
     

LETTER • OPEN ACCESS

Phasing out coal for 2 °C target requires worldwide
replication of most ambitious national plans
despite security and fairness concerns
To cite this article: Vadim Vinichenko et al 2023 Environ. Res. Lett. 18 014031

 

View the article online for updates and enhancements.

You may also like
The rise of phase-out as a critical
decarbonisation approach: a systematic
review
Gregory Trencher, Adrian Rinscheid,
Daniel Rosenbloom et al.

-

Sustained cost declines in solar PV and
battery storage needed to eliminate coal
generation in India
Aniruddh Mohan, Shayak Sengupta, Parth
Vaishnav et al.

-

Early transformation of the Chinese power
sector to avoid additional coal lock-in
Huan Wang, Wenying Chen, Christoph
Bertram et al.

-

This content was downloaded from IP address 84.115.228.149 on 07/04/2025 at 13:49

https://doi.org/10.1088/1748-9326/acadf6
https://iopscience.iop.org/article/10.1088/1748-9326/ac9fe3
https://iopscience.iop.org/article/10.1088/1748-9326/ac9fe3
https://iopscience.iop.org/article/10.1088/1748-9326/ac9fe3
https://iopscience.iop.org/article/10.1088/1748-9326/ac98d8
https://iopscience.iop.org/article/10.1088/1748-9326/ac98d8
https://iopscience.iop.org/article/10.1088/1748-9326/ac98d8
https://iopscience.iop.org/article/10.1088/1748-9326/ab5d99
https://iopscience.iop.org/article/10.1088/1748-9326/ab5d99
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvdUokYuDO9WOuoevKPFzyVI6Fx7SLW1Q6BK5sRwKgX1te4PUWu5iaigvl7YX9yiB-EAmwxI9-MK6JADoe82W095xtuYSsxukEKwT6ROrIsufSsL5yGgkIsKzqcpLiMTahgYfeCPgZeNUUBL6jECD7aHY8Efxtgb0GiN-qJWzIRerPoXOTSkPGx_SkfgT3UAv_-WYZ6QdgaDor1xckh5yL7tmJtUIbXU6HIkIFHqHoUJ8tdSA52W1oaO40Zt92KsIH5-iVAhzJ0RuYX0uTjLfEdXNYaKD8kubEddpyXT5Bmj3jHLD-8X4-Wlo32Y7B2RfASM2U2Vzq7u-5eWIF3p4i808u6QdB03vqUXp4zrsB-VHyM&sig=Cg0ArKJSzImfnBR9kRMF&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_extension%26utm_id%3DIOP%2B248%2BAbstract%2BExtension


Environ. Res. Lett. 18 (2023) 014031 https://doi.org/10.1088/1748-9326/acadf6

OPEN ACCESS

RECEIVED

1 November 2022

REVISED

15 December 2022

ACCEPTED FOR PUBLICATION

22 December 2022

PUBLISHED

11 January 2023

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Phasing out coal for 2 ◦C target requires worldwide replication of
most ambitious national plans despite security and fairness
concerns
Vadim Vinichenko1, Marta Vetier1,2, Jessica Jewell1,3,4, Lola Nacke1 and Aleh Cherp2,5,∗

1 Department of Earth, Space and Environment, Chalmers University of Technology, Gothenburg, Sweden
2 Department of Environmental Sciences and Policy, Central European University, Vienna, Austria
3 Centre for Climate and Energy Transformation, University of Bergen, Bergen, Norway
4 Advancing Systems Analysis, International Institute for Applied Systems Analysis, Laxenburg, Austria
5 International Institute for Industrial Environmental Economics, Lund University, Lund, Sweden
∗ Author to whom any correspondence should be addressed.

E-mail: cherpa@ceu.edu

Keywords: coal phase-out, policy diffusion, energy transitions, burden sharing, feasibility space, climate mitigation scenarios

Supplementary material for this article is available online

Abstract
Ending the use of unabated coal power is a key climate change mitigation measure. However, we do
not know how fast it is feasible to phase-out coal on the global scale. Historical experience of
individual countries indicates feasible coal phase-out rates, but can these be upscaled to the global
level and accelerated by deliberate action? To answer this question, we analyse 72 national coal
power phase-out pledges and show that these pledges have diffused to more challenging
socio-economic contexts and now cover 17% of the global coal power fleet, but their impact on
emissions (up to 4.8 Gt CO2 avoided by 2050) remains small compared to what is needed for
achieving Paris climate targets. We also show that the ambition of pledges is similar across
countries and broadly in line with historical precedents of coal power decline. While some pledges
strengthen over time, up to 10% have been weakened by the energy crisis caused by the
Russo-Ukrainian war. We construct scenarios of coal power decline based on empirically-grounded
assumptions about future diffusion and ambition of coal phase-out policies. We show that under
these assumptions unabated coal power generation in 2022–2050 would be between the median
generation in 2 ◦C-consistent IPCC AR6 pathways and the third quartile in 2.5 ◦C-consistent
pathways. More ambitious coal phase-out scenarios require much stronger effort in Asia than in
OECD countries, which raises fairness and equity concerns. The majority of the 1.5 ◦C- and
2 ◦C-consistent IPCC pathways envision even more unequal distribution of effort and faster coal
power decline in India and China than has ever been historically observed in individual countries
or pledged by climate leaders.

1. Introduction

The goal of ‘consigning coal to history’ from COP26
[1] seems within reach considering the shrinking
pipeline of new coal power plants (figure S1) and
increasing number of countries pledging to stop
using coal [2]. However, some suggest that commit-
ted emissions from existing and planned coal power
plants are already incompatible with Paris temperat-
ure targets [3–5] and major coal power consumers
like China and the US have not committed yet to coal

phase-out. Given these contradictory trends, what are
feasible trajectories of future coal phase-out and what
does it mean for the climate?

One way to address this question is to exam-
ine historical precedents for fossil fuel decline.
Vinichenko et al [6] show that even the fastest
decline in individual countries was generally slower
than what is required at the continental scale for
reaching 1.5 ◦C warming targets. Yet, it is plaus-
ible that future energy transitions can be accelerated
by policies [7] motivated by climate concerns [8].
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Following this logic, empirically-grounded assump-
tions about future policies can help construct feas-
ible coal decline trajectories which are more ambi-
tious than just a continuation of historic trends. But
what can be the basis for such assumptions?

A natural starting point is to investigate gov-
ernmental commitments to phase-out unabated coal
under the Powering Past Coal Alliance (PPCA)
[9] and the Global Coal to Clean Power (GCCP)
Initiative [10]. Jewell et al [11] showed that in 2018
PPCA membership was limited to wealthy and well-
governed countries with older power plants that used
little coal and therefore did not significantly contrib-
ute to the emission reductions required for reaching
the climate goals. Yet this analysis only provided a
snapshot of coal phase-out pledges, without invest-
igating whether they spread to more countries or get
stronger over time [12].

The diffusion of climate policies [13] can be
analysed using a feasibility space, which is a tool
for assessing the feasibility of a climate action by
its characteristics, context or implementation levels,
grouped into feasibility zones or separated by feasibil-
ity frontiers [6, 11, 14, 15]. Here we construct a feasib-
ility space of coal phase-out pledges where the extent
of policy adoption is demarcated by a dynamic feas-
ibility frontier, such as one constructed by Jewell et al
[11]. Bi et al [16] argue that two main mechanisms
can affect the international diffusion of coal phase-
out policies: (a) national dynamics from increasing
capacities for coal phase-out in individual countries
(which can be visualised as countriesmoving through
the feasibility space and towards or across the feasibil-
ity frontier) and (b) global dynamics such as declining
costs of alternative technologies and increasing inter-
national pressure making it feasible for more coun-
tries to adopt phase-out pledges (which can be visu-
alised as the feasibility frontier itself shifting). Bi et al
[16] investigate the former and show that it is unlikely
to trigger coal phase-out policies in major coal users
such as China and India before mid-century. Here we
explore the secondmechanism, finding itmore effect-
ive in the diffusion of phase-out pledges.

In parallel to diffusion, the ambition of coal
phase-out policies may increase over time due to
expanding domestic political support coalitions in a
process known as ‘ratcheting up’ [17, 18], and in a
similar process one can even expect late-adopters to
have more ambitious phase-out policies than fron-
trunners, since theymay be able to deploy coal altern-
atives faster [19, 20]. On the other hand, neither
rapid policy diffusion nor increasing ambition can
be taken for granted. Energy security crises, such
as the recent disruption of Russian gas supplies to
Europe may delay or reverse coal phase-out policies.
Adverse distributional effects of coal decline can trig-
ger countervailing domestic resistance [21–23] and
slow the international diffusion of anti-coal policies
particularly if their burden is perceived as unfair

[24, 25]. Finally, late-adopters may lack capacity to
quickly match, least over-perform, the commitments
of climate leaders [11, 26, 27]. In sum, theoretical
arguments alone cannot provide a basis for realistic
assumptions about the future diffusion and ambition
of climate policies.

By examining new coal phase-out pledges, we
show that they are expanding to more challenging
contexts and now cover 17% of the global installed
coal-fired capacity, almost four times more than in
2018. However, the economic and institutional capa-
cities still limit the diffusion of pledges and their effect
on emissions remains a fraction of what is required
for 1.5 ◦C or 2 ◦C targets. With respect to ambition,
we estimate that most pledges imply a pace of coal
power decline comparablewith the pace observed his-
torically in large countries, that the ambitions do not
generally increase over time, and that about 10% of
the installed capacity under coal phase-out commit-
ments are at risk of being delayed by energy security
concerns caused by the Russo-Ukrainian war. Based
on these observations, we identify a set of scenarios
for future coal decline ranging from limited diffusion
and constant ambition to rapid worldwide diffusion
and increasing yet empirically-grounded ambition
of coal phase-out policies. We estimate that under
these feasible scenarios, the cumulative unabated coal
power generation in 2022–2025 ranges from levels
consistent with 2 ◦C warming to levels implying
warming above 2.5 ◦C. We show that in higher ambi-
tion scenarios the burden of premature coal power
retirement disproportionately falls on developing and
emerging economies with less capacity to implement
phase-out policies, which presents additional policy
challenges.

2. Method

In this paper we empirically analyse the diffusion and
ambition of coal phase-out policies to develop feas-
ible scenarios of policy-driven decline of coal power
(figure 1). We calculate the capacity of coal-fired
power plants in national and subnational jurisdic-
tions that have adopted coal phase-out pledges either
within the PPCA, the GCCP, or outside of these inter-
national initiatives. We compare the national con-
texts of countries adopting coal phase-out pledges to
the nine countries with the largest coal power fleets
but no phase-out pledges who together account for
83% of global coal-fired power generation (figure 2).
We also estimate how much the pledges reduce emis-
sions relative to a reference retirement case where all
coal power plants operate at the average load factor
until the end of the average national historical lifetime
[28]—table 1 and note S1.

We analyse the international diffusion of pledges
by comparing their current extent to an earlier
snapshot [11], using a similar statistical analysis and
the ‘feasibility space’ [15] constructed by Jewell et al

2



Environ. Res. Lett. 18 (2023) 014031 V Vinichenko et al

Figure 1. Organisation of research in this article. Plain text—inputs, italic—assumptions used in building coal phase-out
trajectories, bold—results. Dashed lines—use of contextual information for analysis and benchmarking.

[11] for all countries that had at least 1% of electri-
city from coal power in 2016 before countries started
to make coal phase-out pledges (n = 68)—note S1.
To assess ‘pledges at risk’ due to the energy crisis in
2022, we identify national political statements about
possible delay or reversal of coal phase-out plans and
calculate the coal power capacity in affected coun-
tries. We estimate the ambition of phase-out pledges
by the implied ‘coal power decline rate’, calculated as
the share of coal in power generation in the year of
adopting the pledge divided by the number of years
between the pledge and the phase-out date—note S1.
Measured in this way, the ambition can be directly
compared with historical rates of fossil fuel decline
[6] as well as across countries and with rates in future
scenarios.

We use the results of these analyses to construct
scenarios based on empirically-grounded assump-
tions about the diffusion and ambition of coal phase-
out policies. Each scenario involves the diffusion of
coal phase-out policies to some or all global regions
and subsequent coal decline at a constant rate rel-
ative to the total electricity supply, consistent with
rates implied in phase-out pledges and observed his-
torically. By varying the extent of diffusion and the
ambition of coal phase-out policies, we arrive at a
suit of 12 policy scenarios further supplemented by a
reference scenario, where all coal power plants oper-
ate to the average national lifetime and no new coal

power plants are constructed, except for those already
in construction as of early 2022. We further explore
the sensitivity of our policy scenarios to the speed of
policy diffusion by varying the year in which pledges
are adopted.

To relate our scenarios to temperature outcomes,
we calculate cumulative unabated power generation
from coal in 2022–2050 and benchmark it to the gen-
eration in the IPCC AR6 pathways [29, 30]—note
S1. To compare coal phase-out ‘effort’ across regions,
we estimate emission reductions in the policy scen-
arios by subtracting their emissions from those in the
reference retirement scenario and use the reductions
per unit of gross domestic product (GDP). Finally,
we calculate maximum coal decline rates in the IPCC
pathways and compare them to the pledged and his-
torical rates. More details on methods are provided
in note S1.

3. Results

3.1. More countries adopt coal phase-out pledges,
but their diffusion is constrained by national
capacities and their effect remains limited
Our prior study [11] estimated that the PPCA pledges
made by 30 nations in 2017 and 2018 covered
about 4.4% of the global coal power plant fleet and
would result in 1.6 Gt of avoided CO2 emissions
by 2050. Since then, 18 new countries have joined

3
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Table 1. Coverage and effect of national and subnational coal phase-out pledges. To illustrate the coverage and effect of coal pledges,
countries are divided into three groups: (A) those joining the PPCA in 2017–2018, (B) those joining the PPCA in 2019–2022 plus four
non-PPCA members (Bulgaria, Czechia, Panama, and Romania) that in 2021 pledged to phase-out coal before 2040; and (C) non-PPCA
members signing the GCCP plus Myanmar that adopted its pledge independently. Estimates for coverage and effect for (A) are from
[11]. For (B) and (C), ranges reflect uncertainty in the pledged phase-out date addressed through central, pessimistic, and optimistic
interpretations for each country’s pledge (note S1 and table S1). For sensitivity of avoided emissions to load factor, efficiency, plant
lifetimes and coal-to-gas substitution see note S1, figure S2. For the number of countries with coal and coverage of global installed
capacity, the effect of ‘pledges at risk’ due to the Russo-Ukrainian war (table S5) is shown in the column ‘all countries with pledges’.

(A) Original
PPCA members
2017–2018

(B) PPCA and
similar pledges in
2019–2022

(C) Non-PPCA
members signing
GCCP

All countries with
pledges

Number of countries 30 22 20 72
…with coal (pledges at
risk due to the war)

15 18 12 45 (11)

…with set phase-out
dates

14 18 11 43

Pledged phase-out years
median (range)

2025
(2020–2030)

2030 (2022–2050) ‘Major economies
by the 2030s,
globally by the
2040s’ (Art 2) [10]

—

Coverage of global
installed coal-fired
capacity (pledges at risk
due to the war)

4.4% 5.4% 5.8% 16.8% (1.7%)

Proportion of global
coal capacity
prematurely retired,
central estimates
(pessimistic-optimistic)

2.0% 2.8%
(2.7%–3.0%)

2.7% (0.1%–5.4%) 7.5%
(4.8%–10.4%)

Gt CO2 avoided
emissions by 2050,
central estimate
(pessimistic-optimistic)

1.6 2.3 (2.0–3.0) 0.9 (0.1–5.5) 4.8 (3.7–10.1)

the PPCA [2] and 19 additional countries signed
the less demanding GCCP [10]. In addition, five
countries have committed to coal phase-out and two
more countries committed to not building new coal
power plants without subscribing to either PPCA or
GCCP (tables 1 and S1). These new pledges, includ-
ing those made at subnational levels (table S2), quad-
ruple the coverage of the global coal power fleet to
17% (18% including no new coal power plants com-
mitments) and triple the avoided emissions to 4.8
GtCO2 (table 1, note S1). Moreover, the pipeline for
coal power plants construction is about half what
it was in 2017 and less than a quarter what it was
ten years ago (figure S1). Nevertheless, the emission
reductions induced by pledges are still more than an
order of magnitude less than the committed emis-
sions embedded in coal power plants (260 GtCO2

[3]) and the emission reductions required in 1.5 ◦C-
and 2 ◦C-consistent mitigation pathways compared
to the reference retirement scenario: 130 GtCO2

(median; inter-quartile range 100–148 GtCO2) and
94GtCO2 (73–116GtCO2) respectively (tables S3 and
S4, note S1).

In parallel with this expansion of pledges, the
2022 Russo-Ukrainian war has prompted at least 11
European countries to consider delaying or revers-
ing phase-out of coal power plants to reduce their
dependence on Russian gas imports (tables 1 and

S5). These countries currently have some 35 GW
or 10% of total coal power capacity under phase-
out pledges, which is equivalent to 1.7% of the
global installed capacity. While Germany and Poland,
the two European countries with the largest coal
fleets, have considered delaying coal phase-out, they
recently re-committed to their pledges (table S5). The
war also affects coal phase-out in Ukraine (a PPCA
member) with its 25 GW of coal power capacity.

Coal phase-out pledges have become feasible in a
wider range of countries. Countries that joined the
PPCA in 2017 and 2018 were primarily located in
Western Europe, generally used less coal, had older
power plants and higher GDP per capita and state
capacity as measured by the Functioning of Govern-
ment index (FoG) [31] than those pledging phase-
out in 2019–2022, which also included an increas-
ing number of non-European countries (figures 2
and S3).

The diffusion of coal phase-out pledges can be
visualised with a feasibility space [15] that shows the
movement of the dynamic feasibility frontier [15]
(figure 3). Following Jewell et al [11], we define the
dimensions of the feasibility space as (a) the coal
share in electricity and (b) FoG, which measures the
absence of undue influence on elected government,
government transparency and checks against polit-
ical corruption [31]. The former is an indicator of

4
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Figure 2. Characteristics of countries with different timing and type of coal phase-out pledges as well as without pledges.
(a) Share of coal in the electricity supply. (b) Average age of coal power plant units, weighted by capacity. (c) GDP PPP per capita.
(d) Functioning of Government index. See note S1 for data sources and definitions of variables. The figure shows 68 countries
with electricity production from coal>1% of electricity supply in 2016 (the sample in [11]). PPCA (2017–18)—countries that
joined the PPCA in 2017–2018; PPCA (2019–22)—the countries that joined the PPCA in 2019–2022 and four countries with
pledges to phase-out before 2040 (Bulgaria, Czechia, Panama, and Romania—hollow dots); GCCP—signatories, which are not
PPCA members, excluding Morocco that opted out of Article 2; Coal9—the world’s largest nine users of coal power with no coal
phase-out pledges (Australia, China, India, Japan, Malaysia, Russia, Turkey, the US, and South Africa) that collectively account for
83% of global coal-fired generation. Boxes represent interquartile ranges for the respective variables and country groups; thick
lines within boxes represent medians; dots represent individual countries. Dot colour represents regions (table S6). ∗Asia
combines China+, India+, and Rest of Asia. See figure S4 for coal production per capita.

the strength of the coal sector as well as the scale of
the challenge in substituting coal with other sources
and thus represents the overall cost of coal phase-out.
We use the latter as an indicator of the capacity of a
government to address the challenges of coal phase-
out such as overcoming coal vested interests and sup-
porting rapid expansion of alternative sources. These
two variables are statistically significant in predict-
ing coal phase-out pledges both as of 2018 [11] and
2022. The structure and dynamics of the feasibility
space are robust against alternative measures of the

cost of phase-out and capacity to overcome these costs
(figure S5 and table S7).

The likelihood of PPCAmembership in both 2018
and 2022 is affected by the costs of phase-out and the
state capacities. However, the 2022 frontier notably
expands, encompassing 16 new countries in addition
to the 15which fall within the 2018 frontier.While the
expanding feasibility frontier shows how coal phase-
out becomes feasible in more challenging contexts,
themovement of individual countries within the feas-
ibility space shows how their national contexts may
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Figure 3. The evolution of the feasibility space for coal phase-out pledges. The two feasibility frontiers correspond to 50%
probability of being a PPCA member based on the logistic regression analysis of PPCA membership in 2018 from [11] and in
2022 (our calculations) respectively, using percentage of coal in electricity supply and the Functioning of Government index as
independent variables. The shading represents the predicted probability of a country with given characteristics being a PPCA
member based on the analysis of the 2022 membership. The figure shows 68 countries with electricity production from coal>1%
of electricity supply in 2016 (the sample in [11]). The dot size represents the total installed capacity of coal-fired plants in the
beginning of the year of the coal phase-out pledge. Dot colour represents the type and the timing of pledges (or the absence of a
pledge). Dots with black outline represent four countries that pledged to phase-out before 2040 (Bulgaria, Czechia, Panama, and
Romania) in 2021 outside of the international initiatives and are treated similarly to PPCA (2019–22) countries in our analysis.
For the five countries with the largest coal fleets, the shift between 2016 and 2019 is also shown. Italics represent pledges at risk
from the Russo-Ukrainian war (table S5). See table S8 for country codes.

become more or less favourable to coal phase-out. So
far, these latter changes have not been a decisive factor
in changing the likelihood of coal phase-out pledges
(figure 3).We did not find any systematic dependence
between national coal phase-out pledges and the rel-
ative cost of coal power and renewables in countries
(figure S6) or national plans for carbon capture and
storage (note S2).

3.2. The pledged rates of coal decline are in line
with historical precedents with limited evidence of
ratcheting up
Countries with larger shares of coal power tend to
pledge later phase-out dates. The implied phase-out
rate or the relationship between the share of coal in
electricity and the number of years before the pledged
phase-out date, is remarkably stable for both earlier

and later pledges. (figure 4(a), table S1). The implied
phase-out rates are somewhat lower for countries
with higher coal shares, which is in line with the his-
torical experience of the UK and Germany where ini-
tially large shares of coal have been targeted for phase-
out. In both countries, periods of coal power decline
were interspersed by periods of stagnation, which
slowed down the overall decline rate (figure 4(a)).

The implied coal decline rates can be compared
across countries and to the fastest historical rates of
coal power decline [6] (figure 4(b)). Like in histor-
ical cases, faster decline is only pledged in smaller
countries because it is more difficult to implement
rapid phase-out in large heterogeneous systems. All
decadal coal decline rates pledged in electricity sys-
tems larger than 100 TWh/year (approximately the
size of the Netherlands) are slower than the 30% rate

6
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Figure 4. The pledged phase-out time as a function of share of coal in electricity and total electricity supply and coal decline rates
implied in the phase-out pledges. Both panels include all countries with electricity production from coal>1% and coal phase-out
pledges, except for countries with total electricity supply<10 TWh/year in panel (b). Dots with black outline represent five
countries that took pledges in 2021 outside of the international initiatives (Bulgaria, Czechia, Panama, and Romania have the
same colour as PPCA (2019–22) countries, Myanmar—as GCCP signatories). Dot size represents total installed capacity of
coal-fired plants in the beginning of the year when they pledge coal phase-out. (a) The time between the pledge and the
announced phase-out date as a function of the share of coal in electricity supply. Vertical lines represent ranges of pledged dates
for selected countries (table S1, note S1). The dashed line shows the trend based on linear regression with a confidence interval,
the dotted line—the fastest historically observed rate of coal power phase-out in a large country (UK) from Vinichenko et al [6].
Purple lines represent historical evolution of coal power in the UK and Germany (the assumed phase-out dates are 2024 and 2035
respectively). See table S8 for country codes. (b) Coal decline rates implied in the national pledges (as % of the total electricity
supply per decade) as a function of total electricity supply in the year of taking the pledge. For countries with a range of phase-out
dates the central estimate is used. Purple circles and dashed lines represent historical benchmarks of coal decline (see text).

observed in the fastest historical episode in a large
country, the UK in 2007–2017. Germany’s implied
decline rate is faster than the decline rate observed
in the US in 2008–2018 (20%) (the fastest decline in
the largest energy systemunder a single national juris-
diction). Finally, many existing pledges imply decline
rates faster than 13% per decade observed in Western
Europe in 2010–2020, the fastest decline in a regional
constellation of countries. Overall, adjusted for coun-
try size, the decline rates implied in existing pledges
do not signal an acceleration of coal phase-out bey-
ond what was observed historically.

Pledges can be strengthened or weakened over
time. In what can be seen as evidence of ‘ratcheting
up’, five PPCA members have brought their phase-
out date up by one or two years, Israel—by five years,
Germany—by five to eight years, and Portugal—by
nine years. On the other hand, France delayed its
planned phase-out date by a year and Senegal built its
first coal power plant after joining the PCCA (table
S1). Further delays may be expected due to energy
security concerns triggered by the Russo-Ukrainian
war (table S5). Thus, the ‘ratcheting up’ so far has
been unstable and vulnerable to external shocks.

3.3. Under empirically-grounded assumptions
about diffusion and ambition of coal phase-out
policies global coal power emissions range from
compatible with 2 ◦Cwarming to above 2.5 ◦C
warming
First, we construct a reference retirement scenario
where the only new power plants to be constructed
are those currently under construction [28] and exist-
ing power plants are retired at their average national
retirement age—note S1. In the remaining policy
scenarios, we project the identified regularities in the
diffusion and ambition of phase-out policies between
three world regions: Europe, OECD North America &
Pacific, and Asia plus rest of the world (Asia+ ROW).
The Europe region is identical to the ‘Europe’ region
in the IPCC AR6 scenarios (with ten regions or R10),
OECD North America & Pacific region is a combina-
tion of ‘North America’ and ‘OECD Asia and Pacific’
R10 regions, and Asia + ROW region is an aggregate
of the remaining seven R10 regions (table S6). Europe
and OECD are comprised of high-income countries
with older coal power plants and slowly growing elec-
tricity demand, wheremost historical episodes of coal
power decline have been observed [6], and where
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Table 2. Coal phase-out scenarios and emissions from unabated coal. In the reference scenario (called ‘Ref.’), no new power plants are
constructed, except for those already in construction as of early 2022, and the existing power plants are retired at the average historical
retirement age. The remaining policy scenarios are defined by a combination of the extent of diffusion and the level of ambitions
(decline rates) of coal phase-out policies in different regions. OECD+ Europe includes Europe, North America, and OECD Asia and
Pacific; Asia+ ROW includes the remaining seven regions out of ten IPCC regions (R10, table S6, note S1). Europe implements
coal-phase-out policies from 2022, and all other regions start implementing phase-out policies from 2027. Coal decline rates are
percentages of total electricity supply per decade. Numbers in the cells show cumulative global emissions from unabated coal generation
(2022–2050) in Gt CO2 and how these relate to respective emissions in IPCC AR6 pathways.

Limited diffusion
from Europe to
OECD N.Am. &
Pacific by 2027 Global diffusion from Europe to all regions by 2027

Ref. for Asia+ ROW

Decline rate for Asia+ ROW

13% 20% 30%

Decline rate for
OECD+ Europe

13% 192 167 138 114
(between IPCC
2.5 ◦C and 3 ◦C
medians)

(slightly above IPCC
2.5 ◦C median)

(between IPCC 2 ◦C
and 2.5 ◦C
medians)

(slightly above
IPCC 2 ◦C median)

20% 187 161 132 108
(between IPCC
2.5 ◦C and 3 ◦C
medians)

(slightly above IPCC
2.5 ◦C median)

(between IPCC 2 ◦C
and 2.5 ◦C
medians)

(slightly above
IPCC 2 ◦C median)

30% 182 157 128 104
(between IPCC
2.5 ◦C and 3 ◦C
medians)

(slightly above IPCC
2.5 ◦C median)

(between IPCC 2 ◦C
and 2.5 ◦C
medians)

(slightly above
IPCC 2 ◦C median)

Reference scenario (Ref. OECD+ Europe/Ref. Asia+ ROW)—208 (slightly below IPCC 3 ◦C median).

most phase-out pledges are located (table S1). Due
to these commonalities, for part of our analysis we
merge them into a single OECD + Europe region. In
contrast the Asia + ROW region, where Asian coun-
tries account for over 90% of coal-fired generation,
generally has much younger coal power plants, rising
electricity demand, lower incomes, virtually no his-
torical decline episodes, and fewer phase-out pledges.

The coal decline scenarios are structured along
two dimensions: diffusion and ambition of phase-out
policies (table 2). In all policy scenarios, coal phase-
out policies are present in Europe, where most coun-
tries already pledged phase-out (table S1). In the ‘lim-
ited diffusion’ scenarios, policies diffuse only to the
OECD North America & Pacific while Asia + ROW
follows the reference case retirement. In the ‘global
diffusion’ scenarios, phase-out policies also diffuse to
the Asia + ROW region. In the main set of scenarios
coal phase-out pledges outside Europe are adopted in
2027, which is consistent with the observed move-
ment of the feasibility frontier (figure 3).We also vary
the start of diffusion to the Asia+ ROW region from
2022 to 2040 (figure 5(b)).

For each assumption about diffusion, we assume
three levels of ambition of the pledges: phasing
out coal power at a constant rate of 13%, 20% or
30% relative to the region’s total electricity supply
per decade. These rates capture the range of the
decline rates implied in the existing pledges as well
as observed in the fastest historical cases for various
sizes of electricity systems (figure 4(b)). An important

consideration is that the regions we consider, espe-
cially Asia+ ROW are larger than all historical entit-
ies, even the US and Western Europe. Various com-
binations of the diffusion and ambition assumptions
give rise to 12 scenarios (table 2, figure 5).

Figure 5(a) compares cumulative unabated coal
generation in 2022–2050 in our scenarios with the
generation in the IPCC AR6 pathways grouped by the
temperature outcome. Coal-based generation in the
reference retirement scenario is just under themedian
value of 3 ◦C-consistent pathways. Coal power gener-
ation in the limited diffusion scenarios is comparable
to the third quartile of 2.5 ◦C-consistent pathways,
but significantly higher than in most 2 ◦C- and all
1.5 ◦C-consistent pathways. Coal power generation
in the global diffusion scenarios is determined by the
ambition of policies inAsia+ ROW. The 13% decline
rate results in coal generation just above the median
of 2.5 ◦C-consistent pathways, while the 30% decline
rate generally matches the median of 2 ◦C-consistent
pathways. Figure 5(b) explores the effect on cumulat-
ive coal-fired generations of earlier or later adoption
of pledges in Asia + ROW. Faster decline can com-
pensate for slower diffusion: for example, the median
cumulative generation across 2.5 ◦C-consistent path-
ways can be achieved by 13% decline starting around
2025, 20% decline starting around 2031, or 30%
decline starting around 2034.

The coal phase-out scenarios illustrated in figure 5
show that future coal emissions will be primarily
affected by policies in Asia rather than in Europe and
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Figure 5. Global cumulative power generation from unabated coal in counterfactual coal decline scenarios compared to IPCC
AR6 pathways (2022–2050) and the effect of the speed of policy diffusion. Colours represent different decline rates in
Asia+ ROW. Ranges of the same colour represent different decline rates in OECD+ Europe (combination of Europe and OECD
North America and Pacific), given a constant rate in Asia+ ROW. The decline rates are % of the average total electricity supply per
decade. (a) Global cumulative power generation from unabated coal in coal decline scenarios compared to IPCC AR6 pathways.
Dashed line—reference decline trajectory where power plants retire at the respective average national lifetime. Boxes and
whiskers—cumulative unabated generation from coal (2022–2050) in IPCC AR6 pathways by temperature category. Thick
horizontal line—median, box—inter-quartile range; whiskers and dots—full range. (b) Effect of the speed of policy diffusion.
The speed of policy diffusion is represented by the year in which the decline starts in Asia+ ROW (the beginning of decline in
Europe and OECD North America and Pacific is the same as in panel (a)). Horizontal lines represent medians of the respective
temperature categories of IPCC pathways.

OECD. This means that emerging economies in Asia
with their large and young power plants would need
to bear a larger share of global coal phase-out effort
necessary for achieving global climate targets. In the
scenario where phase-out policies rapidly diffuse and
coal declines by 30%per decade around theworld, the
avoided emissions per unit of GDP will be 3.4 times
higher in Asia than in OECD and Europe. This dis-
parity is reduced in half in case coal power declines at
13% in all regions, but equal distribution of effort is
only possible when the rate of coal decline in OECD
is 30% and in Asia—13% (table S9), which is roughly
compatible with 2.5 ◦C warming.

4. Discussion

Though national decisions to phase-out coal result
from complex political processes [9, 27, 32], we show
that there are strong regularities in both the pres-
ence and ambition of coal phase-out pledges. The
pledges are initially adopted in wealthy countries with
small coal power fleets and then diffuse to countries
with lower incomes and larger coal use. This diffu-
sion seems to be faster than what can be predicted
from the change of national characteristics so that
the moving feasibility frontier illustrated in figure 3
may reach China and India much earlier than ca
2045 as estimated in the central case in [16]. How-
ever this expansion momentum should not be taken

for granted [24]. Coal phase-out commitments may
also be vulnerable to delays or reversals due to energy
security shocks.

We find that the ambition of coal phase-out
pledges is surprisingly consistent across countries
including between ‘climate leaders’ adopting pledges
earlier and ‘followers’ adopting pledges later. This
means that the benefits of policy and technology
learning accessible to the followers may be can-
celled out by their less favourable socio-political
circumstances [33]. Remarkably, the ambition of coal
phase-out pledges remains within the feasibility zones
of historically observed coal power decline in [6].

The empirically observed regularities in the diffu-
sion and ambition of coal phase-out pledges can sup-
port assumptions about feasible policy-driven decline
of coal power in the future. Under themost optimistic
assumptions involving rapid worldwide diffusion and
maximum ambition of coal phase-out policies, coal
emissions would be consistent with about one-half
of the 2 ◦C pathways, but still higher than in most
1.5 ◦C pathways. Under more realistic assumptions,
coal emissions would be higher than in most 2.5 ◦C
compatible pathways, but still lower than in 3 ◦C
pathways. Even these assumptions are ambitious;
for example, they only account for new coal power
plants already under construction, even though some
countries still have plans for additional coal power
[26]. Thus, while previous work has highlighted the
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Figure 6. Fastest regional coal decline rates in IPCC AR6 pathways consistent with different temperature targets as compared to
historical benchmarks. Fastest ten-year decline rates expressed as percentage of total electricity supply (note S1) are calculated for
major coal-using regions in each pathway and grouped by scenario category (temperature target). Violins represent the density of
rates; dots—median rates for the respective category/region combination; colours—scenario category. Faster rates are closer to
the bottom of the figure. Grey band—range of decline rates implied in coal phase-out pledges of larger countries (total electricity
supply>100 TWh/year), figure 4(b). Black symbols—historical benchmarks of coal decline also expressed as 10-year rates relative
to the total electricity supply.

unrealistic nature of coal deployment in very high
emission scenarios [34], our analysis establishes the
lower end of a plausible [35] decline corridor.

Figure 6 shows that in the 1.5 ◦C and 2 ◦C-
consistent IPCCpathways, decadal coal power decline
rates in India+ and China+ regions are faster than
in the existing national pledges of countries like Ger-
many and the fastest historical episodes. Moreover,
these pathways envision higher decline rates in
India and China than in Europe and OECD which
means the inequality of effort is even higher than
in our scenarios. These differences stem from dif-
ferent approaches of envisioning the future of coal.
The IPCC scenarios are primarily generated by cost-
optimisation or simulation models depicting the
behaviour of entire energy systems, economies, and
climate and making exploratory rather than reality-
bound assumptions about climate policies. In con-
trast, our scenarios only consider coal power but
are based on empirically-derived assumptions about
policies.

Our analysis stresses the challenges of coal
phase-out that is compatible with strict climate tar-
gets. Part of the challenge is in instituting ambitious
coal phase-out policies in all regions of theworld, par-
ticularly in Asia [26]. To be in line with the 1.5 ◦C or
2 ◦C target, these policies should stipulate coal power
decline faster than in the existing pledges of climate
front-runners and faster than what was ever historic-
ally achieved even in an individual country. This also
requires much stronger effort from India and China
than fromOECD countries. Such unequal effort shar-
ing not only creates ethical problems but may also
trigger resistance from countries where most effort
is expected and thus jeopardize the feasibility of suc-
cessful transition [36]. Furthermore, expecting higher
effort from emerging economies may be unrealistic
because these countries have less favourable condi-
tions for coal phase-out policies (see figures 2 and 3
[37]). On the other hand, achieving an equal alloc-
ation of coal phase-out efforts while adhering to
Paris targets is virtually impossible since European
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countries and other OECD members simply do not
have enough potential for coal emission reduction.

Unequal burden allocation can be in part com-
pensated through monetary transfers to alleviate
justice and fairness concerns [38]. A coalition led by
the US and Japan has pledged $20 billion to support
Indonesia’s coal phase-out [39] and the US, UK, EU,
France, and Germany have pledged $8.5 for a just
transition in South Africa [40]. More work is needed
to understand the effectiveness of such initiatives
since even these high sumsmay not be enough to suf-
ficiently accelerate coal phase-out [41, 42]. Another
approach is to reduce the required pace of the power
sector’s emission reductions through faster decarbon-
isation in other sectors [16, 43] or lessen the necessary
rate of coal phase-out by retrofitting coal plants with
carbon capture and storage [44, 45].

5. Conclusion

Developing feasible climate mitigation strategies is a
key scientific and policy challenge. It requires under-
standing what climate solutions can be implemen-
ted in different contexts under realistic assump-
tions. Our analysis illustrates how this can be done
with respect to coal power phase-out. We exam-
ine two major processes affecting coal phase-out
policies: international diffusion and ‘ratcheting up’
of ambition which we use to develop empirically-
grounded assumptions about a range of policies that
can be expected in different regions in the future.
This allows us to construct feasible coal phase-out
scenarios.

We find that coal phase-out commitments are
steadily diffusing tomore difficult socio-political con-
texts and that if the most ambitious national pledges
can be replicated worldwide, it would be possible to
stay on track for 2 ◦C. Making this a reality faces
two challenges. First, emerging economies, partic-
ularly in Asia, would need to bear a larger bur-
den of coal phase-out which raises fairness concerns.
Second, countries with coal phase-out commitments
would need to stick to their plans even when facing
energy security crises like the one caused by Europe’s
dependence on Russian gas.

Though our findings and scenarios are limited to
coal, they can provide input to more complex mod-
els and scenarios as encouraged by [46] together with
other feasibility assessments targeting different cli-
mate solutions such as [6, 33, 47–49]. There is an
extensive research agenda on further developing this
method [14] and extending it to a wider range of cli-
mate solutions.
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