%2520statistical%2520yearbook%25202011.pdf.

World Steel Association. 2013. “Steel Statistical Yearbook 2013.” 
Brussels: World Steel Association. https://www.worldsteel.org/
en/dam/jcr:7bb9ac20-009d-4c42-96b6-87e2904a721c/Steel-
Statistical-Yearbook-2013.pdf.

World Steel Association. 2014. “Steel Statistical Yearbook 2014.” 
Brussels: World Steel Association. https://www.worldsteel.org/
en/dam/jcr:c8b1c111-ce9b-4687-853a-647ddbf8d2ec/Steel-
Statistical-Yearbook-2014.pdf.

World Steel Association. 2015. “Steel Statistical Yearbook 2015.” 
Brussels: World Steel Association. https://www.worldsteel.
org/en/dam/jcr:87e4ca09-bb3c-43ba-bf0a-d8bd25ccd334/
Steel%2520Statistical%2520Yearbook%25202015.pdf.

World Steel Association. 2016. “Steel Statistical Yearbook 2016.” 
Brussels: World Steel Association. https://www.worldsteel.
org/en/dam/jcr:37ad1117-fefc-4df3-b84f-6295478ae460/
Steel%2520Statistical%2520Yearbook%25202016.pdf.

World Steel Association. 2018. “Steel Statistical Yearbook 2018.” 
Brussels: World Steel Association. https://www.worldsteel.org/en/
dam/jcr:e5a8eda5-4b46-4892-856b-00908b5ab492/SSY_2018.pdf.

World Steel Association. 2019. “Steel Statistical Yearbook 
2019 Concise Version.” Brussels: World Steel Association. https://
www.worldsteel.org/en/dam/jcr:7aa2a95d-448d-4c56-b62b-
b2457f067cd9/SSY19%2520concise%2520version.pdf.

World Steel Association. 2020a. “Steel Statistical Yearbook 
2020 Concise Version.” Brussels: World Steel Association. 
https://www.worldsteel.org/en/dam/jcr:5001dac8-0083-
46f3-aadd-35aa357acbcc/Steel%2520Statistical%2520Year-
book%25202020%2520%2528concise%2520version%2529.pdf.

World Steel Association. 2020b. Sustainability Indicators: 
2020 Report. Brussels: World Steel Association. https://
www.worldsteel.org/en/dam/jcr:6d73d7fa-9739-439e-96d8-
b2d57b32951c/Indicator%2520data%2520report%25202020.pdf.

World Steel Association. 2021. Steel Statistical Year Book, 1978–2020. 
Statistical Reports, August 20, 2021. https://www.worldsteel.org/
steel-by-topic/statistics/steel-statistical-yearbook.html.

WRI (World Resources Institute). 2019a. “Green Targets: A Tool to 
Compare Private Sector Banks’ Sustainable Finance Commitments.” 
https://www.wri.org/finance/banks-sustainable-finance-
commitments/.

WRI. 2019b. “RELEASE: Zero Carbon Buildings for All Initiative 
Launched at UN Climate Action Summit.” WRI Ross Cities. September 
23, 2019. https://wrirosscities.org/news/release-zero-carbon-
buildings-all-initiative-launched-un-climate-action-summit.

WRI. 2021a. “Deforestation Linked to Agriculture.” Global Forest 
Review v2.0. https://research.wri.org/gfr/forest-extent-indicators/
deforestation-agriculture.

WRI. 2021b. “Forest Gain.” Global Forest Review v2.0. https://
research.wri.org/gfr/forest-extent-indicators/forest-gain.

WRI. 2021c. “Forest Loss.” Global Forest Review v2.0. https://
research.wri.org/gfr/global-forest-review.

WRI. 2021d. “Forest Pulse.” Global Forest Review v2.0. https://
research.wri.org/gfr/global-forest-review.

WRI. 2021e. “Trees Outside Forests.” Global Forest Review v2.0. 
https://research.wri.org/gfr/forest-extent-indicators/trees-
outside-forests.

WRI. 2021f. “Chile: Incorporating a Just Transition into Chile’s 
Nationally Determined Contribution.” March 2021. https://www.wri.
org/just-transitions/chile.

WRI. 2021g. “South Africa: Strong Foundations for a Just Transition.” 
Just Transition and Equitable Climate Action Resource Center. 
March 2021. https://www.wri.org/just-transitions/south-africa.

WRI. 2021h. “European Union’s Just Transition Mechanism: 
Transnational Funding and Support for a Just Transition.” Just 
Transition and Equitable Climate Action Resource Center. March 23, 
2021. https://www.wri.org/just-transitions/european-union.

WRI. 2021i. “Just Transition and Equitable Climate Action Resource 
Center.” April 6, 2021. https://www.wri.org/just-transitions.

WRI. 2021j. “Zero Carbon Building Accelerator.” August 13, 2021. 
https://www.wri.org/initiatives/zero-carbon-building-accelerator.

WRI. 2021k. “Zero Carbon Buildings for All.” WRI Ross Cities.  
August 13, 2021. https://wrirosscities.org/ZeroCarbonBuildings.

WRI. 2021l. “Mexico: Policymaking to Ensure Energy Justice in 
Renewables Development.” Just Transition and Equitable Climate 
Action Resource Center. March 2021. https://www.wri.org/just-
transitions/mexico.

https://www2.deloitte.com/us/en/insights/focus/future-of-mobility/electric-vehicle-trends-2030.html
https://www2.deloitte.com/us/en/insights/focus/future-of-mobility/electric-vehicle-trends-2030.html
https://www2.deloitte.com/us/en/insights/focus/future-of-mobility/electric-vehicle-trends-2030.html
https://carbonpricingdashboard.worldbank.org/
https://openknowledge.worldbank.org/handle/10986/35620
https://openknowledge.worldbank.org/handle/10986/35620
https://www.worldbank.org/en/topic/social-dimensions-of-climate-change
https://www.worldbank.org/en/topic/social-dimensions-of-climate-change
https://www.worldbank.org/en/data/datatopics/aspire
https://www.worldbank.org/en/data/datatopics/aspire
https://www.wbcsd.org/contentwbc/download/9731/146973/1
https://www.wbcsd.org/contentwbc/download/9731/146973/1
https://worldgbc.org/thecommitment
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr
https://www.worldsteel.org/en/dam/jcr:5001dac8-0083-46f3-aadd-35aa357acbcc/Steel%2520Statistical%2520Yearbook%25202020%2520%2528concise%2520version%2529.pdf
https://www.worldsteel.org/en/dam/jcr:6d73d7fa-9739-439e-96d8-b2d57b32951c/Indicator%2520data%2520report%25202020.pdf
https://www.worldsteel.org/en/dam/jcr:6d73d7fa-9739-439e-96d8-b2d57b32951c/Indicator%2520data%2520report%25202020.pdf
https://www.worldsteel.org/steel-by-topic/statistics/steel-statistical-yearbook.html
https://www.worldsteel.org/steel-by-topic/statistics/steel-statistical-yearbook.html
https://www.wri.org/finance/banks-sustainable-finance-commitments/
https://www.wri.org/finance/banks-sustainable-finance-commitments/
https://wrirosscities.org/news/release-zero-carbon-buildings-all-initiative-launched-un-climate-action-summit
https://wrirosscities.org/news/release-zero-carbon-buildings-all-initiative-launched-un-climate-action-summit
https://research.wri.org/gfr/forest-extent-indicators/deforestation-agriculture
https://research.wri.org/gfr/forest-extent-indicators/deforestation-agriculture
https://research.wri.org/gfr/forest-extent-indicators/forest-gain
https://research.wri.org/gfr/forest-extent-indicators/forest-gain
https://research.wri.org/gfr/global-forest-review
https://research.wri.org/gfr/global-forest-review
https://research.wri.org/gfr/global-forest-review
https://research.wri.org/gfr/global-forest-review
https://research.wri.org/gfr/forest-extent-indicators/trees-outside-forests
https://research.wri.org/gfr/forest-extent-indicators/trees-outside-forests
https://www.wri.org/just-transitions/chile
https://www.wri.org/just-transitions/chile
https://www.wri.org/just-transitions/south-africa
https://www.wri.org/just-transitions/european-union
https://www.wri.org/just-transitions
https://www.wri.org/initiatives/zero-carbon-building-accelerator
https://wrirosscities.org/ZeroCarbonBuildings
https://www.wri.org/just-transitions/mexico
https://www.wri.org/just-transitions/mexico


238STATE OF CLIMATE ACTION 2021  | rEFErENCES

WRI. 2021m. “Morocco: Ensuring a Large-Scale Renewable 
Installation Benefits Local Communities.” Just Transition and 
Equitable Climate Action Resource Center. March 2021. https://
www.wri.org/just-transitions/morocco-large-scale-renewables.

WRI. 2021n. “India: A Large-Scale Solar Park on Drought-Prone 
Agricultural Land.” Just Transition and Equitable Climate Action 
Resource Center. March 22, 2021. https://www.wri.org/just-
transitions/india.

Wu, M., M. Mintz, M. Wang, S. Arora, Y.-W. Chiu, and H. Xu. 2018. 
“Consumptive Water Use in the Production of Ethanol and 
Petroleum Gasoline: 2018 Update.” ANL/ESD-09/01 Rev. 2. Lemont, 
IL: Argonne National Laboratory. https://publications.anl.gov/
anlpubs/2019/01/148043.pdf.

Xu, J., P.J. Morris, J. Liu, and J. Holden. 2018. “PEATMAP: Refining 
Estimates of Global Peatland Distribution Based on a Meta-analysis.” 
CATENA 160 (January): 134–40. doi:10.1016/j.catena.2017.09.010.

Xylia, M., S. Silveira, J. Duerinck, and F. Meinke-Hubeny. 2018. 
“Weighing Regional Scrap Availability in Global Pathways for Steel 
Production Processes.” Energy Efficiency 11 (5): 1135–59. doi:10.1007/
s12053-017-9583-7.

Yanguas Parra, P.A., G. Ganti, R. Brecha, B. Hare, M. Schaeffer, and U. 
Fuentes. 2019. Global and Regional Coal Phase-Out Requirements of 
the Paris Agreement: Insights from the IPCC Special Report on 1.5°C. 
Berlin: Climate Analytics. https://climateanalytics.org/media/
report_coal_phase_out_2019.pdf.

Yin, I., and E. Yep. 2021. “China Launches National Carbon Market; 
First CO2 Trades at $8.20/Mt.” S&P Global, July 16, 2021. https://
www.spglobal.com/platts/en/market-insights/latest-news/
electric-power/071621-chinas-national-carbon-market-will-start-
online-trading-july-16-exchange.

Zhang, Y., and M. Wang. 2018. “Climate Change Actions and Just 
Transition.” Chinese Journal of Urban and Environmental Studies 6 
(04): 1850024. doi:10.1142/S2345748118500240.

Zinecker, A., S. Sharma, C. Beaton, L. Merrill, and L. Sanchez. 2018. 
“Getting on Target: Accelerating Energy Access through Fossil 
Fuel Subsidy Reform.” International Institute for Sustainable 
Development Global Subsidies Initiative. https://www.iisd.org/
publications/getting-target-accelerating-energy-access-through-
fossil-fuel-subsidy-reform.

https://www.wri.org/just-transitions/morocco-large-scale-renewables
https://www.wri.org/just-transitions/morocco-large-scale-renewables
https://www.wri.org/just-transitions/india
https://www.wri.org/just-transitions/india
https://publications.anl.gov/anlpubs/2019/01/148043.pdf
https://publications.anl.gov/anlpubs/2019/01/148043.pdf
https://climateanalytics.org/media/report_coal_phase_out_2019.pdf
https://climateanalytics.org/media/report_coal_phase_out_2019.pdf
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/071621-chinas-national-carbon-market-will-start-online-trading-july-16-exchange
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/071621-chinas-national-carbon-market-will-start-online-trading-july-16-exchange
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/071621-chinas-national-carbon-market-will-start-online-trading-july-16-exchange
https://www.spglobal.com/platts/en/market-insights/latest-news/electric-power/071621-chinas-national-carbon-market-will-start-online-trading-july-16-exchange
https://www.iisd.org/publications/getting-target-accelerating-energy-access-through-fossil-fuel-subsidy-reform
https://www.iisd.org/publications/getting-target-accelerating-energy-access-through-fossil-fuel-subsidy-reform
https://www.iisd.org/publications/getting-target-accelerating-energy-access-through-fossil-fuel-subsidy-reform


239STATE OF CLIMATE ACTION 2021  | phOTO CrEdITS

PHOTO CREDITS

Cover, Cecilio Ricardo/Flickr; Pg iii, Annie Spratt/Unsplash; Pg iv, Chris Yakimov/
Flickr; Pg v, Juan Carlos Huayllapuma/CIFOR; EXECUTIVE SUMMARY Pg 1, Yuichi Ishida/
UNDP Timor-Leste/Flickr; Pg 4, Gonz DDL/Unsplash; Pg 12, Fred Romero/Flickr; Pg 14, 
cotaro70s/Flickr; SNAPSHOT OF A CHANGING CLIMATE Pg 19, S. Mojumder/Drik/CIMMYT; 
Pg 20, NASA/RawPixel Ltd.; Pg 23, Staff Sgt. Daniel J. Martinez/Flickr; METHODOLOGY  
FOR ASSESSING PROGRESS Pg 24, NPS/Neal Herbert; Pg 27, Duncan Rawlinson/Flickr; Pg 
29, Sameer Halai, Co-Founder of SunFunder/Flickr; Pg 34, Carlos Bryant/Flickr; Pg 36, 
©2015CIAT/NeilPalmer; POWER Pg 40, Wind Denmark/Flickr; Pg 43, Rod Waddington/
Flickr; Pg 46, Jiri Rezac/Flickr; BUILDINGS Pg 52, Abhijit Kar Gupta/Flickr; Pg 55, Joseph/
Flickr; Pg 63, Mariano Mantel/Flickr; INDUSTRY Pg 64, SaskPower/Flickr; Pg 69, Gavin 
Houtheusen/DFID; Pg 70, Astrid Westvang/Flickr; Pg 75, Ben Cooper/Flickr; Pg 78, Astrid 
Westvang/Flickr; Pg 79, Robert GLOD/Flickr; Pg 81, Rab Lawrence/Flickr; Pg 83, Natalya 
Letunova/Unsplash; Pg 85, Maurits Verbiest/Flickr; TRANSPORT Pg 86, Renan Pissolatti/
WRI Brasil; Pg 89, Felipe Reis/Flickr; Pg 91, jo.sau/Flickr; Pg 95, K_rlis Dambr_ns/Flickr; 
Pg 98, Christopher Herwig/Flickr; Pg 100, Christian Haugen/Flickr; Pg 101, Thomas Hawk/
Flickr; Pg 105, Hans Johnson/Flickr; Pg 109, Sophie Jonas/Unsplash; Pg 113, Sen Lee/
Unsplash; Pg 116, Port Authority of New York and Jersey/Flickr; Pg 119, James Wheeler/
Flickr; TECHNOLOGICAL CARBON REMOVAL Pg 120, ClimateWorks Foundation; Pg 123, Andrea 
Starr/Pacific Northwest National Laboratory; Pg 126, Bill Higham/Flickr; LAND USE AND 
COASTAL ZONE MANAGEMENT Pg 127, Tomas Munita/CIFOR; Pg 133, Aaron Minnick/World 
Resources Institute; Pg 137, Patrick Shepherd/CIFOR; Pg 139, Nanang Sujana/CIFOR; Pg 
144, Lawrence Hislop/Flickr; Pg 147, Aileen Devlin/Virginia Sea Grant; Pg 148, dronepicr/
Flickr; Pg 149, ichikawayuichi/Flickr; AGRICULTURE Pg 150, Tanya Martineau, Prospect 
Arts, Food for the Hungry; Pg 153, no one cares/Unsplash; Pg 154, _paVan_/Flickr; Pg 161, 
©2010CIAT/NeilPalmer; Pg 163, Fabrice Florin/Flickr; Pg 167, Ella Olsson/Flickr; FINANCE Pg 
168, Nicolas Mirguet/Flickr; Pg 170, Unclimatechange/Flickr; Pg 171, Andrzej Wrotek/Flickr; 
Pg 174, ©2012CIAT/NeilPalmer; Pg 179, Tony Webster/Flickr; Pg 181, Minoru Hanada/Flickr; 
Pg 183, Alex Berger/Flickr; EQUITY AND JUST TRANSITION Pg 184, Callum Shaw/Unsplash; Pg 
188, Marlon del Aguila Guerrero/CIFOR; CONCLUSION Pg 189, Annie Spratt/Unsplash; Pg 190, 
Stuart Palley/Forest Service, USDA; Pg 192, Ricky Martin/CIFOR; APPENDICES Pg 193, Tomas 
Munita/CIFOR; Back cover, Alexis Gravel/Flickr



240STATE OF CLIMATE ACTION 2021  |  ABOUT OUR PARTNERS

T H E  S Y S T E M S  C H A N G E  L A B
As a core component of the Global Commons Alliance 
and the University of Tokyo’s Center for Global 
Commons, the Systems Change Lab is a joint initiative 
between World Resources Institute, the High-Level 
Climate Champions, Bezos Earth Fund, and the Global 
Environment Facility. As a dynamic, virtual situation 
room for systems change, the Lab monitors, learns 
from, and mobilizes action for the transformations 
required to safeguard the global commons.

T H E  H I G H - L E V E L  C L I M AT E  C H A M P I O N S
The UN High Level Champions for Climate Action from 
Chile and United Kingdom - Gonzalo Muñoz and Nigel 
Topping - build on the legacy of their predecessors 
to engage with nonstate actors and activate the 
'ambition loop' with national governments. Their work is 
fundamentally designed to encourage a collaborative shift 
across all of society towards a decarbonized economy, so 
that we can all thrive in a healthy, resilient, zero-carbon 
world. Gonzalo and Nigel have convened a team to help 
them deliver on this work through flagship campaigns, 
targeted stakeholder engagement, and leadership in 
systems transformation.

C L I M AT E  A C T I O N  T R A C K E R
The Climate Action Tracker (CAT) is an independent 
scientific analysis that tracks government climate 
action and measures it against the globally agreed Paris 
Agreement aim of "holding warming well below 2°C, 
and pursuing efforts to limit warming to 1.5°C.” A 
collaboration of two organizations, Climate Analytics 
and NewClimate Institute, CAT has been providing this 
independent analysis to policymakers since 2009. CAT 
quantifies and evaluates climate change mitigation 
commitments, and assesses, whether countries are 
on track to meeting those. It then aggregates country 
action to the global level, determining likely temperature 
increase by the end of the century. CAT also develops 
sectoral analysis to illustrate required pathways for 
meeting the global temperature goals. 

C L I M AT E W O R K S  F O U N D AT I O N
ClimateWorks Foundation is a global platform for 
philanthropy to innovate and accelerate climate 
solutions that scale. We deliver global programs and 
services that equip philanthropy with the knowledge, 
networks, and solutions to drive climate progress. Since 
2008, ClimateWorks has granted over $1.3 billion to more 
than 600 grantees in over 50 countries.

T H E  B E Z O S  E A R T H  F U N D
The Bezos Earth Fund is Jeff Bezos's $10 billion 
commitment to fund scientists, activists, NGOs, and 
other actors that will drive climate and nature solutions. 
By allocating funds creatively, wisely, and boldly, the 
Bezos Earth Fund has the potential for transformative 
influence in this decisive decade. Funds will be fully 
allocated by 2030—the date by which the United Nations' 
Sustainable Development Goals must be achieved. 

W O R L D  R E S O U R C E S  I N S T I T U T E
World Resources Institute is a global research 
organization that turns big ideas into action at the nexus of 
environment, economic opportunity and human well-being.

Our Challenge:  Natural resources are at the foundation 
of economic opportunity and human well-being. But today, 
we are depleting Earth’s resources at rates that are not 
sustainable, endangering economies and people’s lives. 
People depend on clean water, fertile land, healthy forests, 
and a stable climate. Livable cities and clean energy are 
essential for a sustainable planet. We must address these 
urgent, global challenges this decade.

Our Vision: We envision an equitable and prosperous 
planet driven by the wise management of natural 
resources. We aspire to create a world where the actions 
of government, business, and communities combine to 
eliminate poverty and sustain the natural environment 
for all people.
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