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Global fossil fuel reduction pathways under
different climate mitigation strategies and
ambitions

Ploy Achakulwisut 1,2 , Peter Erickson1, Céline Guivarch 3,
Roberto Schaeffer 4, Elina Brutschin 5 & Steve Pye 6

The mitigation scenarios database of the Intergovernmental Panel on Climate
Change’s Sixth Assessment Report is an important resource for informing
policymaking on energy transitions. However, there is a large variety of
models, scenario designs, and resulting outputs. Herewe analyse the scenarios
consistent with limiting warming to 2 °C or below regarding the speed, tra-
jectory, and feasibility of different fossil fuel reduction pathways. In scenarios
limiting warming to 1.5 °C with no or limited overshoot, global coal, oil, and
natural gas supply (intended for all uses) decline on average by 95%, 62%, and
42%, respectively, from 2020 to 2050, but the long-term role of gas is highly
variable. Higher-gas pathways are enabled by higher carbon capture and sto-
rage (CCS) and carbon dioxide removal (CDR), but are likely associated with
inadequate model representation of regional CO2 storage capacity and tech-
nology adoption, diffusion, and path-dependencies. If CDR is constrained by
limits derived from expert consensus, the respective modelled coal, oil, and
gas reductions become 99%, 70%, and 84%. Our findings suggest the need to
adopt unambiguous near- and long-term reduction benchmarks in coal, oil,
and gas production and use alongside other climate mitigation targets.

The 2021 Glasgow Climate Pact reaffirmed the commitments of
national governments to limit global-mean temperature rise to 1.5 °C1,
and recent developments in climate governance suggest increasing
policy attention on fossil fuels in the years ahead. For example, in 2021,
the 26th Conference of the Parties (COP26) to the United Nations
Framework Convention on Climate Change (UNFCCC) saw a launch of
the first-ever alliance of governments working together to “facilitate a
managed phase-out of oil and gas production”2. COP26 culminated in
an Agreement text that explicitly mentioned fossil fuels for the first
time, with countries committing to accelerate efforts “towards the
phasedown of unabated coal power”1. At COP27, more than 80 coun-
tries supported India’s proposal to apply this phase-down language to
all fossil fuels3. In March 2023, the UN Secretary-General urged all

countries to establish a “global phase-down of existing oil and gas
production compatible with the 2050 global net zero targets”4. At the
same time, global fossil fuel-derived carbon dioxide (CO2) emissions
rose to the highest level in history in 2021–20225, and the global levels
of fossil fuel production being planned andprojected bygovernments’
national energy outlooks remain vastly in excess of levels consistent
with limiting warming to 1.5 °C6. The 2022–2023 global energy crisis
has also sparked a reappraisal of energy policies and priorities world-
wide. It remains unclear whether this will serve to accelerate the clean
energy transition or lock in fossil fuel dependence7, with many coun-
tries expanding natural gas production or import capacity and others
reviving coal use in their short-term responses8. This occurs against a
backdrop of long-standing and growing tensions as to whether natural
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gas is a “bridge fuel” to a low-carbon future or a “bridge to
nowhere”9–14.

Consequently, although policymakers now broadly share the
common goal of striving for a net-zero future, new debates are
emerging around the speed and trajectory of the necessary energy
transitions, including the associated reduction pathways for coal, oil,
and natural gas (also known as fossil gas or fossil methane gas; here-
after referred to as gas) supply and demand14–18. Such debates are
increasingly informedby process-based integrated assessmentmodels
(IAMs), which have become widely used to provide policy-relevant
insights into how the world’s energy and land-use systems can be
transformed in the most cost-effective way to achieve the Paris
Agreement’s goal of limiting long-term warming to “well below
2 °C and pursuing efforts to limit the temperature increase to 1.5 °C
above pre-industrial levels”19,20.

To meet a given carbon budget – the cumulative amount of CO2

emissions that can be emitted until the end of the century or until net-
zero attainment – consistent with limiting global warming to a certain
temperature threshold, IAMs generally rely on different combinations
and extents of the following major strategies: (1) phasing out fossil
fuels from the energy supply, buildings, transport, and industry sec-
tors; (2) transforming agricultural and land-use practices; (3) reducing
energy and material consumption; and (4) relying on carbon dioxide
removal (CDR) and carbon capture and storage (CCS) deployment.
Non-CO2 greenhouse gases (GHGs) such as methane and other short-
lived climate forcers also influence the level of peakwarming, and their
emissions reductions are another important mitigation lever21. The
relative importance of different mitigation strategies reflects differ-
ences in the underlying model framework, scenario design, and input
parameters and assumptions such as technological performance and
adoption, economic relationships, and cost optimization22–24. The
majority of low-carbon scenarios producedby IAMs rely extensively on
CDR, mostly through bioenergy combined with carbon capture and
storage (BECCS) and land sequestration; a few scenarios also employ
direct air capture with carbon capture and storage (DACCS)21,25. How-
ever, the feasibility of large-scale CDR and CCS deployment remains
highly uncertain, with growing concerns that we would be locking in
continued fossil fuel dependence and global temperature increases
above 2 °C if they were to fail26–30. Intensive land use for bioenergy or
for carbon sequestration by the Agriculture, Forestry, and Other Land
Use (AFOLU) sector could also lead to land degradation, food inse-
curity, biodiversity loss, and water scarcity28,29,31.

The Working Group III (WGIII) contribution to the Intergovern-
mental Panel on Climate Change (IPCC)’s Sixth Assessment Report
(AR6) compiled and assessed 3131 scenarios generated by almost 100
different model versions from more than 50 model families, with
varying regional scope and temperature outcomes21. This new sce-
narios database is likely to be extensively used to informsocio-political
discourse on energy system transformations in the years ahead,
including on identifying fossil fuel reduction pathways that are con-
sistentwith the Paris Agreement32,33. However, there is a large variety of
IAMs and associatedmodelling approaches and assumptions, resulting
in important differences in the outputs. Moreover, there is an
increasing risk that key assumptions and the resulting model-based
insights become implicitly accepted by researchers and policymakers
without a clear understanding or critical evaluation of their real-world
implications, feasibility, and desirability34.

In this work, we explore what the AR6-assessed scenarios con-
sistent with limiting warming to 2 °C or below say about the speed,
trajectory, and feasibility of different global coal, oil, and gas reduction
pathways and why. We first summarise the trends across all modelled
pathways under three different temperature outcomes, and perform a
classification and regression tree analysis to identify the most impor-
tant factors influencing the levels of cumulative supply for a given
fossil fuel. We then perform additional statistical analyses to further

explore the model parameters and assumptions associated with dif-
ferent transition pathways for gas. Next, we evaluate the sensitivity of
the modelled fossil fuel reduction trajectories to different mitigation
scenario storylines and assumptions, including CDR reliance, and their
feasibility with respect to geophysical, economic, technological, socio-
cultural, and institutional considerations. We then close with a dis-
cussion of the policy implications of our findings.

Results
Global fossil fuel reduction pathways in scenarios that likely
limit warming to 2 °C or below
Chapter 3 of the IPCC AR6 WGIII report vetted 1686 global scenarios,
of which 1202 provided sufficient information for a temperature out-
come categorization, ranging from C1 to C821. Here we focus on the
categories with the three lowest temperature outcomes: C1 – limit
warming to 1.5 °C in 2100with a likelihood greater than 50%,with noor
limited overshoot; C2 – limit warming to 1.5 °C in 2100 with a like-
lihood greater than 50%, with high overshoot; and C3 – limit peak
warming to 2 °C with a likelihood greater than 67%21. We analyse all
scenarios in the C1-C3 ensemble and consider them to be relevant to
the Paris Agreement’s temperature limits, even if some individual
scenariosmaybe considered tonotbe fully Paris-compliant depending
on one’s interpretation of its long-term temperature goal and of its
other objectives, as well as judgement on the probability, overshoot,
and timing of the temperature change35. Given the Glasgow Climate
Pact’s emphasis on the 1.5 °C limit, we pay particular attention to the
C1 scenarios in the main text. Of the 541 vetted C1-C3 scenarios, 94 C1,
131 C2, and 310 C3 scenarios report primary energy supply from coal,
oil, and gas. Since all but one C3 scenario analysed in this study are
generated from IAMs that typically include non-energy uses of fossil
fuels under their reporting of the “Primary Energy|xx” variable (see
Methods for details), we broadly interpret this variable to represent
total supply intended for all uses. However, the completeness with
which non-energy uses are accounted for and reported varies between
different models and could have significant implications for the
resulting fossil fuel reduction pathways under a given carbon budget.
Non-energy uses can lead to either long-term carbon storage in stable
physical products or eventual combustion (e.g., incineration of dis-
carded plastics), with historical estimates suggesting that around
0.02% of coal, 8.02% of oil, and 1.86% of gas produced do not lead to
eventual carbon emissions36.

Figure 1 shows the individual, median, and interquartile range
(IQR) 2010–2100 pathways, as well as boxplot distributions of the
cumulative 2020–2100 values, of the global coal, oil, and gas supply as
modelled by the C1-C3 scenarios (see Supplementary Figs. 1 and 2 for
boxplot distributions of the annual values at certain years and of the
peak years of supply, respectively). Showing the median pathway
provides one way to succinctly communicate the average trajectory
within a given scenario ensemble. However, this approach has
limitations37, especially because the AR6 ensemble is unstructured and
does not represent a statistical sample: it merely reflects the options
that have been explored in the underlying studies, which are repre-
sented by different model families and scenario designs and protocols
to varying degrees (Supplementary Fig. 3). Moreover, while the mod-
elled pathways of different mitigation options within a given scenario
are internally consistent for meeting a certain carbon budget, the
median pathways of different variables calculated from a set of sce-
narios may not be. Given this and the diversity in the model outputs,
the median pathways shown in Fig. 1 should be considered for illus-
trative purposes only, as we will later explore how subsets of or indi-
vidual scenarios diverge from them.

As shown in Fig. 1, across the C1-C3 scenarios, the global supply of
coal and oil generally decline substantially and rapidly between now
and mid-century, followed by a more gradual and variable reduction
over time. More stringent temperature limits necessitate faster and
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greater reductions. Compared to coal and oil, there is less scenario
consensus for the role of gas, with some seeing an almost complete
phase-out by around 2050 while others see continued or increasing
supply out to 2100. The scenarios alsomodel varying levels of coal, oil,
and gas supply that can be coupled to CCS at the point of combustion
(Supplementary Figs. 4 and 5). Because there is such a large diversity in
the pathways, we perform a classification and regression tree analysis
(CART)38 to identify, to first order, themost important factors that lead
to different levels of cumulative 2020–2100 supply for a given fossil
fuel. We choose to employ CART here due to its ability to combine
statistical rigour with an accessible and visual interpretation of the
results. The independent variables selected for inclusion are those that
are frequently discussed in the literature21,23,39 and/or judged to likely
influence the level of fossil fuel dependence (see Methods). The CART
results are shown in Fig. 2 (C1) and Supplementary Figs. 6–11 (C2-C3).

Across the C1-C3 scenarios, global coal supply on average peaks
around 2015 (Supplementary Fig. 2) and rapidly declines (the fastest of
all three fuels), with the median pathway reaching values below 10
exajoules per year (EJ/yr) in the C1 scenarios, and below 35 EJ/yr in the
C2-C3 scenarios, after 2040 (Fig. 1a–c). Coal without CCS is largely
eliminated by 2035–2040 (Supplementary Fig. 4). CART reveals that
C1-C3 scenarios allowing relatively higher levels of cumulative coal
supply are associated with certain model families and higher levels of
coal coupled to CCS (Fig. 2a and Supplementary Figs. 6 and 7). For

example, six C1 scenarios with the highest levels of cumulative coal
supply (around 5000 EJ) are associatedwith the AIMandGCAMmodel
families andwith cumulative coal coupled to CCS greater thanor equal
to 2650 EJ.

For oil, global supply on average peaks around 2020 for the
C1 scenarios and around 2030 for theC2-C3 scenarios (Supplementary
Fig. 2) followed by a steep decline out tomid-century, slower than coal
but faster than gas (Fig. 1d–f). In general, C1 scenarios with the highest
levels of cumulative oil supply are associated with higher oil demand
for transportation and non-energy industry use and with higher coal
supply; those with lower oil supply are associated with lower trans-
portation demand, higher nuclear energy supply, and certain model
families (Fig. 2b). For the C2 and C3 scenarios, higher oil levels are
associated with certain model families (AIM, COFFEE, GCAM, REMIND,
TIAM, and WITCH), higher gas supply, higher levels of fossil fuel use
coupled to CCS (“fossil-CCS”), and certain scenario projects (Supple-
mentary Figs. 8 and 9).

Among the three fuels, the pathways for gas display the largest
variability. Nevertheless, global gas supply on average peaks around
2025, 2030, and 2035 for the C1, C2, and C3 scenarios, respectively
(Supplementary Fig. 2). In the majority of scenarios, gas supply not
coupled toCCS at the point of combustion peaks in 2020 and follows a
similar decline trajectory to that of oil (Supplementary Fig. 4), while
gas coupled to CCS generally increases out to mid-century
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Fig. 1 | Global primary energy supply (in exajoules, EJ) fromcoal, oil, and gas as
modelled by the AR6-assessed mitigation scenarios consistent with limiting
warming to 2 °C or below. In panels a–i, the 2010–2100 annual timeseries of
the following are plotted at 5-year intervals within a given temperature category
(C1-C3): individual pathways (light lines); median pathways (dark lines); and the
interquartile range (IQR, shadings). Panels j–l show the boxplot distributions of the

2020–2100 cumulative primary energy supply from coal, oil, and gas across the
scenario ensemble within each temperature category. The horizontal center line
depicts the median, the box spans the IQR between the 25th percentile (Q1) and
75th percentile (Q3), the lower whisker represents the minimum value or Q1 − 1.5 x
IQR (whichever is larger), and the upper whisker represents the maximum value or
Q3+ 1.5 x IQR (whichever is smaller).
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Fig. 2 | Classification and regression tree (CART) analysis results for predicting
the 2020–2100 cumulative fossil fuel supply in the C1 scenarios. In panels a–c,
the blueboxes at the bottomshow the averagevalue of cumulative coal, oil, and gas
supply (in exajoules), respectively, across the the scenarios included within each
given “leaf node” (note that they do not necessarily appear in increasing order from

left to right). The units of the independent variables shown are exajoules for pri-
mary and secondary energy, and million tonnes of CO2 for emissions and carbon
sequestration (negative AFOLU emissions represent CO2 removal). Cumulative
2020–2100 values are also used for the independent variables. (The root mean
square errors (RMSE) of panels a–c are, respectively, 233, 734, and 928 EJ).
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(Supplementary Fig. 5). Scenarios with relatively higher cumulative gas
supply are consistently associated with higher levels of fossil-CCS
across the C1-C3 scenarios (Fig. 2c and Supplementary Figs. 10 and 11).
For example, six C1 scenarios with the highest cumulative gas supply
(around 15,000 EJ) assume that 53%–70% of this supply can be coupled
to CCS at the point of combustion. For C3, certain model families and
scenario projects are also important predictors (Supplemen-
tary Fig. 11).

Since the model family is an important predictor of cumulative
fossil fuel supply but is not equally represented in the AR6 ensemble
(Supplementary Fig. 3), we test the sensitivity of the median pathways
shown in Fig. 1 to potential model bias. There is still limited practice in
and consensus on bias correction for model over-/under-representa-
tion of climate mitigation scenario ensembles40. Nevertheless, when
we include only the scenarios with minimum and maximum
2020–2100 cumulative supply from eachmodel family for a given fuel
and category, the values and trajectories of the median pathways
shown in Fig. 1 do not change much, except for C1-gas in which the
post-2050 values would be higher (Supplementary Fig. 12).

Given the substantial variability inmodelled gas supply, especially
from 2050 onwards, and highly contested debates around the role of
gas in energy transitions as previously discussed,we explore themodel
characteristics and assumptions that underly this variability in more
detail in the next section.

Characteristics of scenarios with different roles for gas
We first conduct an analysis of variance (ANOVA) to explore the
influence of eight potential drivers of the variability in modelled gas
supply over time between 2020–2100 (see Methods). Figure 3 shows
that in the C1 scenarios, close to 75% of the variations in the modelled
gas supply after 2040 can be explained by differences in themodelling
frameworks and scenario designs. Differences in the amounts of fossil-
CCS and gas intended for industry use (of which a large fraction goes
towards non-energy applications such as for feedstocks, and this
variable is also highly correlated with gas demand for transportation)
also contribute. In the C2 and C3 scenarios, these four drivers are also
the most important, with fossil-CCS becoming the most dominant
factor towards the end of the century.

To identify some of the key common underlying dynamics and
features of different scenario designs and modelling frameworks that
lead to different roles for gas, we next perform a cluster analysis to
divide the gas supply pathways into three different typologies
according to their modelled values in the years 2030, 2050, 2075, and

2100 (seeMethods). As canbe seen in Fig. 4 and Supplementary Fig. 13,
there are broadly three types of gas trajectories in the C1 and C2 sce-
narios: (1) rapid decline between now and mid-century followed by a
more gradual reduction (“fast decline”); (2) a more gradual decline
over time (“slow decline”); and (3) near-term decline followed by an
increase in gas supply after around mid-century (“rebound”). In the
C3 scenarios (Supplementary Fig. 14), we see the following three types
of trajectories: (1) rapid decline between now and mid-century fol-
lowed by a more gradual reduction (“decline”); (2) near-term decline
followed by an increase in gas supply after around mid-century
(“rebound”); and (3) increase to around mid-century followed by a
plateau (“increase”). For each temperature category, Fig. 4 and Sup-
plementary Figs. 13 and 14 also show the median and interquartile
pathways of select model variables in each of the three gas clusters.
The model family and scenario project distributions across the gas
clusters are shown in Supplementary Figs. 15 and 16.

We summarize key findings across the C1–C3 scenarios here and
provide amore detailed discussion in the Supplementary Information.
The higher-gas “rebound” and “increase” C1-C3 scenarios are generally
associated with one ormore of the following features: (1) much higher
levels of fossil fuel use coupled to CCS (panel i), including for gas-
powered electricity generation (panel t); (2) higher CDR via negative
AFOLU emissions (panel l) and DACCS (panel k); (3) lower carbon
prices, especially aftermid-century (panel n); (4) higher gas demand in
the industry and transportation sectors (panels u-v); (5) higher primary
energy supply from nuclear (C1 only; panel h); (6) lower capacity
additions for electricity generation from solar, wind, and battery sto-
rage sources but higher for gas coupled to CCS (panels o-r); (7) lower
capital and operation andmaintenance costs for electricity generation
from gas-CCS power plants in the near-term but higher from offshore
wind across all years (panels y, ab, ac, and ae). (For the last two fea-
tures, we interpret the relevant variables with caution given the rela-
tively limited reporting.) Conversely, the “fast decline”
C1–C2 scenarios are typically associated with much less reliance on
fossil-CCS, higher carbon prices, and sustained increases in renewable
capacity additions from 2020 onwards. The “slow decline”
C1–C2 scenarios also share these characteristics, but generally have
higher CDR via BECCS and less extremely high carbon prices seen in
some of the “fast decline” scenarios. The reduction pathways for gas-
powered electricity generation without CCS are, however, similar
between the three clusters, showing an almost complete phase-out by
around 2040–2060 across the C1–C3 scenarios (panel s).
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Based on a combination of our ANOVA and gas-cluster analyses,
an exploration of individual pathways for different gas clusters
grouped by model families (Supplementary Figs. 17–19), and infor-
mation drawn from the literature on relevant IAM features23,24,30,41, we
conclude that the gas trajectories in C1-C3 scenarios are influenced by
one or more of the following factors, which are inter-dependent and
tend to vary by model family: (1) carbon pricing; (2) constraints on the
availability of CCS, CDR, and nuclear technologies; and (3) constraints
on renewable deployment (such as assumptions on capital cost,
operation and maintenance cost, levelized cost of electricity, and
learning rates), resource availability, and integration challenges (e.g.,
assumptions about flexibility provision, grid expansion, and storage
capacity). For example, REMIND has some of the highest carbonprices
(Supplementary Fig. 17); imposes the most stringent assumptions on
the global and regional CO2 storage potentials and on the CO2 injec-
tion rate (Supplementary Table 4); and assumes some of the lowest
levelized costs of electricity from wind and solar compared to other
models (see Fig. 3 in Luderer et al.24). Consequently, all but one
C1 scenario fromREMIND are grouped into the “fast decline” and “slow
decline” clusters, with pathways showing some of the lowest levels of

fossil-CCS (Supplementary Fig. 18), and sustained increases in renew-
able capacity additions but very limited gas-CCS capacity additions,
from 2020 onwards (Supplementary Fig. 19). These findings are con-
sistent with those from Giannousakis et al.41, who showed that the
economics and depths of decarbonization modelled by REMIND are
highly sensitive to transport sector costs, CCS injection rate assump-
tions, and renewable costs.

Conversely, all seven C1 scenarios from IMAGE model high gas
supply, generally increasing until around 2060 followed by gradual
declines (Supplementary Fig. 17). IMAGE has relatively low carbon
prices, no higher than USD2010 1208 per tonne of CO2 throughout the
century, and imposes no constraints on the regional storage CO2

potential or the injection rate (Supplementary Table 4). As a result, it
models the highest levels of fossil-CCS ( > 10 GtCO2/yr bymid-century)
and gas-CCS capacity additions (Supplementary Figs. 18 and 19).
Meanwhile, the majority of C1 scenarios from the MESSAGE model
family show a gas revival after a near-term decline, displaying some of
the highest levels of gas demand for the transport and industry sec-
tors, enabled by high levels of CDR via AFOLU and BECCS and of fossil-
CCS. MESSAGE does not impose any constraints on CCS availability
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Fig. 4 | 2010–2100 global pathways for select variables as modelled by the
C1 scenarios divided into three clusters based on their 2030, 2050, 2075, and
2100 gas supply values. The median (dark lines) pathway and interquartile range
(shadings) of each cluster are plotted at 5-year intervals. The variables shown in
each panel are as follows: a Primary energy from gas; b, c Primary energy from gas
without and with coupling to carbon capture and storage (CCS); d Total primary
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a given variable, where x denotes the first letter of the cluster name).
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(Supplementary Table 4). This gas revival pattern, also seen in some of
the scenarios from the GEM-E3 and WITCH models, may be partly
driven by an unexplored but known model outcome associated with
the “net-zero-budget” scenario design from the ENGAGE project42, in
which carbon prices initially increase but then stabilize or decline after
net-zero CO2 emissions are reached around mid-century and mitiga-
tion efforts are relaxed (Supplementary Fig. 17; also see Figure SI 1.1-6
in Riahi et al.42).

These differences between higher- and lower-gas scenarios help
illustrate the diverging storylines and economics of how the energy
transition can unfold to meet climate goals. In many of the higher-gas
C1 scenarios, gas use declines rapidly through 2040 (Fig. 4a) but then
increases rapidly again through the end of the century to levels far
higher than the present. Such scenarios tend to front-load their
ambition onoil and gas reductions in the 2030s and 2040s, only to see
the deployment of CCS, nuclear energy, and CDR open up room in the
carbon budget later in the century (and with corresponding reduced
carbon prices) that re-invigorates (in the case of gas power) or newly
invigorates (in the case of compressed natural gas-fueled transport
vehicles) gas use. By contrast, the “fast decline” scenarios see drama-
tically faster rates of solar and wind power deployment, with flexible
storage capacity that obviates the need for newgas power plants (even
with CCS), and helps power the transport sector with more electricity
than fossil- or bio-based gases.

How these two scenario typologies would evolve could also have
dramatically different real-world implications for the development of
technology innovation systems and the accompanying politics43.
Nevertheless, given technology path dependencies (a common phe-
nomenon in socioeconomic systems, which arises when initial condi-
tions and their historical antecedentsmatter for eventual outcomes)44,
combined with the urgent need to rapidly decarbonize our energy
systems, a gas phase-down followed by a revival seems questionable
and calls for a careful justification that we could not find in the
underlying studies. Due to the high heterogeneity in and limited
transparencyaround IAMassumptions, combinedwith inconsistencies
in variable reporting,we could not determinewhichmodel parameters
and assumptions are specifically leading to this outcome. We offer
three most likely possible explanations: (1) inadequate model repre-
sentation of real-world constraints on fossil fuel- and renewable-based
technology innovation, adoption, diffusion, and phase-in/-out path
dependencies44,45 (for example, an overestimation of the costs of
renewable technologies is a problem that has been found in many
IAMs46,47 and which leads to higher mitigation value of CCS in elec-
tricity and hydrogen production48); (2) overly optimistic assumptions
or insufficient constraints on CCS and CDR potential (for example,
only the REMIND model imposes constraints on the regional CO2

storage potential and injection rate, which influence fossil-CCS,
BECCS, and DACCS availability)30,49; and, in the case of “net-zero-
budget” scenarios specifically, (3) an unexplored but known model
outcome in which carbon prices and mitigation efforts are relaxed
after net-zero CO2 emissions are reached in some of the models. In
light of the important policy implications, we urge the model-scenario
developers to more consistently report key model parameters,
assumptions, and outputs, and to critically examine the real-world
implications of their modelled results for gas pathways.

Sensitivity of global fossil fuel reduction pathways to different
mitigation strategies and uncertainties in CDR potential
To further assess and demonstrate howmuch the reduction pathways
of coal, oil, and gas are influenced by different scenario storylines and
assumptions, in this section, we first focus on a number of individual
illustrative scenarios and then explore what happens when we take a
conservative approach to future CDR and fossil-CCS potential. The
AR6 scenarios database identified five different “illustrative mitigation
pathways” (IMPs) that reflect different prominentmitigation strategies

for reaching a given temperature outcome (see Fig. 5 legend). We
emphasize that no two scenarios are alike or more “correct” than
others; the IMPs are not representative of the AR6 ensemble. The
individual coal, oil, and gas supply pathways under the five IMPs, along
with the median pathways across each of the C1-C3 scenarios, are
shown in Fig. 5. (Other select model variables from these pathways are
also shown in Supplementary Figs. 20–22) We describe the fossil fuel
decline pathways under the five IMPs in detail in the Supplementary
Information, and highlight some key features of the IMP-LD, -SP, and
-Neg scenarios here.

In the C1 category, the IMP-LD (low-energy demand) scenario
charts out much faster reductions in oil and gas than almost all
other scenarios (Fig. 5b, c). For oil, this is accomplished through
widespread transitions to shared vehicle fleets, flexible transit sys-
tems, and rapid vehicle electrification, as well as reductions in
freight volumes due to longer-lasting and more material-efficient
goods. For gas, this is accomplished through extensive end-use
efficiency improvements (e.g., through building retrofits), plus
preferring renewable power to gas with CCS. In fact, the IMP-LD
scenario deploys no fossil-CCS or BECCS for normative reasons,
informed by concern over innovation failure, investment risks, and
public opposition (though it does rely extensively on CDR via
AFOLU; see Supplementary Fig. 20)50.

In contrast, the IMP-SP’s explicit focus on increasing access to
affordablemodern energy services (e.g., electric and LPG cook stoves)
in developing regions causes it to reduce oil and gas demand slightly
slower than the IMP-LD. IMP-SP subsequently phases out all fossil fuels
almost completely by the end of the century andwith relatively limited
CDR and CCS reliance (Supplementary Fig. 20), driven in part by the
“substantially reduce[d] detrimental effects of outdoor air pollution on
public health”, and by the potential negative environmental and social
impacts of intensive land use-based CDR51.

In theC2 category, the IMP-Neg scenario allows dramaticallymore
room for coal than most scenarios but, over time, less room for gas
(Fig. 5). The continued use of coal in this scenario is driven by industry
demand, which is enabled by coupling to CCS and also by extensive
CDR reliance: up to 8 GtCO2 of BECCS, 1-2 GtCO2 of sequestration by
the AFOLU sector, and 6 GtCO2 by other sequestration methods
annually in the latter half of the century42 (Supplementary Fig. 21). This
extensive relianceon long-termCDR is typical of C2 scenarios, inwhich
net negative CO2 emissions are needed to compensate for emissions in
the first half of the century and bring down temperatures after the
peak21.

Figure 5 also shows the median and interquartile ranges of C1-
C3 pathways constrained by the potential 2020-2100 cumulative
availability of BECCS (196 GtCO2), afforestation (224 GtCO2), and
DACCS (320 GtCO2) based on a recent expert consensus survey49.
We find that 15%, 0%, and 10% of the C1, C2, and C3 scenarios,
respectively, are within these limits (not all scenarios report the
variables needed for this analysis; see Methods for details). The
selected scenarios also have levels of total CCS (coupled to fossil
fuel use, bioenergy use, and direct air capture) below 8.6 GtCO2 per
year around mid-century, which is the “investable” CO2 storage
capacity estimated by Grant et al.30 after accounting for real-world
regional differences in storage capacity and injection rates.
Imposing these CDR limits implies much faster and greater reduc-
tions in fossil fuel supply and use compared to the full AR6
ensemble, especially for gas, in the near- and long-term. As Fig. 5
shows, the resulting median coal, oil, and gas reduction pathways
fall around or below the 25th percentile of all scenarios. For exam-
ple, under the median pathway calculated from all C1 scenarios,
global coal, oil, and gas supply declined by 95%, 62%, and 42%,
respectively, between 2020 and 2050. Under themedian pathway of
the CDR-limited scenarios, the respective declines are 99%, 70%,
and 84% (see Supplementary Tables 1, 2 for details).
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Our findings thus highlight the tug-of-war over the fate of fossil
fuels. Pulling strongly towards a rapid reduction are policies and
actions that avoid and reduce emissions. Pulling the other way – or, at
least, moderating the decline – is CDR and CCS, allowing for the con-
tinued use of fossil fuels, especially gas. These different approaches,
while complementary and necessary from the perspective of increas-
ing our chances of holding warming to within the Paris Agreement’s
temperature limits, nonetheless raises questions about which path-
ways may be more desirable with respect to other important societal

and environmental outcomes, more precautionary with respect to
safeguarding public and planetary health, and/or more feasible to
attain14,52–54.

Although researchers are only beginning to grapple with these
questions, individual AR6 scenarios have been evaluated in terms of
feasibility along five dimensions: geophysical, economic, technologi-
cal, socio-cultural, and institutional21. Figure 6 shows the feasibility
assessments of the pathways plotted in Fig. 5 (see Methods). We draw
three main insights from this evaluation. First, all AR6 C1-C3 pathways
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Fig. 5 | 2015–2100 global pathways of fossil fuel supply under different
individual or subsets of AR6-assessed scenarios and compared to those based
on government plans and projections. Panels a–i show global pathways of
primary energy supply (in exajoules, EJ) from coal, oil, and gas under different
subsets of or individual C1-C3 pathways as denoted inset: (1) the median pathway
(solid lines) and interquartile ranges (IQRs, grey shadings) of all scenarios (“n”
denotes the numberof scenarios); (2) themedianpathway of scenarios constrained
by cumulative BECCS, afforestation, and DACCS limits based on expert consensus
of their future CDR potential49 (“CDR-lim.”); and (3) individual AR6 illustrative

mitigation pathways: “IMP-LD” – strong emphasis on energy demand reductions;
“IMP-Ren” – heavy reliance on renewables; “IMP-SP” – mitigation in the context of
broader sustainabledevelopment; “IMP-Neg” – extensiveCDR in the energy and the
industry sectors; and “IMP-GS” – less rapid and gradual strengthening of near-term
mitigation actions. The projected levels of supply based on government plans and
projections are shown by the black lines (“PGR21”), as estimated in the 2021 Pro-
duction Gap Report6. See Supplementary Table 1 for the percentage reductions in
coal, oil, gas supply relative to 2020 under all pathways shown.
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face “unprecedented” challenges in terms of governance if the con-
tinuation of current trends and existing capacities are assumed. In
particular, the IMP-SP may require even greater institutional break-
throughs and coordination to ensureanequitable transition away from
fossil fuels.

Second, pathways that pursue more stringent temperature
outcomes are generally associated with more disruptive transfor-
mations in the near-term but then present fewer feasibility chal-
lenges and risks later. For example, among the C1 IMPs, the LD
scenario, which phases out fossil fuels the fastest through sub-
stantial energy demand reductions, is associated with the highest
technological, economic, and socio-cultural feasibility concerns in
the near-term. In the long run, however, it presents an opportunity
to avoid risks associated with delayed mitigation and reliance on
uncertain CDR technologies.

Third, pathways that delay climate action and rely on extensive
CDR (and consequently allow for a more gradual transition away from
fossil fuels) are associated with fewer near-term technological, eco-
nomic, and socio-cultural feasibility concerns, but present “unprece-
dented” geophysical feasibility concerns in the long-run due to how
much land would be required to sustain the levels of negative emis-
sions assumed to occur via BECCS (this is the only CDR method eval-
uated in the AR6 feasibility assessment). Moreover, as stated
previously, only 0-15% of the C1-C3 scenarios rely on future levels of
BECCS, AR, and/or DACCS below the potential cumulative limits esti-
mated by some experts.

Discussion
In 2021, governments reaffirmed their commitment to strive to limit
global warming to 1.5 °C in the Glasgow Climate Pact1. Our analysis
finds that there is a strong consensus in the AR6-assessed scenarios
that global supply and demand of coal, oil, and gas need to decline
substantially and rapidly between now and 2050 to limit warming to
1.5 °Cwith no or limited overshoot, and evenmore so if fossil-CCS and
CDR technologies fail to develop at scale (i.e., by 99% for coal, 70% for
oil, and 84% for gas). A recent paper estimates that, since the AR6-
assessed scenarios were compiled, the remaining carbon budget for a
50% chance of limiting long-termwarming to 1.5 °Chas likely shrunken
by 50% and now stands at 250 GtCO2

55, which would necessitate even
more ambitious near-term mitigation efforts across all sectors.

Many world governments seem to increasingly acknowledge the
need to reduce fossil fuel demand, expand clean energy alternatives,
andminimizemethane emissions along the oil and gas supply chain as
key climatemitigation strategies, as evidenced by the GlasgowClimate
Pact’s mention of moving away from (unabated) coal use and the US
government’s Inflation Reduction Act’s focus on boosting solar and
wind capacity, for example. When it comes to fossil fuel supply, how-
ever, governments’ plans and projections remain vastly misaligned
with pathways consistent with limiting warming to 1.5 °C or 2 °C, with
estimates as of 20216 showing only modest decreases in coal and
increasing oil and gas supply out to at least 2040 (Fig. 5, black lines),
creating vast so-called “production gaps”. For example, compared to
themedian pathwaymodelled by all AR6-assessed C1 scenarios, global
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Fig. 6 | Feasibility assessment by the IPCC AR6 WGIII of the C1–C3 pathways
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bility assessment ratings by the IPCC AR6 WGIII of the C1–C3 pathways shown in
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production levels derived from governments’ energy outlooks would
lead to 1200% (145 EJ) more coal, 72% (92 EJ) more oil, and 135% (110 EJ)
more gas in 2040. Under the CDR-limited C1 pathways, the respective
production gaps increase to 8600% (156 EJ) for coal, 81% (98 EJ) for oil,
and 350% (150 EJ) for gas.

Consequently, the first policy implication of our analysis is that
governments could better align their climate and energy policies by
planning for and implementing an active transition away fromcoal, oil,
and gas production along with use, starting now. Only a few fossil fuel-
producing countries have begun to consider the alignment of their
production and export targets with national and international climate
goals, and many continue to subsidize, invest in, and plan on
expanding production. This disconnect perpetuates the “production
gap”, undermining the Paris Agreement’s long-term temperature goal
and creating risks of stranded communities and assets6. Additionally,
prior studies have shown that, to keep within the carbon budget for
limiting warming to 1.5 °C with a 50% likelihood, 90% of coal and 60%
of oil and gas must remain unextracted56, while projected CO2 emis-
sions from existing fossil-fuel-production or -combustion infra-
structure without additional abatement would already exceed this
budget57,58. Combining policies to limit fossil fuel supply with policies
to limit demand reduces the overall cost of achieving emission
reduction goals, promotes policy coherence, helps to ensure that
renewable deployment will lead to an energy transition as opposed to
an addition, and directly challenges public and private vested interests
who continue to lock in high fossil fuel dependence59–64. Furthermore,
planning for and implementing a managed and equitable transition
with international cooperation can help to ensure a fairer distribution
of the shrinking carbon budget65,66 and to minimize disruption for
fossil fuel-dependent communities and workers67.

Secondly, othermitigation options – such asminimizingmethane
emissions from fossil fuel production processes – are important but
are not a substitute for directly reducing fossil fuel supply itself, which
must also occur in tandem (see panel m in Fig. 4 and Supplementary
Figs. 13, 14, 20–22). Somemajor producers – the US, Canada, Norway,
Qatar, and Saudi Arabi – established the Net-Zero Producers Forum in
2021 (the UAE joined in 2022), with goals to develop mitigation stra-
tegies ranging from methane abatement to development of clean-
energy and CCS technologies, but did not mention the need to reduce
oil and gas production68. Proponents of natural gas are using the
“bridge”, “transition”, or “cleaner” fuel narrative to justify and legit-
imize support and investment for expanding extraction and con-
sumption infrastructure. However, gas could hinder or delay
renewable energy transitions through locking-in fossil fuel-based
technological systems and related institutions, and has been found
tooffer smaller benefits as an alternative to coal in termsofminimizing
GHG emissions and climate impacts than originally estimated after
accounting formethane leakage along the gas supply chain, whichmay
not yet be adequately captured in existing IAMs14. Our analysis finds
that the AR6-assessed scenarios that limit warming to 1.5 °Cwith no or
limited overshoot and that model long-term high gas reliance are
contingent upon high fossil-CCS and CDR deployment, and are most
likely driven by inadequate representation of real-world constraints on
CO2 storage potential and on fossil fuel- and renewable-based tech-
nology innovation, adoption, diffusion, and phase-in/-out path
dependencies in certain model frameworks and scenario designs. We
thus conclude that our analysis lends support for the replacement of
the bridge narrative, as proposed by Kemfert et al.14, with unambig-
uous near- and long-term reduction benchmarks for gas production
and use (e.g., by 84% between now and 2050).

Finally, thepace andextent of the requiredglobal coal, oil, andgas
reduction pathways (and their relative differences) will depend on
many normative factors and value-laden policy choices, someof which
cannot be adequately informed by IAMs alone69. For example, what is
the level of risk society is willing to accept in termsof the probability of

limiting long-term warming to 1.5 °C? To what extent should we
assume that future CDR and CCS can be developed and deployed at
scale? Which climate mitigation strategy might be the most feasible
and/or the most desirable? Countries’ differentiated capacities and
circumstances, and other equity principles, should also be considered
when disaggregating global coal, oil, gas reduction benchmarks – and
their relative contributions – into national pathways70–72. Existing low-
carbon scenarios, including those analysed here, rarely incorporate
equity and environmental justice considerations and are primarily
driven by cost optimization31. For example, the rates of coal phase-out
modelled by IAMs have been found to be much faster than historical
precedents and would place the burden of stranded assets dis-
proportionately on lower-income countries; greater emissions reduc-
tions inhigher-income countries and faster reductions in global oil and
gas could allow for a slightly slower coal phase-out in lower-income
countries73,74.

As many others have argued26,49,54,75,76, taking a precautionary
approach tominimizing climate damageswould suggest opting for the
most stringent temperature outcome – as reaffirmed by governments
worldwide in the 2021GlasgowClimate Pact1 – and following pathways
that limit their reliance on uncertain technologies, given that IAMs do
not reflect the risk of failure of the technologies or measures on which
they rely. Global rates of CCS deployment continue to fall below
expectations and remain far below those modelled in the mitigation
scenarios, with a total annual capacity of 45MtCO2 as of 2021

31,77. IAMs
generally assume that CO2 storage is a low-cost and globally ubiqui-
tous resource; however, Grant et al. showed that this may lead models
to substantially overestimate the role of CCS (coupled to fossil fuel and
bioenergy use and/or direct air capture) – while under-utilizing
renewable deployment – for decarbonization, when accounting for
the technical, financial, and institutional barriers that may impose
practicable limits on regional injection rates30. A climate mitigation
strategy that entails a fossil fuel phase-out with limited CDR and CCS
reliance would also bring about localized, near-term benefits from
reduced air and water pollution78,79, human rights violations80, and
biodiversity loss81, among others. For example, exposure to outdoor
fine particulate matter pollution from fossil fuel combustion is esti-
mated to lead to around 8.7 million premature deaths worldwide each
year82, while an increasing number of studies are documenting adverse
health impacts including premature birth, respiratory diseases, and
cancer associated with living near fossil fuel extraction sites83–86.

Nevertheless, aiming to limit warming to 1.5 °C with no or limited
overshoot with minimal reliance on future CDR and CCS will entail
some technological, economic, and socio-cultural feasibility chal-
lenges in the near-term, as this mitigation strategy implies rapid and
substantial energy demand reductions, electrification and deployment
of clean energy, and lifestyle shifts. But, as the IPCC notes, “feasibility
concerns are context and time-dependent and malleable: enabling
conditions can helpovercome them”21. For example, rapid deployment
of low-carbon technology in the near-term can help to lower the bar-
riers for future government policy and ensure the political durability of
decarbonization, as actors increasingly buy into new technologies,
creating positive feedback cycles and building new low-carbon labour
forces87,88, even if actions to side-line entrenched interests and asso-
ciated predatory delaywill still be required62,89. Moreover, all scenarios
that limit warming to 2 °C or below come with “unprecedented” fea-
sibility concerns, especially in terms of institutional capacity, beyond
what the IPCC could identify as plausible “best case” examples from
history. Increasing international cooperation and improving the
capacities of individual governments and other institutions to imple-
ment ambitious climate policies will be essential, especially for a global
transition away from fossil fuels to occur in a managed and equitable
manner70,90.

While the scenarios assessed in the IPCC AR6 offer a wealth of
information in terms of strategies for decarbonizing our energy
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systems, it is important for decision-makers to understand their lim-
itations and shortcomings, and the associated risks and ethical con-
cerns of differentmodelled pathways, including the potential failureof
CDR and CCS technologies to develop at scale75,91, when using them to
inform global and national climate policy agendas. The scenarios’
differentiated alignment with other important societal and environ-
mental outcomes like the Sustainable Development Goals (SDGs),
equity, and other lines of evidence should also be evaluated92.
Understanding the feasibility concerns of different scenarios can
provide a valuable tool for identifying enabling conditions that can
help to overcome them52. We also note that our analysis reflects only
the possibilities explored in the studies underlying the AR6 scenario
ensemble. Other researchers have, for example, modelled alternative
degrowth scenarios in which continued growth in gross domestic
production is not a prerequisite to support societal wellbeing, finding
that such mitigation scenarios minimize many key feasibility and sus-
tainability risks compared to technology-driven pathways93.

Methods
The IPCC AR6 WGIII scenarios database
The raw data and metadata from all models and scenarios were
downloaded from the IPCC AR6WGIII Scenarios Database (release 1.1)
hosted by the International Institute for Applied Systems Analysis94.
Although the “IMP-Neg” scenario (“EN_NPi2020_400f_lowBECC”) from
theCOFFEE 1.1model is technically categorized as aC3 in the database,
we categorize it as a C2 scenario here, following the IPCC AR6 WGIII
Chapter 3, Table 3.2 (i.e., “The warming profile of Neg peaks around
2060 and declines to below 1.5 °C (50% likelihood) shortly after 2100.
Whilst technically classified as a C3, it strongly exhibits the char-
acteristics of C2 high overshoot scenarios”). Model outputs are avail-
able at 5- or 10-year intervals; for the latter, linear interpolation is
applied to derive values at 5-year intervals for all scenarios. For all
variables analysed,we estimate the cumulative 2020–2100values from
annual values derived by linear interpolation. Because the
AR6 scenario ensemble is unstructured, the number of scenarios dis-
playing a given pattern does not reflect an increased likelihood of that
specific outcome. The averages and ranges of resultsmerely reflect the
options that have been explored in the studies that produced the
scenarios.

Global fossil fuel supply values are taken from the “Primary
Energy|Coal”, “Primary Energy|Oil”, and “Primary Energy|Gas” vari-
ables, which are provided in units of exajoules (EJ) per year, and
reported by 97–100% of the C1–C3 scenarios (Supplementary Table 3).
According to our knowledge of the COFFEE model and a 2013 survey
ran by the International Institute for Applied Systems Analysis (IIASA)
(V. Krey, IIASA, personal communication to R. Schaeffer, October 27,
2019), 10 of the 11 model families whose scenarios (534 out of
535 scenarios) are analysed in this paper include non-energy use under
their reporting of “Primary Energy|xx”: AIM, COFFEE, GCAM, GEM-E3,
IMAGE, MESSAGE, POLES, REMIND, TIAM, and WITCH. (We do not
know whether the EPPAmodel accounts for non-energy use, but there
is only one C3 scenario from EPPA analysed here.) Thus, here we
broadly interpret the “Primary Energy|xx” variable to represent total
fossil fuel supply for all intended uses (i.e., combustion and non-
combustion uses, such as for chemical or plastics feedstocks). How-
ever, the level of detail to which non-combustion uses are accounted
for likely varies between different models. More consistent doc-
umentation and reporting of this issue, including by the “Final Energy|
Non-Energy Use|xx” output variables (currently reported by 32–58% of
the C1–C3 scenarios), would aid our analysis and interpretation. In
trying to subsequently analyse which demand sectors may be heavily
influencing modelled fossil fuel supply, we try to account for non-
energy uses to the extent possible, using the more completely repor-
ted variable “Final Energy|Industry|xx” (where xx = Solids, Liquids, or
Gases; reported by 87-93%), although this variable can include non-

fossil fuel sources. Supplementary Figs. 23 and 24 show the individual,
median, and interquartile range (IQR) 2010-2100 pathways, as well as
boxplot distributions of the cumulative 2020–2100 values, of the
“Final Energy|Non-Energy Use|xx” and “Final Energy|Industry|xx” vari-
ables, respectively, as modelled by the C1-C3 scenarios.

Classification and regression tree analysis (CART)
CART is a commonly used algorithm for identifying groups of sce-
narios by a sequence of classification rules38. CART can statistically
demonstrate which factors are particularly important in a model or
relationship in terms of explanatory power and variance while pre-
senting the data in a way that is easily interpreted by those not well-
versed in statistical analysis. We performed a CART analysis to identify
the combinations of characteristics and features that are most pre-
dictive of the modelled levels of cumulative 2020-2100 supply of coal,
oil, or gas in each temperature category (C1-C3 scenarios); the results
are shown in Fig. 2 and Supplementary Figs. 6–11.We implemented our
CARTmodelling using the R package rpart95. CART analysis consists of
finding splits of the independent continuous or categorial variables
that yield the strongest possible predictions of a dependent variable.
Independent variables are not required to follow any specific dis-
tribution, and nonlinear relationships as well as interaction effects are
readily captured38.

The independent categorical and continuous variableswe chose to
include in our analysis reflect those that are frequently discussed in the
literature21,23,39 and/or judged to likely influence the level of fossil fuel
dependence and are reported by more than two-thirds of the model-
scenarios. These fall under five broad categories as follows: 1) Total
primary energy supply and primary energy supply from alternative
sources, including other fossil fuels; 2) End-use by different sectors (for
industry use, the available variable accounts for non-energy uses but
includes both fossil fuel- and bio-based sources); 3) Technologies that
would enable more or less fossil fuel use, including CDR and CCS;
4) Carbon pricing – a general indicator of policy stringency and dis-
ruptiveness in the IAMs42; and 5) Model family and scenario project.
Given a large number of individual project studies in theAR6 ensemble,
the latter variable is created from the “Project_study”metadata variable
by grouping projects with a relatively small number of scenarios
(Supplementary Fig. 3) into one “Others” category. We use this as a
proxy for capturing broad differences in scenario design but note that
differences can also exist within a large project, such as ENGAGE which
specifically compares net-zero budget against end-of-century budget
designs42. For ease of interpretation and readability, we limited the tree
growth by pruning the tree using k-fold cross-validation and limiting
the minimum number of scenarios in a leaf node to 5% of the total in
each category. Following general convention, we used a value of k = 10
and selected the simplest treewithin one standard error of thebest tree
(lowest cross-validated relative error)96.

Analysis of variance (ANOVA) and K-means clustering
To identify the factors that contribute most to the variability in mod-
elled gas supply between 2020 and 2100 in each of the C1-C3 scenario
ensemble, we performed an analysis of variance (ANOVA), following
Guivarch and Monjon (2017)97. The contributions of each driver over
time is based on the partitioning of the sum of squares in a linear
regression. The total sum of squares (i.e. the variance of the results,
multiplied by the number of scenarios minus one) can be partitioned
into the explained sumof squares linked to eachuncertainty driver and
the residual sum of squares. This partitioning of the sum of squares is
computed at each decadal interval for the ensemble of scenarios. It
gives the fraction of variance explained by each uncertainty driver at
each time step. To minimize multi-collinearity between the indepen-
dent variables, we include only eight categorical and continuous
independent variables identified as most important in our CART ana-
lysis: “Model family”, “Scenario project”, “Carbon Sequestration|CCS|
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Biomass”,“Carbon Sequestration|CCS|Fossil”, “Emissions|CO2 |
AFOLU”, “Final Energy|Industry|Gases*“ (which is highly correlated
with “Final Energy|Transportation|Gases*”), “Price|Carbon”, and “Pri-
mary Energy|Non-Biomass Renewables”. The Variance Inflation Factor
in our ANOVAmodels for all fuels, categories, and years did not exceed
3.1. (*These final energy variables include both fossil fuel- and bio-
based sources.)

We use the R package cluster to group the scenarios in each of the
C1–C3 categories into three different types based on their modelled
values of gas supply in 2030, 2050, 2075, and 2100 by k-means
clustering98. This is one of the most commonly used unsupervised
machine learning algorithm for partitioning a given data set into
groups, where k represents the number of groups pre-specified. It
classifies objects in multiple groups (i.e., clusters), such that objects
within the same cluster are as similar as possible, whereas objects from
different clusters are as dissimilar as possible. Based on Fig. 1, we
observe three general patterns of gas supply trajectories in each of the
C1-C3 categories and therefore chose a value of k = 3.

Sensitivity analysis to uncertainties in CDR potential
In Fig. 3, we limited the CDR levels that a scenario can rely on based on
the median cumulative 2020-2100 feasible potential derived from an
expert consensus survey conducted by Grant et al.49 for three CDR
methods: no more than 196, 224, and 320 GtCO2 of BECCS, affor-
estation, and DACCS, respectively. This feasible potential reflects a
combination of technical constraints (e.g., resource availability in
terms of howmuch biomass can be grown for energy99), sustainability
considerations (e.g., intensive land use for bioenergy or CO2 seques-
tration by the AFOLU sector could lead to land degradation, food
insecurity, biodiversity loss, and water scarcity28,29), as well as social
and governance concerns49.

We use the values reported under the “Carbon Sequestration|
CCS|Biomass” variable (reported by 93–98% across the C1-C3 sce-
narios) to constrain BECCS and “Carbon Sequestration|Direct Air
Capture” to constrain DACCS (reported by 25–41%). Given that
62–66% of the scenarios report “Carbon Sequestration|Land Use”
and 39–55% report “Carbon Sequestration|Land Use|Afforestation”,
we use the former variable representing total sequestration by all
land use methods when the latter is not available to increase the
coverage for constraining afforestation. The resulting median
pathways of coal, oil, and gas supply are not affected by applying
this proxy method compared to using the “Carbon Sequestration|
Land Use|Afforestation” variable alone (see Supplementary Fig. 25).
If a model-scenario reports zero for a particular variable, we assume
that CDR method is modelled and the output is zero. If the variable
is not reported, we exclude that model-scenario from the CDR-
limited subset given that CDR may still be used at levels exceeding
the thresholds. For example, all model-scenarios report net AFOLU
emissions, but only 39–55% report afforestation under the “Carbon
Sequestration|Land Use|Afforestation” variable, meaning that some
models implicitly rely on afforestation but do not report it. Given
this lack of reporting consistency, especially for land use seques-
tration, some errors may have been introduced in our
interpretation.

Themedian values (and interquartile ranges) of cumulative 2020-
2100 CDR via BECCS, afforestation, and DACCS in the C1-C3 scenarios
are 328 (253-527) GtCO2, 217 (136-240) GtCO2, and 29 (0-192) GtCO2,
respectively (see Table 3.5 of the AR6WGIII Chapter 3 for details21). We
find that 4 out of 26C1, 0 out of 16C2, and 6out of 62C3 scenarios that
report the relevant variables do not exceed the limits based on Grant
et al.49.

Feasibility assessment of the mitigation scenarios
The IPCC AR6 WGIII assessed the feasibility of mitigation scenarios
along five dimensions: geophysical, technological, economic,

institutional, and socio-cultural, following the methods developed by
Brutschin et al.52. Table II.1 of the IPCCAR6WGIII Annex III summarizes
the indicators used for each dimension, and their respective thresh-
olds for the categorization of values exceeding medium or high levels
of concern100. For a given indicator, a rating of 1-3 is assigned as fol-
lows: below themedium threshold value = 1; between themedium and
high threshold values = 2; and above the high threshold value = 3. For a
given feasibility dimension, the relevant indicator ratings are then
aggregated using the geometric mean, with the resulting mean cate-
gorized as follows: <1.5 = “plausible”; 1.5-2.5 = “best case”; and >2.5 =
“unprecedented”.

Data limitations
In general, our analyses and scenario interpretations are con-
strained by data availability: not all variables are consistently
reported across the AR6 model-scenarios (Supplementary Table 3).
Consequently, there could be a model sample bias in the median
and distributions shown for a given variable, or in the independent
variables identified as the most important predictors in the CART
and ANOVA analyses. Increased transparency and reporting of
model inputs, parameters, assumptions, and outputs, such as on the
costs of different energy technologies, carbon prices, the levels and
specific methods of CDR assumed, and differentiated fossil fuel
end-uses by sector, across all IAMs would increase their interpret-
ability for policy analysis.

Data availability
All raw data and metadata of the scenarios analysed in this study were
downloaded from the IPCC AR6 Scenarios Database (release 1.1) hos-
ted by the International Institute for Applied Systems Analysis, avail-
able at: https://data.ece.iiasa.ac.at/ar6/. Data on the feasibility
assessments of the C1-C3 scenarios used in this study, and all data
generated in this study, can be downloaded from https://github.com/
ploy-a/NCOMMS-AR6-FF.

Code availability
Scripts to generate the analyses and figures in the manuscript are
available from https://github.com/ploy-a/NCOMMS-AR6-FF.

References
1. UNFCCC. Glasgow Climate Pact. (2021).
2. Ortiz, D. A. &Madsen, E. L. Press release: AtCOP26, 11National and

Subnational Governments Launch The Beyond Oil & Gas Alli-
ance. (2021).

3. Green, F. &Asselt, H. van. COP27flinched onphasing out ‘all fossil
fuels’. What’s next for the fight to keep them in the ground? The
Conversation http://theconversation.com/cop27-flinched-on-
phasing-out-all-fossil-fuels-whats-next-for-the-fight-to-keep-
them-in-the-ground-194941 (2022).

4. Guterres, A. United Nations Secretary-General’s video message
for press conference to launch the Synthesis Report of the Inter-
governmental Panel on Climate Change. United Nations https://
www.un.org/sg/en/content/sg/statement/2023-03-20/
secretary-generals-video-message-for-press-conference-launch-
the-synthesis-report-of-the-intergovernmental-panel-climate-
change (2023).

5. Friedlingstein, P. et al. Global carbon budget 2022. Earth Syst. Sci.
Data 14, 4811–4900 (2022).

6. SEI, IISD, ODI, E3G, & UNEP. The Production Gap: Governments’
planned fossil fuel production remains dangerously out of sync
with Paris Agreement limits. http://productiongap.org (2021).

7. Zakeri, B. et al. Pandemic, war, and global energy transitions.
Energies 15, 6114 (2022).

8. IEA. World Energy Outlook 2022. https://www.iea.org/reports/
world-energy-outlook-2022 (2022).

Article https://doi.org/10.1038/s41467-023-41105-z

Nature Communications |         (2023) 14:5425 12

https://data.ece.iiasa.ac.at/ar6/
https://github.com/ploy-a/NCOMMS-AR6-FF
https://github.com/ploy-a/NCOMMS-AR6-FF
https://github.com/ploy-a/NCOMMS-AR6-FF
http://theconversation.com/cop27-flinched-on-phasing-out-all-fossil-fuels-whats-next-for-the-fight-to-keep-them-in-the-ground-194941
http://theconversation.com/cop27-flinched-on-phasing-out-all-fossil-fuels-whats-next-for-the-fight-to-keep-them-in-the-ground-194941
http://theconversation.com/cop27-flinched-on-phasing-out-all-fossil-fuels-whats-next-for-the-fight-to-keep-them-in-the-ground-194941
https://www.un.org/sg/en/content/sg/statement/2023-03-20/secretary-generals-video-message-for-press-conference-launch-the-synthesis-report-of-the-intergovernmental-panel-climate-change
https://www.un.org/sg/en/content/sg/statement/2023-03-20/secretary-generals-video-message-for-press-conference-launch-the-synthesis-report-of-the-intergovernmental-panel-climate-change
https://www.un.org/sg/en/content/sg/statement/2023-03-20/secretary-generals-video-message-for-press-conference-launch-the-synthesis-report-of-the-intergovernmental-panel-climate-change
https://www.un.org/sg/en/content/sg/statement/2023-03-20/secretary-generals-video-message-for-press-conference-launch-the-synthesis-report-of-the-intergovernmental-panel-climate-change
https://www.un.org/sg/en/content/sg/statement/2023-03-20/secretary-generals-video-message-for-press-conference-launch-the-synthesis-report-of-the-intergovernmental-panel-climate-change
http://productiongap.org
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022


9. Janzwood, A. & Millar, H. Bridge fuel feuds: the competing inter-
pretive politics of natural gas in Canada. Energy Res. Soc. Sci. 88,
102526 (2022).

10. Landrigan, P. J., Frumkin, H. & Lundberg, B. E. The false promise of
natural gas. N. Engl. J. Med. 382, 104–107 (2020).

11. Brauers, H. Natural gas as a barrier to sustainability transitions? A
systematic mapping of the risks and challenges. Energy Res. Soc.
Sci. 89, 102538 (2022).

12. McGlade, C., Pye, S., Ekins, P., Bradshaw, M. & Watson, J. The
future role of natural gas in the UK: a bridge to nowhere? Energy
Policy 113, 454–465 (2018).

13. GECF. Long-term strategy of the gas exporting countries forum
(Second Edition). https://www.gecf.org/about/long-term-
strategy.aspx (2022).

14. Kemfert, C., Präger, F., Braunger, I., Hoffart, F. M. & Brauers, H. The
expansion of natural gas infrastructure puts energy transitions at
risk. Nat. Energy 7, 582–587 (2022).

15. Sanner, J. T. & Bru, T. FNs klimarapport og norsk olje- og gas-
sproduksjon [The IPCC report and Norwegian oil and gas pro-
duction]. https://www.regjeringen.no/no/aktuelt/fns-
klimarapport-og-norsk-olje-og-gassproduksjon/
id2836143/ (2021).

16. Global climate change litigation database. Milieudefensie et al. v.
Royal Dutch Shell plc. (2021).

17. IEA. Net zero by 2050: a roadmap for the global energy sector.
https://www.iea.org/reports/net-zero-by-2050 (2021).

18. Calverley, D. & Anderson, K. Phaseout Pathways for Fossil Fuel
Production Within Paris-compliant Carbon Budgets. https://
research.manchester.ac.uk/en/publications/phaseout-pathways-
for-fossil-fuel-production-within-paris-complia (2022).

19. van Beek, L., Hajer, M., Pelzer, P., van Vuuren, D. & Cassen, C.
Anticipating futures through models: the rise of Integrated
Assessment Modelling in the climate science-policy interface
since 1970. Glob. Environ. Change 65, 102191 (2020).

20. McLaren, D. & Markusson, N. The co-evolution of technological
promises, modelling, policies and climate change targets. Nat.
Clim. Chang. 10, 392–397 (2020).

21. Riahi, K. et al. Chapter 3: Mitigation pathways compatible with
long-term goals. in Climate Change 2022: Mitigation of Climate
Change. Contribution of Working Group III to the Sixth Assess-
ment Report of the Intergovernmental Panel on Climate Change
(Cambridge University Press, 2022).

22. Rogelj, J. et al. Chapter 2: Mitigation pathways compatible with
1.5 °C in the context of sustainable development. in 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
greenhousegas emissionpathways, in thecontextof strengthening
the global response to the threat of climate change, sustainable
development, and efforts to eradicate poverty (World Meteor-
ological Organization, 2018).

23. Harmsen, M. et al. Integrated assessment model diagnostics: key
indicators and model evolution. Environ. Res. Lett. 16,
054046 (2021).

24. Luderer, G. et al. Assessment of wind and solar power in global
low-carbon energy scenarios: An introduction. Energy Econ. 64,
542–551 (2017).

25. Smith, S. et al. State of Carbon Dioxide Removal - 1st Edition.
https://osf.io/w3b4z/ (2023).

26. Anderson, K. & Peters, G. The trouble with negative emissions.
Science 354, 182–183 (2016).

27. Grant, N., Hawkes, A., Mittal, S. & Gambhir, A. Confronting miti-
gation deterrence in low-carbon scenarios. Environ. Res. Lett. 16,
064099 (2021).

28. Minx, J. C. et al. Negative emissions—Part 1: research landscape
and synthesis. Environ. Res. Lett. 13, 063001 (2018).

29. Calvin, K. et al. Bioenergy for climate changemitigation: Scale and
sustainability. GCB Bioenergy 13, 1346–1371 (2021).

30. Grant, N., Gambhir, A., Mittal, S., Greig, C. & Köberle, A. C.
Enhancing the realism of decarbonisation scenarios with practic-
able regional constraints on CO2 storage capacity. Int. J. Greenh.
Gas. Control 120, 103766 (2022).

31. IPCC. IPCC AR6 Synthesis Report: Summary for Policymakers.
https://report.ipcc.ch/ar6syr/pdf/IPCC_AR6_SYR_SPM.
pdf (2023).

32. Climate Analytics. Fossil gas: a bridge to nowhere. Phase-out
requirements for gas power to limit global warming to 1.5 °C.
https://climateanalytics.org/media/fossil_gas_a_bridge_to_
nowhere.pdf (2022).

33. IISD. Navigating Energy Transitions: Mapping the road to 1.5 °C.
https://www.iisd.org/publications/report/navigating-energy-
transitions (2022).

34. Braunreiter, L., van Beek, L., Hajer, M. & van Vuuren, D. Transfor-
mative pathways – Using integrated assessment models more
effectively to open up plausible and desirable low-carbon futures.
Energy Res. Soc. Sci. 80, 102220 (2021).

35. Schleussner, C.-F., Ganti, G., Rogelj, J. &Gidden,M. J. An emission
pathway classification reflecting the Paris Agreement climate
objectives. Commun. Earth Environ. 3, 1–11 (2022).

36. Heede, R. Tracing anthropogenic carbon dioxide and methane
emissions to fossil fuel and cement producers, 1854–2010. Cli-
matic Change 122, 229–241 (2014).

37. Huppmann, D., Rogelj, J., Kriegler, E., Krey, V. & Riahi, K. A new
scenario resource for integrated 1.5 °C research. Nat. Clim.
Change 8, 1027–1030 (2018).

38. Krzywinski, M. & Altman, N. Classification and regression trees.
Nat. Methods 14, 757–758 (2017).

39. Clarke, L. et al. Chapter 6: Energy Systems. in Climate Change
2022: Mitigation of Climate Change. Contribution of Working
Group III to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (Cambridge University Press, 2022).

40. Guivarch, C. et al. Using large ensembles of climate change
mitigation scenarios for robust insights. Nat. Clim. Change 12,
428–435 (2022).

41. Giannousakis, A. et al. How uncertainty in technology costs and
carbon dioxide removal availability affect climate mitigation
pathways. Energy 216, 119253 (2021).

42. Riahi, K. et al. Cost and attainability of meeting stringent climate
targets without overshoot. Nat. Clim. Change 11,
1063–1069 (2021).

43. Cherp, A., Vinichenko, V., Jewell, J., Brutschin, E. & Sovacool, B.
Integrating techno-economic, socio-technical and political per-
spectives on national energy transitions: A meta-theoretical fra-
mework. Energy Res. Soc. Sci. 37, 175–190 (2018).

44. Aghion, P., Hepburn, C., Teytelboym, A. & Zenghelis, D. Path
dependence, innovation and the economics of climate change. in
Handbook on Green Growth 67–83 (Edward Elgar Publish-
ing, 2019).

45. Mercure, J.-F. et al. Modelling complex systems of heterogeneous
agents to better design sustainability transitions policy. Glob.
Environ. Change 37, 102–115 (2016).

46. Way, R., Ives, M. C., Mealy, P. & Farmer, J. D. Empirically grounded
technology forecasts and the energy transition. Joule 6,
2057–2082 (2022).

47. Jaxa-Rozen, M. & Trutnevyte, E. Sources of uncertainty in long-
term global scenarios of solar photovoltaic technology.Nat. Clim.
Change 11, 266–273 (2021).

48. Grant, N., Hawkes, A., Napp, T. & Gambhir, A. Cost reductions in
renewables can substantially erode the value of carbon capture
and storage in mitigation pathways. One Earth 4, 1588–1601
(2021).

Article https://doi.org/10.1038/s41467-023-41105-z

Nature Communications |         (2023) 14:5425 13

https://www.gecf.org/about/long-term-strategy.aspx
https://www.gecf.org/about/long-term-strategy.aspx
https://www.regjeringen.no/no/aktuelt/fns-klimarapport-og-norsk-olje-og-gassproduksjon/id2836143/
https://www.regjeringen.no/no/aktuelt/fns-klimarapport-og-norsk-olje-og-gassproduksjon/id2836143/
https://www.regjeringen.no/no/aktuelt/fns-klimarapport-og-norsk-olje-og-gassproduksjon/id2836143/
https://www.iea.org/reports/net-zero-by-2050
https://research.manchester.ac.uk/en/publications/phaseout-pathways-for-fossil-fuel-production-within-paris-complia
https://research.manchester.ac.uk/en/publications/phaseout-pathways-for-fossil-fuel-production-within-paris-complia
https://research.manchester.ac.uk/en/publications/phaseout-pathways-for-fossil-fuel-production-within-paris-complia
https://osf.io/w3b4z/
https://report.ipcc.ch/ar6syr/pdf/IPCC_AR6_SYR_SPM.pdf
https://report.ipcc.ch/ar6syr/pdf/IPCC_AR6_SYR_SPM.pdf
https://climateanalytics.org/media/fossil_gas_a_bridge_to_nowhere.pdf
https://climateanalytics.org/media/fossil_gas_a_bridge_to_nowhere.pdf
https://www.iisd.org/publications/report/navigating-energy-transitions
https://www.iisd.org/publications/report/navigating-energy-transitions


49. Grant, N., Hawkes, A., Mittal, S. & Gambhir, A. The policy impli-
cations of an uncertain carbon dioxide removal potential. Joule 5,
2593–2605 (2021).

50. Grubler, A. et al. A low energy demand scenario for meeting the
1.5 °C target and sustainable development goals without negative
emission technologies. Nat. Energy 3, 515–527 (2018).

51. Soergel, B. et al. A sustainable development pathway for climate
action within the UN 2030 Agenda. Nat. Clim. Chang. 11,
656–664 (2021).

52. Brutschin, E. et al. Amultidimensional feasibility evaluation of low-
carbon scenarios. Environ. Res. Lett. 16, 064069 (2021).

53. Achakulwisut, P., Calles Almeida, P. & Arond, E. It’s time to move
beyond “carbon tunnel vision”. SEI Perspective https://www.sei.
org/perspectives/move-beyond-carbon-tunnel-vision/
(2022).

54. Günther, P. & Ekardt, F. Human rights and large-scale carbon
dioxide removal: potential limits to BECCS and DACCS deploy-
ment. Land 11, 2153 (2022).

55. Forster, P. M. et al. Indicators of global climate change 2022:
annual update of large-scale indicators of the state of the climate
system and human influence. Earth Syst. Sci. Data 15,
2295–2327 (2023).

56. Welsby, D., Price, J., Pye, S. & Ekins, P. Unextractable fossil fuels in
a 1.5 °C world. Nature 597, 230–234 (2021).

57. Tong, D. et al. Committed emissions from existing energy infra-
structure jeopardize 1.5 °C climate target. Nature, 1 https://doi.
org/10.1038/s41586-019-1364-3 (2019).

58. Trout, K. et al. Existing fossil fuel extractionwould warm theworld
beyond 1.5 °C. Environ. Res. Lett. 17, 064010 (2022).

59. Green, F. & Denniss, R. Cutting with both arms of the scissors: the
economic and political case for restrictive supply-side climate
policies. Climatic Change 150, 73–87 (2018).

60. Buck, H. J., Carton, W., Lund, J. F. & Markusson, N. Why residual
emissionsmatter right now.Nat. Clim. Chang. 1–8 https://doi.org/
10.1038/s41558-022-01592-2 (2023).

61. York, R. & Bell, S. E. Energy transitions or additions?: Why a tran-
sition from fossil fuels requiresmore than thegrowthof renewable
energy. Energy Res. Soc. Sci. 51, 40–43 (2019).

62. Stoddard, I. et al. Three decades of climate mitigation: why
haven’t we bent the global emissions curve? Annu. Rev. Environ.
Resour. 46, 653–689 (2021).

63. Blondeel, M., Bradshaw, M. J., Bridge, G. & Kuzemko, C. The
geopolitics of energy system transformation: A review.Geography
Compass 15, e12580 (2021).

64. IPCC. Climate Change 2022: Mitigation of Climate Change. Con-
tribution of Working Group III to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change. (Cambridge
University Press, 2022).

65. Achakulwisut, P. & Erickson, P. Trends in fossil fuel extraction:
Implications for a shared effort to align fossil fuel production with
climate limits. https://www.sei.org/publications/trends-in-fossil-
fuel-extraction/ (2021).

66. Kartha, S., Caney, S., Dubash, N. K. & Muttitt, G. Whose carbon is
burnable? Equity considerations in the allocation of a “right to
extract”. Climatic Change 150, 117–129 (2018).

67. SEI et al. The Production Gap: Special Report 2020. http://
productiongap.org/2020report (2020).

68. U.S. Department of Energy. Joint Statement on Establishing a Net-
Zero Producers Forum between the Energy Ministries of Canada,
Norway, Qatar, Saudi Arabia, and the United States. Energy.gov
https://www.energy.gov/articles/joint-statement-establishing-
net-zero-producers-forum-between-energy-ministries-
canada (2021).

69. Stern, N., Stiglitz, J. & Taylor, C. The economics of immense risk,
urgent action and radical change: towards new approaches to the

economics of climate change. J. Economic Methodol. 29,
181–216 (2022).

70. Muttitt, G. & Kartha, S. Equity, climate justice and fossil fuel
extraction: principles for a managed phase out. Clim. Policy 20,
1024–1042 (2020).

71. Caney, S. Climate change, equity, and stranded assets. https://
policy-practice.oxfamamerica.org/static/media/files/climate_
change_equity_and_stranded_assets_backgrounder.pdf (2016).

72. Holz, C., Kartha, S. & Athanasiou, T. Fairly sharing 1.5: national fair
shares of a 1.5 °C-compliant global mitigation effort. Int Environ.
Agreem. 18, 117–134 (2018).

73. Muttitt, G., Price, J., Pye, S. & Welsby, D. Socio-political feasibility
of coal power phase-out and its role in mitigation pathways. Nat.
Clim. Chang. 13, 140–147 (2023).

74. Brutschin, E., Schenuit, F., Ruijven, Bvan & Riahi, K. Exploring
enablers for an ambitious coal phaseout. Politics Gov. 10,
200–212 (2022).

75. Lenzi, D., Lamb, W. F., Hilaire, J., Kowarsch, M. & Minx, J. C. Don’t
deploy negative emissions technologies without ethical analysis.
Nature 561, 303–305 (2018).

76. IPCC. Summary for policymakers. in 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 develop-
ment, and efforts to eradicate poverty (World Meteorological
Organization, 2018).

77. IEA. Carbon capture, utilisation and storage - Fuels & Technolo-
gies. https://www.iea.org/fuels-and-technologies/carbon-
capture-utilisation-and-storage (2022).

78. Shindell, D., Faluvegi, G., Seltzer, K. & Shindell, C. Quantified,
localized health benefits of accelerated carbon dioxide emissions
reductions. Nat. Clim. Change 8, 291–295 (2018).

79. Lelieveld, J. et al. Effects of fossil fuel and total anthropogenic
emission removal on public health and climate. Proc. Natl Acad.
Sci. USA 116, 7192–7197 (2019).

80. Temper, L., Demaria, F., Scheidel, A., Del Bene, D. &Martinez-Alier,
J. The global environmental justice atlas (EJAtlas): ecological dis-
tribution conflicts as forces for sustainability. Sustain Sci. 13,
573–584 (2018).

81. Harfoot, M. B. J. et al. Present and future biodiversity risks from
fossil fuel exploitation. Conserv. Lett. 11, e12448 (2018).

82. Vohra, K. et al. Global mortality from outdoor fine particle pollu-
tion generated by fossil fuel combustion: results from GEOS-
Chem. Environ. Res. 195, 110754 (2021).

83. Deziel, N. C. et al. Unconventional oil and gas development and
health outcomes: A scoping review of the epidemiological
research. Environ. Res. 182, 109124 (2020).

84. Clark, C. J. et al. Unconventional oil and gas development expo-
sure and risk of childhood acute lymphoblastic leukemia: a
case–control study in pennsylvania, 2009–2017. Environ. Health
Perspect. 130, 087001 (2022).

85. Li, L. et al. Exposure to unconventional oil and gas development
and all-cause mortality in Medicare beneficiaries. Nat. Energy 7,
177–185 (2022).

86. Nwosisi, M. C., Oguntoke, O., Taiwo, A. M., Agbozu, I. E. & Nor-
agbon, E. J. Spatial patterns of gas flaring stations and the risk to
the respiratory and dermal health of residents of the Niger Delta,
Nigeria. Sci. Afr. 12, e00762 (2021).

87. Moore, F. C. et al. Determinants of emissions pathways in the
coupled climate–social system. Nature, 1–9 https://doi.org/10.
1038/s41586-022-04423-8 (2022).

88. Haggerty, J. H., Haggerty, M. N., Roemer, K. & Rose, J. Planning for
the local impacts of coal facility closure: emerging strategies in
the U.S. West. Resour. Policy 57, 69–80 (2018).

Article https://doi.org/10.1038/s41467-023-41105-z

Nature Communications |         (2023) 14:5425 14

https://www.sei.org/perspectives/move-beyond-carbon-tunnel-vision/
https://www.sei.org/perspectives/move-beyond-carbon-tunnel-vision/
https://doi.org/10.1038/s41586-019-1364-3
https://doi.org/10.1038/s41586-019-1364-3
https://doi.org/10.1038/s41558-022-01592-2
https://doi.org/10.1038/s41558-022-01592-2
https://www.sei.org/publications/trends-in-fossil-fuel-extraction/
https://www.sei.org/publications/trends-in-fossil-fuel-extraction/
http://productiongap.org/2020report
http://productiongap.org/2020report
https://www.energy.gov/articles/joint-statement-establishing-net-zero-producers-forum-between-energy-ministries-canada
https://www.energy.gov/articles/joint-statement-establishing-net-zero-producers-forum-between-energy-ministries-canada
https://www.energy.gov/articles/joint-statement-establishing-net-zero-producers-forum-between-energy-ministries-canada
https://policy-practice.oxfamamerica.org/static/media/files/climate_change_equity_and_stranded_assets_backgrounder.pdf
https://policy-practice.oxfamamerica.org/static/media/files/climate_change_equity_and_stranded_assets_backgrounder.pdf
https://policy-practice.oxfamamerica.org/static/media/files/climate_change_equity_and_stranded_assets_backgrounder.pdf
https://www.iea.org/fuels-and-technologies/carbon-capture-utilisation-and-storage
https://www.iea.org/fuels-and-technologies/carbon-capture-utilisation-and-storage
https://doi.org/10.1038/s41586-022-04423-8
https://doi.org/10.1038/s41586-022-04423-8


89. Kramer, R. C. Carbon Criminals, Climate Crimes. (Rutgers Uni-
versity Press, 2020). https://doi.org/10.36019/9781978807648.

90. SEI, IISD, ODI, E3G, & UNEP. The production gap: governments’
planned fossil fuel production remains dangerously out of sync
with paris agreement limits. https://productiongap.org/
2021report/ (2021).

91. Wang, N., Akimoto, K. & Nemet, G. F. What went wrong? Learning
from three decades of carbon capture, utilization and sequestra-
tion (CCUS) pilot and demonstration projects. Energy Policy 158,
112546 (2021).

92. von Stechow, C. et al. 2°C and SDGs: united they stand, divided
they fall? Environ. Res. Lett. 11, 034022 (2016).

93. Keyßer, L. T. & Lenzen, M. 1.5°C degrowth scenarios suggest the
need for newmitigation pathways. Nat. Commun. 12, 2676 (2021).

94. Byers, E. et al. AR6 scenarios database hosted by IIASA https://doi.
org/10.5281/ZENODO.5886912 (2022).

95. Therneau, T.M., Atkinson, E. J. & Foundation,M. An introduction to
recursive partitioning using the RPART routines. (2022).

96. Gerst, M. D.,Wang, P. & Borsuk,M. E. Discovering plausible energy
and economic futures under global change using multi-
dimensional scenario discovery. Environ. Model. Softw. 44,
76–86 (2013).

97. Guivarch, C. & Monjon, S. Identifying the main uncertainty drivers
of energy security in a low-carbon world: The case of Europe.
Energy Econ. 64, 530–541 (2017).

98. MacQueen, J. Classification and analysis of multivariate observa-
tions. in 5th Berkeley Symp. Math. Statist. Probability 281–297
(University of California, 1967).

99. Creutzig, F. et al. Bioenergy and climate change mitigation: an
assessment. GCB Bioenergy 7, 916–944 (2015).

100. Guivarch, C. et al. Annex III: Scenarios andmodelling methods. in
ClimateChange 2022:Mitigation ofClimateChange. Contribution
of Working Group III to the Sixth Assessment Report of the Inter-
governmental Panel on Climate Change (Cambridge University
Press, 2022).

Acknowledgements
P.A. thanks Michael Lazarus (Stockholm Environment Institute) for
helpful feedback on manuscript drafts. P.A. and P.E. acknowledge
funding support from the Energy Transition Fund (Grant number G-21-
2122456), a project of Rockefeller Philanthropy Advisors (RPA). R.S.
acknowledges funding support from Conselho Nacional de Desenvol-
vimento Científico e Tecnológico (CNPq), Brazil (Grant number 310992/
2020-6). C.G. acknowledges funding support from the European
Union’s Horizon Europe research and innovation programme under

grant agreement No. 101081604 (PRISMA). Any errors are the sole
responsibility of the authors.

Author contributions
P.A. led the analysis and manuscript preparation with help from P.E.,
P.A., P.E., C.G., R.S., and S.P. designed the paper concept. E.B. gener-
ated and provided data on the feasibility assessment of the IPCC AR6
scenarios database. All authors contributed to the text.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41105-z.

Correspondence and requests for materials should be addressed to
Ploy Achakulwisut.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41105-z

Nature Communications |         (2023) 14:5425 15

https://doi.org/10.36019/9781978807648
https://productiongap.org/2021report/
https://productiongap.org/2021report/
https://doi.org/10.5281/ZENODO.5886912
https://doi.org/10.5281/ZENODO.5886912
https://doi.org/10.1038/s41467-023-41105-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Global fossil fuel reduction pathways under different climate mitigation strategies and ambitions
	Results
	Global fossil fuel reduction pathways in scenarios that likely limit warming to 2 °C or below
	Characteristics of scenarios with different roles for gas
	Sensitivity of global fossil fuel reduction pathways to different mitigation strategies and uncertainties in CDR potential

	Discussion
	Methods
	The IPCC AR6 WGIII scenarios database
	Classification and regression tree analysis (CART)
	Analysis of variance (ANOVA) and K-means clustering
	Sensitivity analysis to uncertainties in CDR potential
	Feasibility assessment of the mitigation scenarios
	Data limitations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




