
            

LETTER • OPEN ACCESS

Past socio-political transitions away from coal and
gas show challenges and opportunities ahead
To cite this article: Judy Jingwei Xie et al 2025 Environ. Res. Lett. 20 064009

 

View the article online for updates and enhancements.

You may also like
Improving seasonal precipitation forecasts
in the Western United States through
statistical downscaling
B Vernon, W Zhang and Y Chikamoto

-

Arctic sea-ice decline causes intense
summer monsoon precipitation events
over South Asia under greenhouse
warming
Sandeep Narayanasetti, Swapna Panickal,
Raghavan Krishnan et al.

-

Intraseasonal variability of vegetation
water content in India driven by monsoon
hydrometeorology
Sampelli Anoop, Muvva Venkata Ramana,
Raghu Murtugudde et al.

-

This content was downloaded from IP address 84.113.107.231 on 21/05/2025 at 07:50

https://doi.org/10.1088/1748-9326/add0c6
/article/10.1088/1748-9326/add02c
/article/10.1088/1748-9326/add02c
/article/10.1088/1748-9326/add02c
/article/10.1088/1748-9326/add0ca
/article/10.1088/1748-9326/add0ca
/article/10.1088/1748-9326/add0ca
/article/10.1088/1748-9326/add0ca
/article/10.1088/1748-9326/add0c7
/article/10.1088/1748-9326/add0c7
/article/10.1088/1748-9326/add0c7
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstVr4EJd1T8gAZtk-IdhpmJZvROWAeYBk0jrSpEMCrWnhPSThkSU3fwrma8I_pSPhYBxOwjTMdsUGBzoifFk1KQ31uSEKDG3SEpyDgoig6Ub1GyWinUlcCQ2hKE1jREWggOoeJFokWBs08wtlD3umwnMV8FmWVx7KOkL2OkkuOw0S_WQVZqKGUgDqGtQh3NOCXFI8_M1Qx7G1bURRWWVamRJVZMxzhSHKw9NyGso-i_0hP6UF9MeD_9wRYOKZi_p6tMcn9p-C0TGktAsIJdj1i0lyAab-82w6V6sS5n6tGjRTflGClh8PYaP8e2rgJYKjcHNbWJzrt6lQ_sFZ2NoY7bthshV_icI1Q0O79vlXpbdPc_&sig=Cg0ArKJSzAG7jwtUoYsU&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_2025_TIA%26utm_id%3DIOP%2BTIA


Environ. Res. Lett. 20 (2025) 064009 https://doi.org/10.1088/1748-9326/add0c6

OPEN ACCESS

RECEIVED

28 October 2024

REVISED

14 March 2025

ACCEPTED FOR PUBLICATION

25 April 2025

PUBLISHED

13 May 2025

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

Past socio-political transitions away from coal and gas show
challenges and opportunities ahead
Judy Jingwei Xie1,2,3,4,∗, Elina Brutschin3, Joeri Rogelj1,2,3 and Iain Staffell1
1 Centre for Environmental Policy, Imperial College London, London, United Kingdom
2 Grantham Institute, Imperial College London, London, United Kingdom
3 Energy, Climate and Environment Program, International Institute for Applied Systems Analysis, Laxenburg, Austria
4 Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, GA, United States of America
∗ Author to whom any correspondence should be addressed.

E-mail: j.xie20@imperial.ac.uk

Keywords: fossil fuel phase-out, energy transition, integrated assessment models, feasibility, k-means clustering

Supplementary material for this article is available online

Abstract
Transitioning away from fossil fuels presents substantial challenges, given the growing mismatch
between pledges submitted to international climate negotiations and the mitigation strategies that
limit warming to below 1.5 ◦C or 2 ◦C presented in the Intergovernmental Panel on Climate
Change Sixth Assessment Report. The scientific case for phasing out coal-fired electricity is clear,
and many countries are progressing towards this. However, despite widespread concerns about
risks and trade-offs, natural gas is often considered a bridge fuel, and there is currently no progress
towards phasing down its capacity. Previous work on the political feasibility of coal phase-out only
considered limited socio-political factors, missing the importance of governance quality and
policies supporting the energy transition. There is even more limited understanding of factors
associated with gas phase-down, while Europe and North America fall behind trajectories required
to limit warming below 1.5 ◦C. We use multivariate regression and clustering analyses on over four
decades of data to investigate the drivers and synergies of coal and gas transitions. This reveals
opportunities to overcome fossil fuel lock-in through renewable energy expansion, energy policy
reforms, and power market restructuring. Countries with greater reliance on fossil fuel
infrastructure and workforce face additional difficulties in phase out. Social factors such as higher
belief in climate change are positively linked with more ambitious coal phase-out efforts. However,
disentangling these links for gas remains difficult given the limited historical evidence of
phase-down progress. We identify four archetypes (Coal Reliance, Gas Reliance, Limited Policy,
and Transition Underway) that illustrate different ways countries have transitioned from coal and
gas over time. These provide blueprints for potential future transitions in other countries.
Recognizing the diverse social, political, and institutional factors that shape transitions can inform
the design of politically relevant future scenarios.

1. Introduction

The committed CO2 emissions from existing energy
infrastructure exceed the remaining carbon budget
(the amount humans can emit) associated with a
1.5 ◦C warming limit [1], and this budget is rapidly
shrinking [2]. Despite global consensus on the threats
posed by fossil fuels—climate change, mortality [3],
and biodiversity loss [4]—the phase-out of fossil fuels
is a controversial subject among the public [5] and

policymakers. At the international climate negoti-
ations in Dubai (COP28), details around fossil fuels
in the Paris Agreement’s first Global Stocktake were
contentious. However, by signaling a need for ‘trans-
itioning away from fossil fuels’ [6], the adopted out-
come text acknowledges the required course of action.

There is a notable difference between how coal
and gas are treated in political and academic discus-
sion. Progress towards phasing out coal is evident,
with many countries establishing zero-coal pledges
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Figure 1. Country-level coal phase-out status and pledges as of 2024. ‘Coal free’ indicates countries that have not historically used
coal in power generation and have no coal power plants under announcement, permitting, or construction. ‘Phased out coal’
indicates countries that used coal in power generation but have phased it out completely. Countries with zero-coal pledges are
separated by timeline into ‘Phase out by 2030’ (such as Canada and other OECD or countries in the Powering Past Coal Alliance
(PPCA)), ‘Phase out by 2040’ (such as Germany with a 2038 phase out pledge), and ‘Phase out by 2050’ (such as Poland with a
2049 phase out pledge). ‘No Pledge’ indicates countries that have or plan to have coal power plants without any phase out pledges.
The future coal phase-out pledges are based on analysis reproduced from Our World in Data [22], licensed under CC BY 4.0.
Additional coal phase-out pledge data are adapted with permission from © 2006–2025 Third Generation Environmentalism Ltd.
(E3G) licensed under CC BY-NC 4.0 [23], adapted with permission from Beyond Fossil Fuels [24], and adapted with permission
from Bloomberg Global Coal Countdown [25].

(figure 1). The UK, home to the world’s first coal
power station in 1882 [7], became the first G7
nation to end coal-fired electricity [8, 9], provid-
ing an important example of coal phase-out by a
major industrialized nation. Comparable progress
in phasing out natural gas remains lacking. While
global integrated assessment models (IAMs) con-
sistently show that Paris-aligned scenarios require a
rapid global phase-out of unabated coal [10], there is
considerable variability across models and scenarios
regarding the phase-down of natural gas [11].

More detailed national studies suggest that the
modeled rapid phase-out of coal in regions such as
China and India may be infeasible [12], and that
scenarios should rely on faster phase-out of oil and
gas in Organisation for Economic Co-operation and
Development (OECD) countries [13]. Historically,
some countries switched to natural gas to accelerate
their coal-phase out [14] and some scenarios propose
similar strategies in China and India. This is partic-
ularly attractive for the US [15] where natural gas
prices are kept low through increasing domestic pro-
duction and constrained exports [16]. However, with
rapidly declining cost of renewable energy [17], the
viability of natural gas as a bridge fuel is question-
able, given its under-estimated lifecycle and climate
impacts [18], lock-in effects, economic risks from

infrastructure costs [19], and geopolitical concerns
[20]. The record number of new gas pipelines built
in China and India for imports risk becoming stran-
ded assets [21]. We therefore argue that existing tra-
jectories for coal and natural gas transition pathways
must be considered together to better understand
their connections and the shared or unique drivers
that could inform technology assumptions in IAMs.

What should be considered in the next generation
of policy-informing scenarios? A growing literature
shows that social, political, and institutional factors
are important in the energy transition [26], particu-
larly in the shift away from fossil fuels. Current energy
system models often fail to capture socio-political
aspects in as much detail as techno-economic factors
[27, 28]. This limits our ability to develop and explore
transition pathways that align with different inter-
pretations of socio-political feasibility [29]. Studies
have begun to investigate the political and institu-
tional factors that influence coal phase-out [30, 31]
and implement these insights into IAMs [13, 32].
Recent studies have also used clustering to explore
regional trends, including national models of cli-
mate governance (institutions shaping climate policy
and performance) [33], the strength of climate policy
[34], and the interactions of political and economic
factors in national climate policies [35].
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We build on this growing research area in several
ways. First, we provide a more detailed analysis of
coal and gas transitions by examining a wide range
of sensitivities and measurements of phase-out at
the country and plant level. Second, we test vari-
ous social, political, and institutional factors associ-
ated with coal or gas declines. In particular, we incor-
porate recent insights from social sciences and polit-
ical developments through a wider range of covari-
ates and model specifications than previous studies
[30, 36] while expanding the focus on gas transitions.
Finally, we explore temporal dynamics by showing
how certain policies are linked to more progress-
ive action in specific regions. Our approach demon-
strates how insights from diverse disciplines can be
applied to scenario evaluation, highlighting oppor-
tunities to create transition scenarios that are more
useful and acceptable to decision-makers worldwide.

2. Data andmethods

To understand the coal and gas transition land-
scape, this study employs four research approaches
to identify: (1) regional gaps in the transition,
(2) examples of ambitious country- and plant-level
phase-out, (3) historical enablers and barriers at the
country level, and (4) time- and country-dependent
trends. In line with the technological feasibility
literature [12, 36], we first benchmark future coal and
gas transition pathways against historical examples.
These pathways include Intergovernmental Panel on
Climate Change (IPCC) and IEA scenarios, focusing
on four important fossil fuel regions: China+, India+
(two regions named after their most dominant coun-
try), Europe, and North America. Second, we con-
duct case studies to examine country- and plant-level
phase-outs that are obscured in aggregated regional
comparisons, with a focus on natural gas phase-outs.
Third, using historical coal and gas transition data
from 1980 to 2022, we conduct univariate and mul-
tivariate linear regressions, incorporating a detailed
set of social, political, institutional, and technolo-
gical variables to identify the barriers and enablers of
coal and gas phase-out. Unlike previous studies that
focus on the most recent data [30, 31], this analysis
provides insights into long-term drivers of the trans-
ition. Finally, we apply k-means clustering to identify
time- and country-dependent archetypes, revealing
transitional characteristics and context dependency
beyond the current understanding [35].

2.1. Coal and gas transition variables
The degree to which countries have transitioned away
fromcoal and gas power plants can be assessed in vari-
ous ways, including the reduction in peak capacity
[31], in generation [12], or the share of coal in
the electricity supply [30, 36]. These three meas-
ures reflect different aspects of the transition: long-
term phase down, short-term phase down, and the

reduced reliance, respectively. Historical data on coal
and gas capacity and retirements at the plant-level
were derived from the Global Coal Plant Tracker and
Global Gas Plant Tracker [37, 38]. Data on electricity
generation from coal, gas, wind, and solar and their
shares of total electricity generation were compiled
from multiple sources [39–41].

The resulting response variable dataset includes
the share of coal reduction from peak capacity, coal
generation decline, and gas generation decline. Gas
reduction from peak capacity was excluded as no
country has experienced this. The peak capacity of
coal is defined as the largest capacity observed in a
country (capacity in themost recent year if no decline
was observed). Capacity reduction is defined as the
percentage reduction in capacity from the peak capa-
city, distinguishing it from cases where plant retire-
ments are offset by new construction without redu-
cing total capacity. Generation decline is similarly
defined as the percentage reduction in electricity pro-
duced from its peak. Descriptions and summary stat-
istics for the variables are provided in tables S1–S2.

2.2. Social, political, and institutional variables
The selection of social, political, and institutional
factors (table 1) is based on both empirical rela-
tionships and open data, while building on exist-
ing understanding from the literature (table S4). We
include new variables describing climate change belief
and support for reducing fossil fuels use from a
global climate change opinion survey [5], to explore
the connection between public opinion and phase-
out progress. Country-level employment in mining
is considered, as the negative employment impact
of phase-out [42] may generate resistance. Although
governance indicators such as state capacity [31]
and government functionality [30] have been correl-
ated with coal phase-outs, we focus on political and
institutional factors that are more actionable. These
factors reflect the influence of fossil fuel incumbents,
power market reforms [43, 44], and economic devel-
opment. We disaggregate the categories of national
climate policies, focusing on energy supply [45] and
different types of power market reform [43, 44].
Explanations of the variables, summary statistics, and
comparison to previous studies are provided in sup-
plementary section 2. We used data imputation to
retain more data and present the detailed procedures
and justifications in supplementary section 3.2.

2.3. Regression analysis
We developed linear univariate and multivariate
regression models to understand the barriers and
enablers for historical coal and gas retirements. All
non-binary variables were standardized before ana-
lysis. Using empirical relationships, we first identi-
fied the most significant variables within each cat-
egory. For example, we found that among energy sup-
ply policies, economic and regulatory policies had

3
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Table 1. Description of the social, political, and institutional variables.

Category Independent variable Description

Social Climate change belief The share of population that believes climate change is
caused mostly by humans (%)

Support for less fossil fuels The share of population that supports less fossil fuel use (%)
Employment in mining The share of workforce in mining including both coal and

natural gas

Policy Power market choice of supplier Whether a country allows consumers to choose their own
retail power suppliers (binary)

Number of economic policies The number of energy supply policies involving tax
incentives, subsidies, carbon pricing, and emissions trading

Number of regulation policies The number of energy supply policies involving zoning &
spatial planning, disclosure obligations, standards, and
norms

Institutions Annex I member Whether a country is part of the UNFCCC Annex I
classification (binary)

Log GDP per capita Natural logarithm of gross domestic product per capita (Log
constant 2015 US$ per capita)

Technologies Coal supply independence The share of coal supply fulfilled by domestic production (%)
Gas supply independence The share of gas supply fulfilled by domestic production (%)
Coal share in electricity The share of electricity generated by coal (%)
Gas share in electricity The share of electricity generated by gas (%)
VRE share in electricity The share of electricity generated by wind and solar (%)

greater explanatory power. We iteratively built onto
multivariate models using sets of variables within the
same category to improve model fit while reducing
multicollinearity (avoiding variable inflation factors
above 2.5). Social variables were excluded due to
limited time-series data coverage. Univariate models
were presented to both illustrate simple relationships
and validate multivariate results, especially when the
explanatory power of one variable is influenced by the
co-existence of another related variable in the model.
We also conducted logistic regressions to examine
whether retired coal power plants are converted to
gas. The iterations, variable coefficients, and model
fits are reported in supplementary section 4.

2.4. K-means clustering of defined archetypes
To produce more accessible insights, and drawing on
literature that clusters countries with non-categorical
variables [34, 35, 46], we applied k-means cluster-
ing to countries with both coal and gas power plants
to identify distinct transition archetypes. We first
conducted principal component analysis on 13 fea-
tures encompassing all dependent and independent
variables from the previous model. Each data point
represents a country-year pair with existing coal or
gas power plant information. We selected the first
seven principal components which describe 83.6%
of the variance. We evaluated the potential of clus-
tering into two to five clusters, with four clusters
chosen to achieve a high degree of separation while
retaining high variance. Tomitigate the random effect
of political elections and other short-term events,
we identified clusters based on the most frequent

cluster (mode) across each half-decade. Archetypes
were qualitatively characterized by the range of vari-
ables the clusters represent. Further details on the
analysis and cluster characterization are provided in
supplementary section 5.

3. Results and discussions

3.1. Mismatches between fossil fuel scenario
narratives and pledges
Ample coal phase-out literature highlights that Paris-
aligned scenarios assume China and India will reduce
coal reliance faster than historically observed in
developed countries [12, 36]. However, slow progress
in developed regions reducing natural gas depend-
ence has been overlooked. The four important fossil
fuel regions possess different gaps in energy trans-
itions aligned with limiting warming to 1.5 ◦C with
no or limited overshoot, as reported in the IPCC AR6
(figure 2).

China+ and India+ are both set to generating
more coal-fired electricity than 1.5 ◦C scenarios sug-
gest (figures 2(a) and (b)). Although Europe and
North America have reduced coal use, their stated
policies and pledges are insufficient (figures 2(c) and
(d)). This misalignment does not imply infeasibility,
but suggests a faster decline in oil and gas is needed
[13, 32]. The 1.5 ◦C scenarios present ambiguous
future gas pathways [47], especially in China+ where
a rapid increase until the 2030s is followed by a rapid
decrease by mid-century (figure 2(e)). This would
result in substantial stranded assets, and might be
unrealistic given the lack of existing widespread gas
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Figure 2. Electricity generation from coal, gas, and variable renewables (solar and wind) from 1990 to 2050. Historical data in
black lines are from Ember and the Energy Institute synthesized by Our World in Data [39]. Future data in solid light grey lines
are from the C1 scenario category (1.5 ◦C with no or limited overshoot) in the IPCC AR6 Database [49]. Light blue thick lines
represent their mean, and the shaded areas the 95% confidence interval. The AR6 variables shown are ‘Secondary
Energy|Electricity|Coal|w/o CCS’, ‘Secondary Energy|Electricity|Gas|w/o CCS’, ‘Secondary Energy|Electricity|Solar’, and
‘Secondary Energy|Electricity|Wind’. Future data in dotted lines are from the IEA 2023 World Energy Outlook [50]. All rights
reserved. Black empty circles denote the ‘tripling renewable capacity by 2030’ target from the First Global Stocktake, assuming the
same utilization as today. The selected regions are based on the R10 grouping. China+ includes China (incl. Hong Kong),
Cambodia, Korea (DPR), Laos (PDR), Mongolia, and Vietnam. India+ includes India, Afghanistan, Bangladesh, Bhutan,
Maldives, Nepal, Pakistan, and Sri Lanka. Note that the IEA data plotted for India+ only includes India.

infrastructure, the low cost of renewables [17], geo-
political tensions [20], and climate goals [48]. Such
scenarios also conflict with the urgent need to reduce
coal use in the region.

In Europe, the gas trajectory is slightly behind
1.5 ◦C scenarios, while North American stated
policies project gas generation to halve by mid-
century instead of approaching complete phase-out
(figures 2(g) and (h)). The misalignment persists in
less stringent scenarios (figures S5–S6) and would
be more pronounced if coal declines in developing
regions follow more realistic pathways [13]. China’s
leadership in renewable energy deployment means
the regions discussed here broadly align with the
tripling renewable capacity target set during the first
Global Stocktake (figures 2(i)–(l)).

Existing policies and pledges reveal gaps in exist-
ing scenarios regarding regional diversity with fossil
fuels. Nevertheless, several countries have made
ambitious progress in transitioning from fossil fuels
(figure 3). Historical precedence shows that reducing
coal generation by 50% typically requires 15–30 years
(figure 3(b)), while for gas, it takes 10–15 years

(figure 3(e)). Austria, Belgium, the UK, and Portugal
are highlighted for having eliminated coal power
generation and phased out their coal fleets. Austria
and Portugal transitioned away from coal within
just 20 years but had relatively small coal fleets.
Denmark and Romania show promising evidence of
replacing coal with renewable energy growth (figure
S4). Finland rapidly reduced gas generation along-
side coal, though its initial reliance was already low
due in part to regional geopolitics [20]. Other coun-
tries that have reduced gas reliance experienced sud-
den trade shocks leading to rapid declines in the first
decade followed by partial recovery. For example, the
loss of Argentinian gas imports to Chile [51], and
the rapid rise of cheap US coal imported into Europe
[52] have led to sudden declines in gas in electricity
(figure S7).

The decline of coal capacity is lower than for
generation, while gas decline is only evident in
reduced generation (figure 3). Retaining small capa-
cities of rarely used fossil fuel generators can sup-
port system reliability without jeopardizing climate
goals, but capacity reduction indicates permanent
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Figure 3. Country-level progress in reducing reliance on coal and gas power generation between 1990 and 2022. The individual
plots represent (a) the share of coal in electricity generation, (b) reduction in coal generation from its peak, (c) reduction in coal
capacity from its peak, (d) the share of gas in electricity generation, (e) reduction in gas generation from its peak, and (f) coal
capacity transitioned to operate on gas. Countries with more than 5 years of consistent decline are shown, including 34 countries
for coal, 19 countries for gas, and 12 countries with both. Countries labeled in red have reached less than 5% of peak coal
generation; those labeled purple have reached less than 10% of peak gas generation; those labeled blue have reduced coal and gas
generation simultaneously; those labeled gray are other countries. Solid black lines give the simple mean, and gray shaded areas
represent the 95% confidence interval; dotted black lines are the mean values weighted by either capacity or generation.

commitments to the transition. Fromplant-level ana-
lysis, we find that 28.1% of global coal power units
had retired as of 2023, compared to only 1.3% of nat-
ural gas units. While many gas plants are younger
than coal, fleet age alone does not explain this dispar-
ity (figure S3). Coal retirement is more advanced in
the US, Western Europe, and Eastern China, but only
Western US andWestern Europe are phasing out coal
capacitywith less new coal is built than is being retired
(figure S1). Although older gas plants begin retiring in
2020, no country is on track to phase out natural gas
power plants. A total of 34 units in the 107 retired gas
units as of 2023 were prematurely retired (<30 years
of operating lifetime), most of which were based in
the US (figure S8).

Plant-level geospatial analysis shows that around
one-third of retired coal power plants globally have
transitioned to natural gas, especially in the Eastern
US. This strategy is also evident in Portugal and
the UK (countries with complete coal phase-out)
(figure 3(f)). Larger coal plants are more likely to
switch fuels (table S17). Belgium, France, the UK, and
the US have nearly replaced all the reduced coal gen-
eration with natural gas (figure S4), which may delay

the gas phase-out necessary for the 1.5 ◦C target. This
bridge-fuel strategy can only replace 1.5–2.4 times the
operating lifetime of the displaced coal before the cli-
mate benefits are negated [48] (i.e. a gas plant emits as
much in 6–10 years as a coal plant would in 4 years).
This buys some time for regions with existing nat-
ural gas infrastructure. For thosewithout, building up
natural gas infrastructure would be more costly and
risk energy security when cheaper, low-carbon altern-
atives exist.

3.2. Social, political, and institutional context of
the transition
Political and institutional proxy variables, such as
high GDP and state capacity [30, 31], are associ-
ated with faster coal phase-out but are too broad to
provide actionable policy insights. Figure 4 shows
how social, political, and institutional characterist-
ics are correlate differently with coal and gas trans-
itions. We used univariate regression models to
explore simple relationships. To understand the com-
plex interactionswhile reducingmulticollinearity and
confounding effects, we selected a subset (excluding

6
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Figure 4.Multivariate and univariate linear regression models for fossil fuels transitions during 1980–2022. Dependent variables
include (a) coal capacity reduction, (b) coal generation decline, and (c) gas generation decline. The univariate models focus on
countries with either coal ((a) and (b)) or gas (c) infrastructure, while the multivariate models focus on countries with both coal
and gas infrastructure. VRE (variable renewable energy) refers to wind and solar. Scatter points represent regression coefficients,
with error bars showing 95% confidence intervals. The variables containing the zero value in the black vertical line are
insignificant. Power market choice of supplier and Annex I member variables are binary, while the others are standardized.
Background colors indicate the broad type of variables. Detailed statistics of the models can be found in tables S7–S16.

limited social variables) for multivariate regression
analysis.

The social factors considered here are more con-
nected with coal decline than gas. Public belief in
anthropogenic climate change and support for redu-
cing fossil fuels are well connected with more coal
phase-out but show no correlation with gas gener-
ation decline. There is evidence of consumers con-
sidering values beyond low electricity prices, for
example, surveys on supplier switching found other
positive factors such as the availability of green elec-
tricity in Sweden [53] and political preferences in
the UK [54]. Such tendencies may support reducing
coal dependency. Similarly, countries with higher
proportions of shares of mining workers are less
likely to phase out coal and gas, which may be
linked to undesirable socioeconomic impacts on the
workforce [42].

Political and institutional factors exhibit stronger
correlations with both coal and gas, with choice of
supplier (reformedmarket), more economic and reg-
ulatory policies, and being part of the UNFCCC
Annex I (i.e. OECD countries and economies in
transition [55]) connected with declines in both fossil
fuels. Higher GDP per capita is weakly linked to coal
capacity reduction but shows inconsistent relation-
ships with generation decline for both technologies.

Path dependency variables also play a role in coal
and gas declines. Countries with higher shares of
coal are less likely to reduce coal generation, and the
same applies to gas. This highlights the difficulty of

moving away from technologies that are highly relied
upon. Countries with less independent coal supply
(or higher coal import dependence) are more likely
to reduce gas generation, and vice versa, indicat-
ing the volatility brought by competing imports. For
example, efficient European gas plants closed prema-
turely in the early 2010s due to the sharp drop in
imported US coal prices [52] (figure S7).

3.3. Time-varying regional characteristics and
clusters
The regression analyses identify trends among vari-
ables that are common to the transition, but do not
capture time-varying and region-specific patterns.
Importantly, our historical analysis draws insights
from the transitions already occurring in North
America and Europe. Political, policy, market and
other factorsmight present strongly differing contexts
in other geographies or jurisdictions and transferab-
ility of our insights to other regions should therefore
be carefully considered.

Using k-means clustering, we highlight dynamic
patterns and drivers in countries over time, which
resulted in four archetypes (figure 5). The Coal
Reliance and Gas Reliance archetypes show lim-
ited phase-out progress with heavy reliance on each
respective fossil fuel. The Limited Policies archetype
includes countries less reliant on fossil-fueled elec-
tricity while but with fewer energy supply policies.
The Transition Underway archetype shows the most
progress (supplementary section 5). Before the 2000s,
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Figure 5. Regional k-means clustering of coal and gas transition characteristics over time. Clusters represent the most frequent
values (modes) during each period. Clustering includes countries with both coal and gas power generation facilities. Countries
labeled ‘no data’ lacked power plant data at the time.

countries weremostly characterized by Coal Reliance,
Gas Reliance, and some Limited Policy archetypes.
Countries that are currently Transition Underway
went through several transition stages and align with
observed progress and pledges to phase out coal
(figure 1).

Transition Underway countries are concentrated
in the advanced economies of Europe and North
America, in addition to New Zealand. They are char-
acterized by high GDP per capita and relatively low
GDP growth, except for eastern Europe nations like
Romania and Ukraine. Transition Underway coun-
tries have now decoupled electricity from economic
growth; however, their conditions prior to joining
that cluster were more reflective of other countries in
the sample (supplementary section 5.4).

Gas Reliance countries have relatively independ-
ent gas supply and limited coal supply. They have
generally remained in the same clusters over time,
suggesting limited willingness or substantial chal-
lenges in transitioning. Brazil started transitioning
away from Gas Reliance since the 2000s but has
not progressed to Transition Underway and has no
coal phase-out pledge (figure 1). Achieving an equit-
able fossil fuel phase-out, especially for Gas Reliance
regions requires cooperative frameworks, delayed
phase-out timelines, and financial assistance [56].

Removing fossil fuel subsidies showed greater impact
in oil- and gas-exporting regions (MENA, Reforming
Economies, Latin America) [57]. Context-specific
support is much needed for fossil fuel producing low
and lower–middle income countries [58]. Regardless
of gas’s role in future energy systems, it is evid-
ent that current production levels far exceed Paris-
aligned goals [59].

Some countries in the Coal Reliance group, par-
ticularly in Europe, have gradually reduced their
fossil fuel reliance and moved into the Limited Policy
and Transition Underway archetypes. These shifts are
linked with developments in renewable energy and
more climate legislation. Poland, historically a major
coal producer, remains in the Coal Reliance group.
However, the uneconomic nature of coal mines,
unavoidable energy investments, air pollution, and
political pressure from the EUmay drive its transition
in the near future [60]. Despite fears of coal phase-
down reversal amidst the Russian war, Europe further
reduced its fossil fuel demand in 2023 through renew-
able energy growth and a recovery in French nuc-
lear power [61]. This marks an improvement from
the 2010s European coal rebound driven by cheap
imports [52].

Historically Coal Reliance countries like the US
andCanada are characterized as TransitionUnderway
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from the 2010s. This progress spanning several dec-
ades is linked to both conditional factors (e.g. high
GDP and diverse economic systems [56]) and imple-
mentable lessons (e.g. having more energy supply
policies). The 2024 Clean Air Act’s proposed emis-
sion limits for new gas-fired combustion turbines
reaffirms the role of regulatory policy [62]. In con-
trast, China has not relied heavily on natural gas
due to the top–down power market structure which
regulates electricity prices from imported fuels [63].
Recent steps towards a unified national power market
system [64] may offer more flexibility to use gas and
enable the phase-down of coal. China’s coal-to-gas
policy in the heating sector aims to reduce air pollu-
tion, but risks being undermined by potential gas sup-
ply shortages [65]. Meanwhile, India has developed
new liquified natural gas import terminals to help
meet the rising demand for electricity from gas [66].
AlthoughChina and India have not reduced their coal
reliance, switching reliance towards gas risks future
lock-in if it cannot be transitioned away from fast
enough.

4. Conclusion

This work builds on the argument that transition-
ing away from coal is not a ‘one-size-fits-all’ process
[67] through evaluating the synergies between coal
and gas phase-outs across national electricity sys-
tems. While the climate and health [68] costs of
coal-powered electricity are clear, historical evidence
around reduced gas use ismixed. Repowering phased-
out coal infrastructure to operate on natural gas can
reduce stranded assets, and some countries leading on
coal phase-out have followed this approach.However,
developed regions such as North America are notably
behind with gas reductions required for Paris-aligned
scenarios.

Through clustering analysis, we highlight the
dynamic nature of these transitions rather than focus-
ing on the static characteristics in recent years. We
find that many regions go through the transition
in staggered phases, which creates opportunities to
explore transferrable lessons from those that started
the process earlier.Multivariate regression and cluster
analyses reveal that these lessons include expanding
renewable energy, providing choice over power mar-
ket suppliers, and enacting more national climate
policies. We also find conditional factors, such as the
partial decoupling of electricity generation fromGDP
in countries before reaching Transition Underway,
which could limit the applicability of findings to
all contexts. However, diverse countries including
Mexico, Republic of Korea, Thailand, Australia and
Poland currently have comparable GDP and elec-
tricity supply growth to countries at the time they
moved into Transition Underway.

Renewable electricity plays a positive role in the
transition away from coal and gas, which is also

positively linked with energy market reform and
energy supply policies. These findings align with
previous studies. For example, UK investment in
renewables was a strong driver for short-term emis-
sions reduction [69]. Volatile gas markets lead to
coal rebounds [51, 52, 65], while high US reliance
on gas could hinder renewable energy development
[70]. However, economic competition can acceler-
ate renewable energy adoption [71] and we find it
is a driver for early gas retirement. In the OECD,
energy market liberalization has reduced barriers to
entry and promoted uptake of renewable energy [72].
Similarly, under reformed power markets, EU state-
owned utilities were more likely to expand renew-
ables with the presence of pro-adoption policies [73].
Our extension of the coal phase-out literature invites
future exploration of other unique factors that influ-
ence gas transitions.

National policies and power market reforms are
important in moving countries from early to mature
stages of coal and gas transitions, although the rela-
tionship is weaker for gas. The dynamics of gas
phase out are more complex, given the dichotomy of
countries with strong public acceptance of anthro-
pogenic climate change but limited evidence of gas
decline. Detailed policy attribution can help identify
specific mechanisms and causal relationships that
drive phase-out [74]. Although top–down markets
such as China have not historically contributed to
coal phase-out, our results do not imply infeasibil-
ity. With political will, these countries would be cap-
able of implementing more ambitious and disrupt-
ive policies, which would benefit from compensat-
ory packages [75] and social dialogue [76]. Power
market liberalization should also be accompanied
by an understanding of the technological system.
Transformative change in gas-dependent countries
will be especially difficult, potentially requiring recog-
nition of their specific circumstances and global com-
pensatory policies [56].

Our analysis is constrained to historical evidence
and so draws primarily on progress in Europe and
North America. They hence provide a useful start-
ing point that can be enhanced with region-specific
differences and accents to understand transitions in
other geographies. However, we examined the past
challenges these countries overcame, offering more
insight than focusing only on current-day circum-
stances. Additionally, the scarcity of global, granu-
lar and longitudinal public perception data limits
the analysis depth. Nonetheless, existing data show
interesting results such as no clear link between gas
decline and belief in climate change. This evidence
does not imply the ineffectiveness of broader pub-
lic acceptance of climate change in future. Further
research into public discourse in the energy trans-
ition and the regional differences can provide a more
nuanced understanding. Our work does not account
for within-country differences in climate progress,
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public perception, or power market reforms, which
future work could investigate, especially for large and
complex countries like the US and China. Future
work could investigate a wider array of factors and
consider causality to further elucidate the drivers of
coal and gas transitions, and the relative strength of
conditional factors (such as GDP) and the transfer-
rable lessons considered here.

Recognizing the social, political, and institutional
diversity of countries, this work can inform more
targeted policies and interventions. These insights
can also improve the structural models and scen-
ario assumptions in IAMs, addressing some of the
feasibility and justice concerns raised about IAM
pathways [77]. A socio-political feasibility perspective
is important for scenario evaluation, and our findings
highlight opportunities to systematically and pur-
posefully incorporate this, leading to broader relev-
ance and acceptance of IAM-based transition scen-
ario research.
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