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Abstract

Anthropogenic methane (CH4) emissions increases from the period 1850–1900

until 2019 are responsible for around 65% as much warming as carbon dioxide

(CO2) has caused to date, and large reductions in methane emissions are required

to limit global warming to 1.5°C or 2°C. However, methane emissions have been

increasing rapidly since ~2006. This study shows that emissions are expected to

continue to increase over the remainder of the 2020s if no greater action is taken

and that increases in atmospheric methane are thus far outpacing projected

growth rates. This increase has important implications for reaching net zero CO2

targets: every 50 Mt CH4 of the sustained large cuts envisioned under low-

warming scenarios that are not realized would eliminate about 150 Gt of the

remaining CO2 budget. Targeted methane reductions are therefore a critical

component alongside decarbonization to minimize global warming. We describe

additional linkages between methane mitigation options and CO2, especially via

land use, as well as their respective climate impacts and associated metrics. We

explain why a net zero target specifically for methane is neither necessary nor

plausible. Analyses show where reductions are most feasible at the national and

sectoral levels given limited resources, for example, to meet the Global Methane

Pledge target, but they also reveal large uncertainties. Despite these uncertainties,

many mitigation costs are clearly low relative to real-world financial instruments

and very low compared with methane damage estimates, but legally binding

regulations and methane pricing are needed to meet climate goals.
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Key points
Fro
• The atmospheric methane growth rates of the 2020s far
exceed the latest baseline projections; methane emissions
need to drop rapidly (as do CO2 emissions) to limit global
warming to 1.5°C or 2°C.

• The abrupt and rapid increase in methane growth rates in
the early 2020s is likely attributable largely to the response
of wetlands to warming with additional contributions
from fossil fuel use, in both cases implying that
anthropogenic emissions must decrease more than
expected to reach a given warming goal.

• Rapid reductions in methane emissions this decade are
essential to slowing warming in the near future, limiting
overshoot by the middle of the century and keeping low-
warming carbon budgets within reach.

• Methane and CO2 mitigation are linked, as land area
requirements to reach net zero CO2 are about 50–100
million ha per GtCO2 removal via bioenergy with carbon
capture and storage or afforestation; reduced pasture is
the most common source of land in low-
warming scenarios.

• Strong, rapid, and sustained methane emission reduction
is part of the broader climate mitigation agenda and
complementary to targets for CO2 and other long-lived
greenhouse gases, but a net zero target specifically for
methane is neither necessary nor plausible.

• Many mitigation costs are low relative to real-world
financial instruments and very low compared with
methane damage estimates, but legally binding
regulations and widespread pricing are needed to
encourage the uptake of even negative cost options.
Introduction

Worldwide efforts to limit climate change are rightly focused on

carbon dioxide (CO2), the primary driver (1). However, since

humanity has failed to adequately address climate change for several

decades, keeping warming below agreed goals now requires that we

address all major climate pollutants. Methane is the second most

important greenhouse gas driving climate change. Out of a total

observed warming of 1.07°C during the period 2010 to 2019, the

Working Group I (WGI) 2021 Intergovernmental Panel on Climate

Change (IPCC) Sixth Assessment Report (AR6) attributed 0.5°C to

methane emissions (1). However, in many respects, methane

mitigation has been neglected relative to CO2. For example, only

~2% of global climate finance is estimated to go towards methane

abatement (2). Similarly, only about 13% of global methane emissions

are covered by current policy mechanisms (3). With dramatic climate

changes already occurring and methane providing substantial leverage

to slow warming in the near future and reduce surface ozone pollution,

political will to mitigate methane has recently increased, especially

following the Global Methane Assessment (GMA) published by the

United Nations Environment Programme (UNEP) and the Climate
ntiers in Science 02
and Clean Air Coalition (CCAC) in May 2021 (4). The Assessment

showed that reducing methane was an extremely cost-effective way to

rapidly slow warming and contribute to climate stabilization while also

providing large benefits to human health, crop yield, and labor

productivity. The GMA also demonstrated that various technical

and behavioral options were currently available to achieve such

emission cuts. Drawing upon that Assessment and related analysis

(5), the United States and European Union launched the Global

Methane Pledge (GMP) in November 2021 at the 26th Conference of

the Parties to the United Nations Framework Convention on Climate

Change (COP26), under which countries set a collective goal of

reducing anthropogenic methane emissions by at least 30% (relative

to 2020 levels) by 2030. By COP28 in November 2023, participation

in the GMP had increased to 155 countries that collectively account

for more than half of global anthropogenic methane emissions.

However, far more needs to be done if the world is to change the

current methane trajectory and meet the goals of the GMP and

other national pledges. This article presents three imperatives

supported by a series of analyses (detailed further in Methods):
• Imperative 1—to change course and reverse methane

emissions growth—describes changes in methane observed

during the recent past and projected for the near future and

compares these with low-warming scenarios (Analysis A).

• Imperative 2—to alignmethane and CO2mitigation—discusses

methane targets and metrics (Analysis B), investigates the

connections between methane emissions and CO2 mitigation

efforts (Analysis C), and assesses their impacts (Analyses D–F).

• Imperative 3—to optimize methane abatement options and

policies—presents analyses of the mitigation potential of

national-level abatement options (Analysis G) and evaluates

their cost-effectiveness (Analysis H) across the 50 countries

with greatest mitigation potential by subsector (i.e., landfill,

coal, oil, and gas) using a novel tool. We also compare profit

versus pricing from controlling methane emissions from oil

production (Analysis I) and describe ongoing efforts to

support national and regional decision-making.
Finally, we outline paths forward for improving scientific

understanding of methane emissions, abatement opportunities,

and physical processes that will affect future methane levels in

the atmosphere.
Imperative 1—to change course and
reverse methane emissions growth

Atmospheric methane concentrations are
rising faster than projections

Scenarios consistent with temperature goals to limit warming to

1.5°C, or well below 2°C, with no or limited overshoot include large

and rapid reductions in methane (4, 6). In the real world, however,

atmospheric methane has been rising rapidly since 2006 and by the

end of the 2010s reached 5-year average growth rates not seen since
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the 1980s (4, 7, 8). Methane concentration increases in 2021 are the

largest recorded, with high values throughout the period 2020 to

2023 (Analysis A; Figure 1A). The uncertainty ranges from the

ground-based and satellite datasets typically overlap, leading to high

confidence in the growth rate values. Using a mass balance

approach assuming that the methane loss rate is proportional to

the atmospheric methane loading (i.e., a constant methane

atmospheric lifetime of 9.1 yr) (12), emissions appear to have

risen substantially from 2020 to 2023 (Figure 1B).

We compare the observed atmospheric methane growth rates

with values under recent baseline scenarios developed with

integrated assessment models (IAMs) in the early 2020s and

“bottom-up” engineering approach models. All include data on

actual developments through the period ~2018 to 2020 (13). The

observed growth rates are roughly 1.5- to 2.5-fold higher than the
Frontiers in Science 03
multi-model mean baseline or bottom-up projections from 2020 to

2022 (Figure 2). The observed growth rates also exceed any

individual model’s baseline projections during that period.

Observed 2023 growth rates show the highest values of any

individual model, well above multi-model means or bottom-up

analyses. Baseline scenarios are used to analyze how additional

technical, behavioral, and policy options can mitigate climate

change. That real-world methane growth rates exceed baseline

projections therefore indicates that policies may have to be even

stronger than those in existing analyses to reach the Paris

Agreement’s goals. Indeed, comparisons of observed atmospheric

growth rates with those in 1.5°C-consistent scenarios (using the

2018 IPCC scenarios that did not include observations past 2017)

show enormous differences (Figure 2), emphasizing how much

stronger policies need to be to reach low-warming goals.
FIGURE 1

Accelerating methane growth rates and emissions over recent decades. (A) Observed methane annual growth rates (ppb yr−1) through 2022 or 2023
from the ground-based networks of the United States National Oceanic and Atmospheric Administration (NOAA) (9) and the World Meteorological
Organization (10) and from satellite data from the Copernicus Atmospheric Monitoring Service (CAMS) (11) total column datasets. (B) Estimated
emissions and sinks through 2023 based on the NOAA abundance observations. Emissions and sinks estimates are based on a simple box model
assuming sinks are proportional to the atmospheric abundance of methane. Uncertainties in the ground-based and satellite data are around 0.5 ppb
yr−1, and 3 ppb yr−1, respectively. See Methods (Analysis A) for further details. Data for this and other figures are available in Supplementary Table 1.
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Causes of increased methane growth rates
and discrepancies with baseline scenarios

Multiple assessments have concluded that the growth in

methane concentrations over the 2007–2019 period is largely

attributable to increased emissions from fossil fuels and
Frontiers in Science 04
livestock (18–21). However, some studies attribute much of this

increase to wetlands (particularly in the tropics)—an attribution

potentially supported by isotopic data indicating increased biogenic

methane (22–25). In general, longer-term increases in wetland

methane emissions (resulting from a human-caused warming

climate) are expected to be small over these years as the climate
FIGURE 2

Projected and observed methane growth rates. Methane abundance growth rates during the 2020s from baseline scenarios from the ADVANCE
(https://www.fp7-advance.eu/), NAVIGATE (https://www.navigate-h2020.eu/) (14), and ENGAGE (https://www.engage-climate.org/) projects using
integrated assessment models (IAMs; data show multi-model means) and from the “bottom-up” analyses of the International Institute for Applied
Systems Analysis (IIASA) (15) and the United States Environmental Protection Agency (EPA) (16) (solid lines). Modeled baseline values are averages for
the 2020–2025 and 2025–2030 periods as data were produced at 5-year intervals. The shaded area shows the full range across the four to six IAMs
for each scenario. Scenario concentration changes are derived from scenario emissions using a simple box model and assumed constant natural
emissions of around 200 million tonnes (Mt) yr−1. Growth rates under 1.5°C-consistent scenarios with policies beginning in 2015 (17) are also shown
for comparison along with their full ranges. Projected rates are compared with observations (circles) from the United States National Oceanic and
Atmospheric Administration (NOAA) observation network with 1 standard deviation uncertainties. See Methods (Analysis A) for further details.
frontiersin.org

https://www.fp7-advance.eu/
https://www.navigate-h2020.eu/
https://www.engage-climate.org/
https://doi.org/10.3389/fsci.2024.1349770
https://www.frontiersin.org/journals/science
https://www.frontiersin.org


Shindell et al. 10.3389/fsci.2024.1349770
feedback is weak according to models, modern observations, and

paleoclimate data (19, 25–30). Methane emissions associated with

thawing permafrost and glacial retreat are also expected to increase

as the climate warms, though the magnitude is thought to be small

and quite uncertain (19, 31, 32). A small portion of this longer-term

increase in the growth rate may be due to growing areas of rice

cultivation in Africa (33). Over the longer 2007–2019 period, there

thus remains ambiguity in the cause of observed emission trends

given geographical and sectorial methane source diversity.

Investigations into the cause of the large increase in the growth

rate in the 2020–2023 period relative to the prior years are just

beginning. Some atmospheric-chemistry transport modeling

studies have attributed more than half of the increased growth in

2020 relative to 2019 to changes in methane removal owing to a

decline in the hydroxyl radical OH driven by COVID-19-related

changes in emissions, primarily decreases in nitrogen oxides (34–

36). However, other changes that constrain methane removal rates

using methane observations attribute just 14–34% of the increased

2020 growth rate to changes in the sink (37, 38). The persistence of

the very high growth rates in 2021 and 2022 also supports evidence

of the role of reductions in OH and methane loss rates driven by

COVID-19-related emissions changes. This is consistent with Feng

et al. (38), who found the role of sink changes decreased from ~34%

in 2020 to just 10% in 2021. Thus, changes in methane removal

appear unlikely to play a dominant role in driving the higher 2020–

2023 growth rates.

Sink changes playing a minor role implies that the jump in the

growth rate from 7 to 10 ppb yr−1 during the 2015–2019 period to

~12–18 ppb yr−1 during the 2020–2023 period is attributable to

increased emissions, which can be examined using “bottom-up”

analyses. Emission increases are unlikely to be attributable to the

waste or agriculture sectors, which vary minimally from year to

year. For example, global cattle numbers grew at an average rate of

1.1% yr−1 over the 2020–2022 period; this was only modestly larger

than the 0.9% yr−1 average over the 2015–2019 period (39). This

translates to an increase of <1 Tg yr−1 assuming constant methane

emissions per animal, a small fraction of the implied emissions

increase (Figure 1B) (and in contrast to the longer-term growth in

cattle numbers which leads to an increase of ~10 Tg yr−1 over the

2007–2019 period). The more rapid growth of atmospheric

methane over the 2020–2023 period therefore appears to be

primarily linked to increased emissions from fossil fuels and

wetlands, which together may account for the underestimated

growth rates in the IAMs (Figure 2).

For fossil fuels, there is evidence that investments in midstream

capacity have been inadequate to keep up with the volume of

extracted gas as firms ramp up production. For instance, the state-

owned oil company in Mexico flared ~63 billion cubic feet of gas

from a single field (Ixachi) over the 2020–2022 period, representing

more than 30% of the field’s total production and being in violation of

Mexican law (40). Flaring to mitigate methane release is imperfect in

the field: aerial measurements over multiple United States oil and gas

regions indicate an efficiency of around 91% owing to both

incomplete combustion and unlit flares, which, combined with

large volumes of flared gas due to midstream capacity shortages,
Frontiers in Science 05
results in large methane emissions (41, 42). Studies report inefficient

or inactive flares in other regions, such as Turkmenistan (43).

Additionally, some projections incorporate current emissions

from national reporting, whereas studies using atmospheric

inversions from satellite data suggest that oil- and gas-extracting

countries in central Asia and the Persian Gulf region typically

systematically underreport their emissions (44). This is similar to

findings for the United States and Canada (45, 46). National

reporting also generally omits so-called super-emitters (47–49),

which are discussed further below. Large underestimates in initial

methane emissions could lead to underestimated emission growth.

Discrete events may have also played a role, with the COVID-19

pandemic being linked to increased methane emissions from the

energy sector in early 2020 (50) and the 2022 Russian invasion of

Ukraine causing increased efforts to expand supplies of gas and coal

(51). There are thus several reasons fossil fuel emissions might be

growing faster than in baseline scenarios.

However, increased methane emissions from wetlands appear

likely to have driven a larger portion of the higher 2020–2022 growth

rates based on the latitudinal gradients of growth rates and a trend

toward lighter (biogenic) isotopes of atmospheric methane (52). The

cause may be in part a persistent La Niña pattern that likely enhanced

tropical wetland methane emissions during the 2020–2022 period.

The wetland methane increase has been estimated at ~4–12 million

tonnes (Mt) yr−1 based on empirical analyses of prior events (25, 53,

54), though another study found a weaker La Niña impact on

methane (55). A recent modeling study shows a rise of ~5 Mt yr−1

in the wetland methane flux for the 2020–2021 period relative to the

prior 3 years (25), predominantly from tropical ecosystems and

consistent with satellite studies (38). Wetlands were also implicated

in earlier analyses of the 2020 growth rate increase relative to 2019

(35), with an especially large increase in emissions fromAfrica (37). A

rise of ~5 Mt yr−1 would be a relatively modest contribution to the

overall jump in emissions estimated at ~30Mt yr−1 for the 2020–2022

period relative to the prior 5 years (Figure 1A). There are, however,

substantial uncertainties in terms of tropical wetland methane

emissions (56), and modeled wetland methane emissions may be

biased substantially low, especially over Africa (57, 58), so the

increase shown in the models may be an underestimate. The La

Niña is superimposed on anthropogenic warming and changes in

climate extremes that could also lead to higher wetland methane

fluxes than in previous La Niña events.

A switch from La Niña to El Niño during 2023 appears to have

reduced the observed growth rate (Figure 2), supporting a large role

for wetland responses to La Niña in the very high 2020–2022

growth rates. However, emissions appear to have remained

substantially higher in 2023 relative to pre-2020 values

(Figure 1B), suggesting longer-term contributions from increasing

anthropogenic sources along with a forced trend in natural sources.

Recent work also suggests a potentially permanent shift to an

altered state of enhanced wetland methane emissions (8). The

next 5–10 years of monitoring will, therefore, be critical in

understanding both short- and long-term feedback and drivers of

accelerated growth rates. While current estimates suggest increases

in fossi l fuel emissions, especial ly wetland methane,
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likely dominated the growth rate jump after 2019, reconciliation of

observed growth rates with emissions inventories remains elusive.

Regardless of the relative contribution of the two most probable

major sources of the longer-term 2007–2023 increase in growth

rates—i.e., wetland feedback from human-driven warming and

human-driven emissions—the implications are identical:

anthropogenic emissions must decrease more than previously

expected to reach a given climate goal.
Imperative 2—to align methane and
carbon dioxide mitigation

Methane and CO2 emissions targets

As methane targets are currently being set in many countries, it

is important to understand how these fit within the broader climate

change mitigation agenda and the push for “net zero CO2”. Least-

cost 1.5°C- and 2°C-consistent scenarios require major and rapid

reductions in methane alongside CO2 (4, 6, 17). For example, AR6

1.5°C scenarios with limited or no overshoot achieve net zero CO2

emissions around the middle of the century while methane

emissions decrease by a mean of 35% (standard deviation: ±10%)

in 2030, 46% (±8%) in 2040, and 53% (±8%) in 2050 relative to 2020

levels (Analysis B; Figure 3) (59). Global emissions targets well

within these ranges, as in the Global Methane Pledge, are thus

aligned with the Paris Climate Agreement. Delaying methane

reductions past the timescales in 1.5°C-consistent scenarios risks

higher overshoot, peak temperatures, and costs.
Frontiers in Science 06
Net zero CO2 emissions is a relevant concept because options

are available currently to drastically reduce CO2 in almost all

emitting sectors, and carbon dioxide removal (CDR) options,

including afforestation, exist for the remainder. Removal options

are in the early research stages and are not currently available for

methane or nitrous oxide (N2O). For those gases, we therefore

discuss “zero anthropogenic emissions” (i.e., without the “net”).

The vastly different lifetimes of methane and CO2 lead to

markedly different requirements for zero-emission targets. CO2, as

well as other long-lived greenhouse gases (LLGHGs) such as N2O and

many fluorinated gases, accumulates in the atmosphere; emissions

must thus reach net zero to achieve long-term climate stabilization

(17). In contrast, methane and other short-lived pollutants do not

accumulate, and hence long-term climate stabilization requires only

constant emissions rather than zero, with weakly decreasing

emissions yielding shorter-term stabilization. Consistent with this

and owing to the difficulty in reaching zero emissions in some sectors

such as agriculture, none of the least-cost 1.5°C-consistent scenarios

achieve zero methane (Figure 3).

Discussion of net zero GHG targets could easily be misinterpreted

to imply that we can wait to reduce non-CO2 emissions since those

scenarios that do achieve net zero GHGs reach net zero CO2 first. For

long-term climate stabilization, the temperature depends upon the

total LLGHGs emitted before reaching net zero along with the

continuing short-lived pollutant emissions rate at that time, and

there exists a similar relationship for peak temperatures under a

peak-and-decline scenario. Article 4.1 of the Paris Climate Agreement

calls for “balancing sources and removals of GHGs”, but this applies to

all GHGs collectively. Achieving such a balance for methane is neither

required under Article 4.1 nor for meeting the temperature goals
FIGURE 3

Decrease in total methane emissions and increase in agricultural share of the remainder in 1.5°C-consistent scenarios. Mean decrease in
anthropogenic methane emissions relative to 2020 under least-cost 1.5°C consistent scenarios with policies beginning around 2020, including the
standard deviation across the 53 scenarios analyzed and the maximum and minimum values across the scenarios. Also shown is the mean share of
anthropogenic emissions from the agriculture sector in the same scenarios. All scenarios for which agricultural as well as total emissions were
available were included (59). Note that the median scenario is virtually identical to the mean shown here. See Methods (Analysis B) for further details.
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established in Article 2 of the Agreement. In practice, methane

emission projections in 1.5°C-consistent scenarios are substantial

through 2100 (Figure 3). Thus, scenarios that achieve net zero

GHGs accomplish this not by lowering non-CO2 emissions to zero

but by aggressive deployment of CDR that offsets residual methane

and N2O. This leads to gradually decreasing warming, a requirement

during overshoot scenarios. Reducing warming after reaching net zero

CO2 thus requires CDR, reductions of methane and/or N2O, or a

combination of these. Such reductions often lead to net zero GHGs by

2100 but not always (6). This suggests that while net zero GHGs may

be a laudable post-net zero CO2 goal, it might be more useful to focus

separately on net LLGHG and methane targets than on net zero

GHGs, which combine long- and short-lived pollutants in a metric-

dependent way that obscures policy-relevant information (60) and

may not be required or may be insufficient to achieve a given

temperature target depending upon prior emissions.

Additionally, residual methane emissions in 1.5°C-consistent

scenarios are dominated by the agricultural sector (Figure 3). A

net zero GHG target that was interpreted as requiring zero methane

could thus lead to conflicts between the pressure to reduce emissions

from agriculture and the need to feed the world’s population.

Though reducing agricultural emissions of both LLGHGs and

methane is necessary and feasible (4, 61, 62), planning for net zero

GHGs may lead to unrealistic expectations that could hinder

progress in some countries and sectors. We, therefore, recommend

that targets be formulated using net LLGHG emissions but total

emission levels for short-lived pollutants.

There is an interplay between these two factors, as the higher

the level at which emissions of short-lived warming pollutants

remain the less total LLGHG emissions are permitted until

reaching net zero to achieve a given warming level. This can be

quantified using the remaining carbon budget for a particular

temperature goal. To have a two-thirds chance of staying below

2°C, the remaining CO2 budget from 2020 is ~1150 GtCO2 (19),

assuming roughly 35% reductions in methane by 2050. Every 100

Mt yr−1 of methane not permanently cut would take away about 300

GtCO2 from the CO2 budget over the next 50–100 years (63). This

highlights the critical role of methane reductions in facilitating a

plausible CO2 reduction trajectory consistent with the Paris

Agreement: the remaining carbon budget would otherwise

become too small to make achieving those goals feasible (64, 65).

Similarly, the more methane has been reduced upon reaching

net zero CO2 emissions the less CDR would be required. For

example, every additional 50 Mt yr−1 of methane permanently

reduced would offset the need for ~150 Gt GtCO2 CDR over the

following few decades [and >200 Gt GtCO2 over the longer term

(66)]. Given the many challenges and potential negative impacts of

CDR (19, 67, 68), this continues to motivate us to pursue the

greatest possible methane reductions.
Measuring progress: methane
and CO2 metrics

In addition to setting sound targets, it is important to use

appropriate metrics to measure progress. Evaluations typically use
Frontiers in Science 07
so-called “CO2-equivalence” (CO2e), which combines all gases

using the global warming potential (GWP) at a fixed time

horizon, generally 100 years [e.g., (66)]. Using any single

timescale to compare short-lived pollutants and LLGHGs

provides an incomplete picture [e.g., (69)]. More complete

climate information is gained by using multiple timescales

(70, 71), among other means.

A new metric, GWP*, represents the differing effects of changes

in short- and long-lived emissions on future global mean

temperatures better than GWP (72). As such, the GWP* metric

captures the 50–100-year relationship between continued methane

emissions and the carbon budget. Hence, GWP* can be useful when

examining decadal-century scale temperature changes, though

multiple metrics better reflect the multiple timescales of potential

interest. GWP* is applied to sustained changes in emissions,

requiring careful consideration of the fact that every tonne of

methane emission that persists decreases the remaining

carbon budget.

One could evaluate the contribution of emissions relative to

preindustrial levels using GWP*, which would show the large

warming impact of present-day methane emissions (60).

However, some countries and companies have used GWP* to

suggest that since keeping current methane emissions constant

does not add additional future warming, continued constant high

levels of methane emissions are therefore not problematic and a

reduction of their methane emissions is equivalent to CO2 removal

[e.g., (73–75)]. This use of GWP* to justify the continuance of

current emission levels essentially ignores emissions responsible for

roughly half the warming to date and appears to exempt current

high methane emitters from mitigation. This is neither equitable

nor consistent with keeping carbon budgets within reach. Many

current high emitters are wealthy groups, and the use of GWP* to

evaluate changes relative to current levels implies the wealthy

consuming or profiting from a large amount of methane-emitting

products (such as gas, oil, or cattle-based foods) has no impact,

whereas the poor, who currently consume little, would be penalized

for consuming more (76). Policymakers should also consider

impacts beyond climate when choosing policies affecting methane

(4, 77–79).
Connections between methane
and CO2 mitigation options

Though the different lifetimes of methane and CO2 have

profound implications for target setting and metrics, the

separation between short- and long-lived pollutants is not

complete. Much like other short-lived pollutants, methane

induces climate changes that affect the carbon cycle—thereby

exerting a long-term impact (80, 81). This carbon-cycle response

to warming adds ~5% to the forcing attributable to methane

emissions. Additionally, methane emissions lead to increased

surface ozone, which is harmful to many plants and reduces

terrestrial carbon uptake. Climate impacts of methane emissions

could be increased by up to 10% considering ozone–vegetation

interactions (12).
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In addition to these Earth system interactions, mitigation

options also link methane and CO2. Decarbonization policies

phasing out fossil fuels would clearly reduce fossil sector methane

emissions. However, those reductions would produce only about

one-third of the methane reductions in 1.5°C scenarios by 2030

(4, 82). The use of non-fossil methane sources for energy

production also modestly reduces CO2 emissions by displacing

demand for fossil fuels, adding ~10% to the long-term and ~3%

to the near-term climate effect of methane capture. Other estimates

suggest that using non-fossil methane for power generation could

increase the monetized environmental benefits of methane capture

even further—by 14% and 25% for discount rates of 4% and 10%,

respectively. These larger values reflect the inclusion of both climate

and air pollution damages and stem primarily from reduced air

pollutants associated with coal burning (78).

Another intersection between decarbonization and methane

could occur in a hydrogen economy. Fugitive methane emission

rates above ~2% would cancel the near-term climate benefits of

“blue hydrogen” with carbon capture and sequestration (CCS)

compared to burning natural gas (83). Furthermore, hydrogen

leakage would extend methane’s lifetime by lowering the

atmospheric oxidative capacity [e.g., (84, 85)].

Land use also links mitigation options for methane and CO2.

There are large land area requirements for either bioenergy with

CCS (BECCS) or afforestation, two sources of CDR that most low-

warming scenarios require to compensate for slow decarbonization

and/or continued emissions from the sectors most difficult to

decarbonize (17). Given the demands on arable land to feed a

growing population and the urgent need to restore and conserve

biodiversity, a plausible source of additional land is reduced

numbers of pasture-raised livestock, which could also reduce

methane emissions.

To probe this connection, we examined 145 least-cost 1.5°C

scenarios for which trends in pasture area and BECCS deployment

were available (Analysis C) (86). The deployment of BECCS closely

mirrors a decline in pasture area in these scenarios (Figure 4A), a

relationship noted but not quantified in AR6 (59). Examining the

multi-model mean decadal changes from the 2040s onwards, when

deployment of BECCS is large enough to show clear trends, we find

highly correlated changes, with every 10 exajoule (EJ) of BECCS

associated with ~38 million ha pasture area decrease (Figure 4B)

and ~0.5 Gt yr−1 CO2 removal. Adding in the 2030s increases the

slope to 42 million ha per 10 EJ, whereas examining each individual

scenario’s changes, rather than the multi-model mean, shows the

slope is 28 million ha per 10 EJ. These comparisons give a sense of

the robustness associated with this relationship.

For reforestation and afforestation, meeting goals in national

climate pledges is projected to require almost 1.2 billion ha of

land (87). For context, the current crop area is about 1.2 billion ha

(including animal fodder), so changes in land used for crops for

humans would be too small to provide the land needed while

maintaining food security. While some land needs might be met via

restoration of degraded lands, more than half was estimated to require

conversion of pasture or land currently used for animal fodder.

To evaluate the relationship between afforestation plus biofuel

land use and pasture, we examined a larger AR6 set of scenarios that
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keep warming below 2°C, finding 266 scenarios (Analysis C).

Averaged across the models, pasture area decreases by 1.1 ha per

1 ha land used for carbon uptake from 2020–2050 and by 0.6 ha

from 2050–2100. Assuming carbon uptake per ha biofuel crops is

similar to afforestation, this corresponds to ~94 million and 54

million ha of pasture required per GtCO2 removal, with a range of

28–251 million ha across the models. This range encompasses the

results based on BECCS alone in the 1.5°C scenarios. Together,

these analyses show robust evidence of a tradeoff between land used

for CDR and pasture with a value that is highly model-dependent.

In the four models including afforestation, changes in land deployed

for carbon uptake are highly correlated with pasture decreases

across the scenarios, with R2>0.6 and 0.4 for 2020–2050 and

2050–2100, respectively (Figures 4C, D). Within the IAMs,

MESSAGE and REMIND show fairly linear relationships whereas

the land use tradeoff is more dependent on the scenario in WITCH

and IMAGE (Figures 4C, D). Land for CDR is used primarily for

BECCS in MESSAGE and WITCH, primarily for afforestation in

IMAGE, and comparably for those options in REMIND,

highlighting that the tradeoff with pasture holds for all uptake

options deployed in the models. Inter-model differences

presumably stem from varying assumptions about the availability

of non-agricultural land for afforestation, changes in non-energy

crop area, and the intensity of carbon uptake via afforestation or

energy crops.

The results show that shifting livestock practices, especially

healthier dietary choices that in many places lead to reduced

consumption of cattle-based foods and hence decreased livestock

numbers, not only affect methane emissions but are also tightly

coupled with CDR strategies (88). Both current pledges for

biological carbon removal and BECCS deployment at the scales

envisioned in many scenarios likely require large reductions in

pasture area, and dietary changes could free up pasture without

risking food security. We note that both biological carbon removal

and BECCS come with substantial challenges and side effects that

affect the likelihood that they will ever be societally acceptable at

scale (19, 87).

In summary, reductions in methane emissions are not just

complementary to CO2 reductions but can directly contribute to

reduced atmospheric CO2 via carbon cycle interactions and fossil

fuel displacement. They can also potentially play an important role

in facilitating the deployment of, as well as reducing the need for,

CDR; this could reduce additional feedback, including increased

volatile biogenic compound emissions following afforestation that

might increase methane’s lifetime (89).
Impacts of methane and carbon
dioxide mitigation

As noted, methane emissions are estimated to account for 0.5°C

of the total observed warming of 1.07°C through the 2010–2019

period (1). As the climate is affected by both warming and cooling

pollutants, the attribution of the fraction of observed warming to a

specific component depends on which drivers are included in the

comparison. Compared with the total observed warming, methane
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emissions are responsible for ~47% of that value; in comparison

with the warming attributable to all well-mixed GHGs, methane

emissions are responsible for ~34%; and in comparison with the

temperature increase due to all warming agents, methane emissions

contribute ~28%. As the overlap between methane sources and

other climate drivers is relatively limited, methane could potentially

be reduced with only modest effects on other emissions.

Comparison with observed net warming may therefore be most

useful, but each of these comparisons is useful for specific purposes.

To prevent public confusion, presentations that imply methane’s

contribution is being evaluated against observed warming when it is

not and that do not state if they are referring to emissions or

concentrations, such as the common statement that methane is

responsible for around 30% of global warming since pre-industrial
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times [e.g., (90, 91)], should be avoided. Note also that the share of

warming attributable to a given driver varies depending upon the

baseline period (1850–1900 in AR6).

Emission reduction policies that target methane and CO2 have

complementary and additive benefits for the climate. We analyzed

the response of global mean annual average surface air temperatures

to emissions under various scenarios to isolate the effects of

decarbonization and targeted methane emission controls

(Analysis D). Contemporaneous reductions in cooling aerosols

associated with decarbonization lead to modest net warming over

the first few decades [e.g., (13, 92–95)]. Given the smaller role of

other non-CO2 climate pollutants, methane emission cuts therefore

provide the strongest leverage for near-term warming reduction

(Figure 5) (13, 95). Achievement of methane reductions consistent
FIGURE 4

Trade-offs between land use for pasture and for carbon uptake. (A) Multi-model mean trends in bioenergy with carbon capture and storage (BECCS)
deployment and in pasture area in the 145 available least-cost 1.5°C scenarios. (B) Correlation between decadal changes in the multi-model means
of these two quantities from the 2040s to 2090s. Data are from seven integrated assessment models (IAMs) from the 2022 AR6 scenario database
(86). Also shown are land use changes from simulations covering 22–106 <2°C scenarios per model in individual IAMs for 2020–2050 (C) and
2050–2100 (D), including linear trend estimates across the scenarios. See Methods (Analysis C) for further details.
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with the average in 1.5°C scenarios could reduce warming by ~0.3°C

by 2050 in comparison with baseline increases (4). A hypothetical

complete elimination of anthropogenic methane emissions could

avert up to 1°C of warming by 2050 relative to the high emissions

Shared Socioeconomic Pathway [SSP; (96)] SSP3–7.0 scenario (97).

This large near-term impact partly reflects methane’s short lifetime;

>90% of increased atmospheric methane would be removed within

30 years of an abrupt cessation of anthropogenic emissions

compared with only ~25% of increased CO2 following CO2

emission cessation (98). Encouragingly, were humanity to

abruptly cease emissions, the present combined anthropogenic

CO2 and methane concentration increases versus preindustrial

[weighted by their warming contributions, including the ozone

response to methane (12)] levels would be halved within 30 years.

Hence the near-term “Zero Emissions Commitment” of warming

already “in the pipeline” (19, 99) is much smaller considering both

methane and CO2 rather than CO2 alone.

Policies leading to rapid and deep cuts in both CO2 and

methane provide the strongest benefits across the century

(Figures 5; 6A). To further characterize the relative contributions,

we analyzed temperature responses, and their effects on premature

mortality, applied to various mitigation options under the “middle-

of-the-road” SSP2 (Analysis E). Importantly, future CO2 emissions

exert the strongest leverage on long-term climate change, and

successfully targeted methane reduction without simultaneous

CO2 reductions over the next 10–30 years would therefore merely

delay long-term warming (Figure 6A). Conversely, successful
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reduction of CO2 (and co-emissions) without simultaneous

additional targeted methane reduction over this period would

weakly affect long-term temperatures if methane reductions were

achieved later (Figure 6A) but would lead to higher warming and

substantially increased risk of overshooting warming thresholds

over the next few decades. In addition to the impacts on warming, a

20-year delay in methane reductions from 2020 to 2040 would also

lead to 4.2 (1.3–6.8; 95% confidence) million additional premature

deaths due to ozone exposure by 2050 that could have been avoided

with rapid methane reductions based on our standard

epidemiological estimates (Figure 6B). That value becomes ~8.8

(5.5–11.1) million additional deaths using alternative

cardiovascular and additional child-mortality relationships

(Analysis E).

In addition to reducing early deaths, cutting methane emissions

will reduce near-term warming impacts on labor, which grow non-

linearly with warming (100). We used our climate Analysis E as the

basis to estimate corresponding labor effects of changing heat

exposure (Analysis F). Assuming outdoor workers are in the

shade, achieving 1.5°C-consistent methane abatement under SSP2

avoids roughly US$250 billion in worldwide potential heavy

outdoor labor losses by 2050 (range US$190–US$390 over impact

functions; values in 2017 US$ purchasing power parity). However,

for outdoor workers in the sun, benefits would be roughly US$315

billion (range US$211–US$475). These values, for heavy outdoor

labor only, are not comparable to impacts covering medium and

light labor (for which the evidence base is weaker).
FIGURE 5

Climate impacts of decarbonization and methane reductions. The climate response (measured by change in global mean surface temperature
relative to 2020 values) to reductions of all pollutants (including methane) under a decarbonization scenario; methane alone under a
decarbonization scenario that substantially reduces energy sector emissions and under a 1.5°C scenario; and decarbonization and methane
reductions consistent with 1.5°C—all relative to constant 2020 emissions. Values are averages across Shared Socioeconomic Pathways (SSPs) 1, 2,
and 5 (1.5°C was infeasible under SSP3 in four of four models and under SSP4 in two of three models). See Methods (Analysis D) for further details.
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FIGURE 6

Temperature and health impacts of methane abatement under various scenarios. (A) Climate response (measured by change in global mean surface
temperature relative to 1850–1900 values) to all pollutants under the baseline Shared Socioeconomic Pathway (SSP) 2 scenario; the SSP2 baseline
plus methane abatement consistent with a 1.5°C scenario; the SSP2 1.5°C scenario (SSP2–1.9); the SSP2 1.5°C scenario without any additional
methane abatement beyond that occurring due to the phase-out of fossil fuels; and the SSP2 1.5°C scenario with additional methane abatement
beyond that occurring due to the phase-out of fossil fuels beginning in 2040 rather than 2020. (B) Avoided premature deaths resulting from
methane reductions relative to those under the SSP2 baseline (note that SSP2 baseline plus methane abatement consistent with a 1.5°C scenario is
identical to the SSP2 1.5°C scenario for this impact and so is not shown). See Methods (Analysis E) for further details.
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Imperative 3—to optimize methane
abatement options and policies

Global context

Despite substantial uncertainties in emissions from specific

subsectors, global-scale anthropogenic methane emissions are

reasonably well-constrained. Agriculture and fossil fuel emissions

have comparable magnitudes (each ~130–150 Mt yr−1) roughly twice

that of the waste sector (~70–75 Mt yr−1) (4, 101). Abatement

technologies are available in each sector (102) and, with modest

projected improvements over time, could provide reductions of 29–

62Mt yr−1 in the oil and gas subsectors together, 12–25Mt yr−1 in the

coal subsector, 29–36 Mt yr−1 in the waste sector, and 6–9 Mt yr−1

from rice cultivation in 2030 (4, 90). Estimated abatement for

livestock ranges from 4–42 Mt yr−1, depending upon factors such

as the assumed potential to adopt higher productivity breeds and/or

reduce total animal numbers. Technical abatement could be

enhanced with nascent technologies such as methane inhibitors for

ruminants, cultured and alternative proteins, and, in the waste sector,

biocovers, black soldier flies, and waste-to-plastic substitute systems.

Many technological abatement options capture concentrated

flows of methane, allowing it to be used as natural gas, generating

revenue that lowers net costs. Defining low-cost as <US$600 per

tonne of methane (in 2018 US$), low-cost abatement potentials

represent 60–98% of the total for oil/gas, 55–98% for coal, and ~30–

60% for waste (4, 89). Technical options with net negative costs

could reduce total emissions by ~40 Mt yr−1, with the greatest

potential being in the oil/gas and waste sectors (4).

Systemic and behavioral choices, such as fuel switching and

demand management, also affect methane emissions and are

particularly important in the food sector. Cattle account for

about 70% of livestock emissions, with ~25% from regions with

high reliance on intensive systems (primarily Europe and North

America) most suitable for technical solutions (15). In other areas,

extensive grazing systems are common, limiting technical

solutions (61). For sizeable reductions in livestock emissions,

cuts in animal stocks will therefore be necessary. Shifts to more

plant-based diets could bring health benefits in regions with high

intake of animal protein (103, 104), and, as discussed above, this is

important for providing areas for CDR deployment. Such shifts

could reduce methane emissions by ~15–30 Mt yr−1 over the

coming ~10–25 years (4). In regions with low protein intake but

large cattle herds, productivity should be increased in conjunction

with enhancement of the economic resilience of pastoralist

communities (105). The latter requires improved access to

affordable healthcare, education, and credit markets to enable

management of financial risks without reliance on large

livestock herds.

Achieving ~40–50% reductions in food loss and waste could

reduce ~20 Mt yr−1 of methane emissions (4). Systemic and

behavioral changes, such as dietary shifts and reduced food loss/

waste (DFLW), are often difficult to implement but are benefiting

from growing attention. Together, these could substantially

augment the 120 Mt yr−1 achievable through targeted technical
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controls (13, 62, 106). Similarly, the IPCC assessment indicates a

mitigation potential from DFLW for all GHGs of about 7 (3–15; full

range) GtCO2e yr
−1 by 2050, of which 1.9 GtCO2e yr

−1 comes from

direct emissions [largely non-CO2 (6)]. The latter would correspond

to ~70 Mt yr−1 methane were it all methane, highlighting the large

mitigation potential from DFLW both via methane and via

associated land use changes.
National mitigation options: abatement
potential and cost-effectiveness by country

The GMP has raised ambition worldwide but achieving its goal

requires optimizing efforts, as political and financial capital is limited

and time is short. We have therefore undertaken national-level

analyses (Analyses G–H) of technical mitigation options for

countries seeking to implement the Pledge or non-signatories that

may want to reduce their emissions (e.g., China published a National

Methane Emissions Control Action Plan in 2023). These analyses

may also help optimize international financing. They are based on

data from the United States Environmental Protection Agency

(EPA) (16) and the International Energy Agency (IEA) (90).

Mitigation options with greatest abatement
potential by country

Analyses of technological mitigation potential highlight the need

to address all subsectors given that each is the largest in at least some

countries (Analysis G; Figure 7). In some fossil-fuel-producing

countries, the greatest opportunities for methane mitigation are in

gas and oil whereas coal predominates in other countries. Despite

substantial fossil fuel industries, several countries in the Middle East,

Southern Africa, and South America are estimated to have their

largest mitigation potential in landfills. With few fossil fuels produced

outside Eastern Europe and limited technical mitigation potential for

livestock, the largest potential for mitigation in Europe is also often in

landfills. There are notable exceptions, however. In France, Germany,

and the Nordic countries, for example, policies have greatly mitigated

waste sector emission, and the livestock subsector now has the largest

remaining mitigation potential. This illustrates how national-level

data reveal substantial variations even within relatively small

geographic regions.

This analysis is based on bottom-up emission estimates

relying on activity data combined with emission factors. This is

the most detailed emission information available by subsector for

all countries. However, this approach has uncertainties and

limitations. Recent developments in satellite remote sensing

have shown the existence of so-called “super-emitters” (48, 49,

107). These are facilities emitting enormous amounts of methane,

often related to abnormal operating conditions such as gas well

blowouts (108) or non-burning flares. Hundreds of super-emitters

are detectable globally, with even more at local scales [e.g., (47)].

Many super-emitters can be considered “low-hanging fruit” since

they are especially cost-effective to mitigate and have high

reduction potential per individual source, making them a high-

priority category to address. However, they are often not well
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represented in bottom-up inventories and do not necessarily

follow the prioritization per country suggested by the bottom-up

analysis (Figure 7). For example, satellite-based studies show

emissions from super-emitters from the oil and gas industry in

Algeria of ~100 kt CH4 yr
−1 (48, 49), a substantial fraction of the

estimated mitigation potential not including super-emitters

(Figure 8A). Super-emitters have also been reported in the coal

subsector in Australia, China, and the United States (108–110).

Urban areas are also important emission sources that can be

difficult to capture in inventories with >13 urban methane

hotspots detected in India (49) and evidence of worldwide

urban wastewater emissions hotspots (111). Based on high-

resolution satellite observations, individual landfills in New

Delhi and Mumbai were estimated to emit 23 (14–33) and 86

(53–228) kt CH4 yr−1 (112), a large fraction of total emissions

from their respective urban areas.

Mitigation potential and cost-effectiveness by
sector and country

To explore cost-effectiveness, we focus on the 50 countries with

the largest subsector mitigation potential in the next decade and

then rank those by abatement costs (Analysis H). This excludes the

agricultural sector due to the limited potential for technical

solutions to achieve sizable reductions in the short term.

Although this analysis highlights the nations with the largest
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mitigation potentials at the least average cost, costs vary within

each subsector. We therefore created an online tool to explore such

details (https://github.com/psadavarte/Methane_mitigation_

webtool). Mitigation options are grouped into functionally similar

categories to facilitate readability and allow comparison across

estimates (Table 1).

Landfills

For landfills, the 15 most cost-effective large reductions total >6

Mt yr−1, and all have net negative costs (Figure 9). These savings result

from revenues provided by methane recovery for use offsite or energy

generation. Within these two categories, net mitigation costs range

from −US$800 to −US$4400 per tonne. The mitigation potential is

always the largest in the energy generation category, hence savings

outweigh expenses from flaring and oxidation (~US$120–US$330 per

tonne in these countries) and waste treatment and recycling (US$400–

US$1700 per tonne). Mitigation potentials are large for some countries

with very large populations, such as India, Brazil, andMexico, but also

for several countries with smaller populations including Azerbaijan,

Poland, Peru, and the United Arab Emirates. Note that the most cost-

effective options do not always have the greatest mitigation potential

(e.g., energy generation versus organics diversion).

Estimating landfill mitigation potentials requires assumptions

about waste diversion potentials that are difficult to constrain. For

example, analyses by the International Institute for Applied Systems
FIGURE 7

The subsector with the largest technical mitigation potential in every country. The map shows the subsector with the greatest mitigation potential
regardless of the cost in each country based on United States Environmental Protection Agency (EPA) data (16). See Methods (Analysis G) for
further details.
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Analysis (IIASA) (15) for India and China find mitigation

potentials ~3.5 times larger than EPA values (Table 2). In

contrast, the IIASA mitigation potential for the former Soviet

Union countries is smaller. Differences are related to IIASA using

both population and economic growth as drivers for waste

generation (EPA uses population growth only) and IIASA finding

a larger mitigation potential from diversion of organic waste

through recycling and energy recovery than in the EPA analysis.

National-level analyses have substantially larger ranges in estimated

mitigation potentials than the global totals—which are similar to

the EPA and IIASA analyses. Cost differences between these

analyses are even more striking (Table 2) and reflect differences
Frontiers in Science 14
in the assumed value of recycled products recovered from

municipal waste and discount rates (5% for EPA, 4% for IIASA).

A small number of very expensive controls in the EPA analysis also

have an outsized impact. For example, screening out options costing

>US$600 tCH4
−1 reduces the cost averaged over the remaining

measures to −US$2700 tCH4
−1 for India, closer to the IIASA results.

Coal

For coal, nearly all the most cost-effective large national

reductions have positive average costs, though they are low at

<US$600 tCH4
−1 for the top 15 nations (Figure 10; Table 2).

Mitigation potential in coal within China provides over half the
FIGURE 8

Favorable countries for mitigation of methane from the oil and gas subsector. Estimated methane mitigation potential and costs within the oil and gas
subsector for the 15 countries with the greatest mitigation potential in this subsector regardless of costs. Analyses based on data from (A) the United States
Environmental Protection Agency (EPA) for 2030 (16) and (B) the International Energy Agency (IEA) for 2022 (90). See Methods (Analysis H) for further details.
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global total for the subsector in all analyses, but the EPA mitigation

potential is more than double the IIASA’s, with the IEA being in

between (Table 2). The EPA analysis has larger baseline methane

emissions from coal in China: 26 Mt yr−1 in 2020 versus 20 and 21

Mt yr−1 in the IIASA and IEA analyses, respectively (2030 values are

similar). The lower values are closer to recent satellite inversion

estimates of ~16–18 Mt yr−1 (113). IIASA also makes more

conservative assumptions than EPA regarding the fraction of

ventilation air methane (VAM) shafts with CH4 concentration

levels high enough (>0.3%) to install self-sustained VAM

oxidizers. Cost estimates for China are similar between EPA and
Frontiers in Science 15
IIASA, with the IEA’s being lower. In contrast, the three estimates

for coal mitigation potential in India are very similar, but cost

estimates differ greatly (Table 2). IIASA’s high costs for India reflect

the low VAM concentration there (<0.1%), severely limiting the

applicability of oxidizers. Furthermore, abatement potentials in

India are similar in magnitude but represent very different

percentages of the baseline emissions, with the EPA estimate

being roughly one-third that of the other analyses.

Generally, the EPA estimates lower costs than the IEA, but

many countries have similar abatement potentials, including Russia,

India, and the United States (Figure 10). In other cases, they

estimate extremely different mitigation potentials, for example, in

Indonesia and Australia. Differences result from multiple factors,

including limited data on base costs and emissions levels, reference

years, and technical and economic assumptions. For example, the

contrast for Indonesia reflects differences in estimated baseline

levels of emission, with the EPA indicating a much lower volume.

This may be related to differences in the reference year, with the IEA

estimate being more recent and reflecting higher coal activity in

Indonesia. Additionally, the EPA uses lower IPCC default emission

factors and country-level reporting data to estimate coal mine

methane emissions, whereas the IEA considers coal rank, mine

depth, satellite measurements, and regulatory frameworks. Finally,

the energy production category typically has lower costs than the

subsector average, and often net negative costs, whereas the disposal

category does not generate revenue and so has higher costs. The

latter is typically the largest component in the EPA analysis whereas

the former tends to be the largest in the IEA analysis (Figure 10).

Oil and gas

Oil and gas data are available for most countries from the EPA

and the IEA. We focus on the 15 countries with the largest

potentials regardless of cost because these are similar sets of

countries, whereas the most cost-effective within the top 50 differ

greatly in these analyses. The comparison shows that 8 countries are

among the top 15 by mitigation potential in both analyses, yet these

differ markedly in mitigation potentials and especially in mitigation

costs (Figure 8). For example, both analyses show the largest

abatement potentials in the United States, followed by Russia.

However, the potentials estimated by IEA are 40–50% larger

than the EPA estimates, while the costs are four-fold lower

for the United States and 40-fold lower for Russia. Mitigation

potentials diverge even more in other countries. For instance,

for Turkmenistan, the IEA finds the potential to mitigate 77% of

4700 kt yr−1 whereas the EPA finds a mitigation potential that is

37% of 1800 kt yr−1. The IEA analysis, incorporating satellite-based

emissions estimates, typically estimates higher current emissions

than the EPA which relies upon national reporting, accounting for

the larger IEA values in several countries. However, for Uzbekistan

and Russia, the IEA base emissions are much lower, at 670 and

13,600 kt yr−1, respectively, versus 3000 and 24,800 kt yr−1 in the

EPA analysis (Russian official reporting was revised downward

since the EPA analysis).

Differences between cost estimates are more systematic across

countries, with the IEA consistently much lower than EPA.
TABLE 1 Technical mitigation options included in each category.

Subsector Category Description

Oil and gas Replace Replace a mechanical
component or technology with
a new, advanced feature

Retrofit Installation of additional units
that capture methane or flares

Repair Monitoring and repair of
facilities and equipment

Coal Energy production Methane is used in
power generation

Disposal Methane is flared or oxidized

Livestock Inhibitors/additives Inhibitors, vaccines, or
additives, such as 3-
nitrooxypropanol (3-NOP)
and red seaweed Asparagopsis,
that improve digestion and
suppress gut methanogenesis

Improved feed Improved grazing and
feed changes

Digester with engine Manure methane captured
using a biogas plant equipped
with an engine for
utilizing methane

Digester without engine Manure methane captured
using a biogas plant and
transported off-site

Breeding Breeding for traits that
enhance productivity, animal
longevity, and fertility to limit
the share of unproductive
animals in the stock (long-
term option)

Landfill Energy generation Capture and use methane for
energy generation or use waste
for energy generation

Methane recovery Methane recovered using
anaerobic methods,
transported off-site

Flaring and oxidation On-site disposal technologies

Treatment and recycling Diversion from landfills
through source separation and
treatment into recyclable/
reusable products
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Differences are linked to several factors, including the inclusion of

“super-emitters” by the IEA, a scarcity of data on required capital

and operational expenditures, and varying revenue assumptions

and typical lifetimes for abatement measures (the EPA uses a 5%

discount rate and the IEA 10%, which would generally lead to

relatively lower costs for the EPA). For example, the EPA estimates

incorporate uniform natural gas prices across segments, whereas the

IEA has different prices for upstream and downstream segments.
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Mitigation measures also vary, with each having specific costs,

revenue, and lifetime in both analyses.

For both gas and oil, IIASA analyses show much smaller

mitigation potential for India than either the EPA or IEA

analyses, whereas for China, the IIASA estimates lie between EPA

and IEA values (Table 2). For both countries, mitigation potentials

vary by 300% to 600% across the three datasets for gas, oil, or oil

plus gas—much larger than the 16% to 150% variations for coal.

Turning to costs, IIASA analyses for gas and oil in India and China

find large net revenues, whereas the IEA finds smaller revenues and

EPA large net expenditures (Table 2). IIASA’s lower costs are

attributable to the lower discount rate (4%) that increases the

value of future revenue from captured gas, as well as projecting

increases in the value of future gas based on the IEA New Policies

Scenario (whereas the IEA, for example, uses present-day prices as

they examine immediate abatement).
The social cost of methane

The social cost of methane (SCM), monetizing climate change-

related damages, has recently been reevaluated (114) based on results

from three damage estimation models (115–117). Incorporating

only the impacts of climate change, the SCM ranges from

US$470–US$1700 tCH4
−1 for 2020 across these models using 2.5%

discounting (values in 2020 US$). The spread narrows greatly over

time to US$1100–US$2300 in 2030 and US$2700–US$3700 in 2050.

This indicates that the models differ greatly in their near-term

climate damage while converging in their valuation of longer-term
FIGURE 9

Favorable countries for mitigation of methane from landfills. Estimated 2030 methane mitigation potential and costs within the landfill subsector for
the 15 countries with the least expensive average costs that are also among the top 50 countries for mitigation potential in this sector. Analysis
based on data from the United States Environmental Protection Agency (EPA) (16). See Methods (Analysis H) for further details.
TABLE 2 Comparison of national data for India and China across
available analyses.

Sector Country 2030 mitigation potential (kt yr−1):
Cost (US$ tCH4

−1)

EPA IIASA IEAa

Landfill India 730: −450 2440: −10,000 NA

China 1060: 600 3810: −10,200 NA

Coal India 720: 18 780: 1,750 840: 400

China 16,100: 180 6390: 160 12,700: 20

Gas India 330: 1500 90: −570 380: −200

China 260: 1300 810: −890 1290: −210

Oil India 130: 2770 70: −4400 400: −100

China 150: 5250 360: −2280 1080: −60
aIEA mitigation potential is for 2022 rather than 2030.
Abbreviations: IEA, International Energy Agency; EPA, United States Environmental
Protection Agency.
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impact. The 2030 SCM is 8–15 times larger than the social cost of

CO2 in 2030 (with 2.5% discounting) using these models, a “global

damage potential” much lower than metrics of 30 (GWP100) or 83

(GWP20) typically used to compare these gases. Using one of those

same damage estimate models, as well as others, higher 2020 values

were recently reported: US$2900 tCH4
−1 for models using a

stochastic rather than fixed discount rate by otherwise standard

methods applying economic damage to current output and

US$75,600 tCH4
−1 using models applying damage to long-term

economic growth which then compound over time (118).
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The latter not only dramatically boosts social costs but also global

damage potential, which rises from 21 to 44 in their analysis.

These types of evaluations have inherent inconsistencies,

however. They include the effects of methane-induced ozone

changes on climate but not health. However, there is a robust

evidence base for ozone-health impacts via methane

photochemistry (4, 77, 78, 119–121). Similarly, SCM estimates

include the effects of climate and CO2 exposure on ecosystems,

including agriculture, but not ozone exposure (78, 122). Several

studies have evaluated the SCM accounting consistently for ozone
FIGURE 10

Favorable countries for mitigation of methane from the coal subsector. Estimated methane mitigation potential and costs within the coal subsector
for the 14 countries with the least expensive average costs that are also among the top 50 countries for mitigation potential in this subsector.
Analysis based on data from (A) the United States Environmental Protection Agency (EPA) for 2030 (16) and (B) the International Energy Agency (IEA)
for 2022 (90). Note that China is also among the top 15 countries in both analyses but has a mitigation potential of >12,000 kt yr−1 (Table 2), far
beyond the scales shown here. See Methods (Analysis H) for further details.
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damage. Based on adults-only health impacts with relatively weak

ozone effects on cardiovascular-related deaths and incorporating

climate-only valuations without compounding growth effects,

they find substantially larger values of ~US$4300–US$4400

tCH4
−1 for 2020 (4, 78). Using both stronger cardiovascular

impacts and impacts on children under 5 (Analysis E), those

values rise to ~US$7000 tCH4
−1. Using either those values or the

values incorporating economic growth impacts (118), virtually all

current methane abatement options cost much less than the

associated environmental damages.
Economic considerations, including profit
versus abatement in oil production

Given that many low-cost controls are available, the imposition

of even a modest price on methane emissions would incentivize

some emission reductions and overcome implementation barriers

based on marginal costs alone (3). Several examples of methane

pricing exist: auctions under California’s emissions trading system

in 2022 yielded prices of ~US$725 tCH4
−1 (123), Norway has a

US$1500 tCH4
−1 fee on oil and gas operators, and the 2022 US

Inflation Reduction Act sets a price on excess methane emissions

from oil and gas of US$900 tCH4
−1 in 2024, rising to US$1500

tCH4
−1 after 2025. Under these types of pricing regimes, average

abatement costs in most priority countries would become negative

for coal (Figure 10) and oil and gas (Figure 8). Similarly, an

International Monetary Fund (IMF) analysis recommends a rising

price on methane reaching ~US$2100 tCH4
−1 in 2030 to align

emissions with the 2°C goal (124). A methane fee might be set to a

politically practical value, the value needed to achieve a desired

reduction (as in the IMF analysis), or the value of associated

environmental damages (the SCM).
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Economic analyses from a societal perspective, i.e., how a

mitigation measure incurs costs and benefits for both public and

private stakeholders (including long-term impacts on future

generations), can help policymakers define emission reduction

targets that aim to optimize welfare (125). Private-sector decision-

makers have a different perspective, with higher discount rates and

shorter return times on investments; mitigation measures

generating net profits may sometimes be outcompeted by

production activities generating even higher profits since capital is

limited. The profit-maximizing investor will weigh the relative

profits of possible investments and choose the one with the

highest return, leaving investment opportunities with lower

profits unfunded. Even mitigation costs without consideration of

environmental impacts, as discussed here, can be misleading about

private sector decision-making. For example, despite recent

increases in gas prices resulting in increased profits from gas

recovery during oil production, industry incentives to invest in

this have weakened because the profit margin from oil production

has increased more rapidly than that from extended gas recovery

owing to an increasing spread between oil and gas prices.

To illustrate this, we compare returns from methane controls

during oil production, such as the recovery of associated gas for

reinjection or utilization and leak detection and repair programs, for

two cases denoted “Jan 2020” and “July 2022” (Analysis I). These

correspond approximately to global oil and gas markets in those

months with historic lows and highs, respectively (Table 3). When

oil and gas prices are low, the two profit margins can overlap without a

methane fee (Figure 11). Under such conditions, methane recovery

investments can be as or more profitable than investments in increased

oil production. We then expect some voluntary investments into

methane control without the introduction of legally binding

regulations. As oil and gas prices climb to the July 2022 levels, the

profit margin of increasing oil production quickly outpaces that of
TABLE 3 Assumptions for the two fictive, illustrative cases “Jan 2020” and “July 2022”.

Economic variable Unit
Case

“Jan 2020” “July 2022”

Oil production cost US$/barrel 5 to 40 5 to 40

Oil price (Brent) US$/barrel 20 120

Profit from oil production US$/barrel −20 to 15 80 to 115

Implied methane emission factor for global oil productiona t CH4/barrel 0.043 0.043

CH4 emission reduction if removal efficiency 50–90% t CH4/barrel 0.021 to 0.039 0.021 to 0.039

Cost of methane abatementa US$/t CH4 abated 140 to 1400 140 to 1400

Gas price (TTF spot) US$/MWh 10 100

Revenues from sales of recovered gas US$/barrel 3.0 to 5.4 30 to 54

Profit from CH4 abatement US$/barrel −49 to 0 0 to 48

Profit from CH4 abatement including avoided US$1500/
tCH4 fee US$/barrel −7 to 48 42 to 96
aMethane emission factors and costs updated from (15).
Abbreviations: TTF spot, title transfer facility spot price.
Values in bold correspond to the profit margins in Figure 11.
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methane control without a fee. In an illustrative example of a US$1500

tonne−1 fee on methane, as in the US and Norway, methane abatement

becomes generally more profitable than oil production with low prices,

though this fee is sufficient to make only some abatement as profitable

as production with high prices (Figure 11).

This analysis helps explain the behavior of real-world markets,

e.g., “Methane emissions remained stubbornly high in 2022 even as

soaring energy prices made actions to reduce them cheaper than

ever” (126). Profit-maximizing oil companies have a greater

incentive to spend capital on increased production rather than

voluntarily investing in methane control when prices are high, even

though profits from such actions have increased. In such cases, oil

companies can only be expected to invest in methane control if

forced to do so through legally binding regulations. While actions to

control methane from the fossil fuel sector entail substantial costs,

the industry has ample resources compared with sectors such as

waste or agriculture. For example, the IEA estimates that reducing

energy-related methane emissions by 75% would require spending

through 2030, which is <5% of the industry’s net 2023 income (127).

To reach abatement targets through private sector investments,

policymakers need to ensure regulations are strong enough to

overcome any competitive disadvantage of abatement investments

relative to other operational investments. That measures are cost-

effective from a societal perspective is no guarantee that abatement

will happen without the introduction of additional regulations and

policy incentives, such as requirements to use the best available

technologies or a methane fee high enough to make abatement

gains comparable to those available from new-source development

from a private perspective (Figure 11). The imperatives to both

reduce methane rapidly this decade and transition to net zero CO2
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by the middle of the century imply that societies should consider

granting companies social licenses to operate only if they are on

course to both very low methane intensity by 2030 (including no

routine venting or flaring) and to net zero CO2 by 2050.
Conclusions and next steps

The GMP has created enormous policy momentum. Alongside

it, the Global Methane Hub (https://globalmethanehub.org/) links

~20 philanthropic organizations’ supporting action, and the CCAC

links development banks with mitigation implementers. As such,

there is an urgent need for expanded and improved knowledge of

both the benefits of and opportunities for mitigation and access to

finance to support the effective implementation of mitigation

policies. This information can be provided with support tools that

keep pace with rapidly advancing knowledge regarding current

emission sources, especially via remote sensing.

Our analyses support three imperatives for methane mitigation.

We illustrate how observations show increased methane

concentration growth rates, which have recently reached the

greatest values on record according to both ground-based and

satellite data. Observed methane growth rates are now much

higher than the mean predictions across models and far above

levels consistent with Paris Climate Agreement goals. Human

activities are predominantly responsible for the past ~15 years of

growth—with contributions from increased emissions from

wetlands due to anthropogenic global warming and from direct

anthropogenic emissions. The first imperative is therefore to change

course and reverse methane emission growth through stronger
FIGURE 11

Variation in profit margins for oil production and methane abatement as fossil fuel prices change. Ranges for profit margins of oil production and
methane abatement are shown for two illustrative cases “Jan 2020” and “July 2022” that correspond to historically low and high oil and gas prices,
respectively (see Table 3 for assumptions). Profit margins for methane abatement are shown without a fee on emissions and with a US$1500 per
tonne illustrative methane fee. See Methods (Analysis I) for further details.
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policy-led action targeting all major drivers of methane emissions as

well as to greatly reduce CO2 emissions rapidly.

The second imperative is to align methane and CO2 mitigation.

Major and rapid reductions in methane are integral to least-cost 1.5°C-

and 2°C-consistent scenarios alongside the transformations needed

to reach net zero CO2 by ~2050. However, net zero methane

emissions is not the target owing to abatement challenges for

some sources and its short lifetime. Nevertheless, since methane

and CO2 each contribute to warming, maximizing reductions in

methane emissions is important both for its own sake to ensure that

1.5°C- or 2°C-consistent CO2 trajectories are feasible and to reduce

CDR requirements. Methane and CO2 mitigation actions are tightly

interrelated: reducing methane emissions can directly contribute to

reduced atmospheric CO2 via carbon cycle interactions. Focusing

on land use, we quantify how decreased livestock numbers afforded

by reduced consumption of cattle-based foods not only help reduce

methane emissions but also free up land to help meet projected

needs for CDR at levels required to achieve long-term climate goals.

Rapid and deep cuts to CO2 and methane provide the strongest

climate benefits across the century.

The third imperative highlights the need to optimize methane

abatement policies. We show that both technological abatement

options and systemic and behavioral choices must be addressed to

reduce methane emissions. Our national-level analysis of methane

mitigation opportunities highlights the need to address all

subsectors when considering abatement options. We find that
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although many mitigation costs are low relative to real-world

financial instruments and methane damage estimates, strong,

legally binding regulations need to be in place even in the case of

negative-cost options. To help policymakers and project funders, we

created an online tool that explores different options and their cost-

effectiveness. This tool supports policymakers by, for example,

displaying (i) the most cost-effective options for countries to

achieve a desired methane abatement objective economy-wide by

sector or by subsector and (ii) the options in each country or

countries that provide the largest abatement opportunities for a

given spending level. Given substantial uncertainties in both

emissions and costs, these data provide guidance for funders or

policymakers who can then pursue more detailed studies.

Funding equivalent to mitigation costs is not necessarily required

since the cost analyses could support regulatory policies, e.g., by

showing that they do not impose onerous burdens. For example,

mitigation in the fossil sector is both large and low in cost in China

and India, as are reductions in landfill methane in India, suggesting

these two non-GMP countries have the potential to achieve major

methane reductions with limited financial burdens.

The tool provides abatement potentials both as tonnes and

percentages. The latter facilitates use with observations, for

example, the identification of emission sources by satellites with

global coverage but relatively low spatial resolution that are

followed up by higher resolution site-specific quantification of

emission rates (Figure 12). These data will soon be complemented
FIGURE 12

Example use of remote sensing to quantify methane emissions. (A) Methane observations from the TROPOMI instrument on 31 March 2019 over the
region encompassing Lahore, Pakistan. (B) High-resolution measurement of methane enhancement over the northern part of the city observed by
GHGSat on 31 October 2020. The emission source location matches the siting of the Lahore landfill, with Q indicating the estimated methane
emission rate.
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by the satellite missions Carbon Mapper, MethaneSAT, GOSAT-

GW, Sentinel-5, and Satlantis as well as datasets produced by the

Integrated Global Greenhouse Gas Information System and the

International Methane Emissions Observatory. Automated

reporting based on satellite observations promises to provide

rapid information on emissions and progress in abatement [e.g.,

(49), (107)] though updates to mitigation potentials and costs based

on new data will take considerable time and effort.

The new tool complements another showing the benefits of

methane abatement (http://shindellgroup.rc.duke.edu/apps/

methane/). That tool allows the user to select global or regional

methane mitigation options by sector and cost and then displays

national-level benefits including ozone effects on human health,

yields for several major staple crops, heat-related labor productivity,

and the economic valuation of these.

Though methane has similar environmental impacts wherever it

is emitted, co-emissions affect those living near sources with

environmental justice implications [e.g., (128, 129)]. These include

hazardous hydrocarbons, such as benzene, that are frequently emitted

by gas and oil facilities, black carbon from flaring, and ammonia from

manure ponds. Methane-producing infrastructure is often in areas

with high social vulnerability [e.g., (130)]. Accounting for co-

emissions requires improved data on their spatial distribution and

volume, especially in areas with nearby vulnerable populations.

There is also a need to improve understanding of several

physical processes influencing the climate impacts of methane

emissions. Methane-induced ozone increases affect the carbon

cycle, amplifying the climate impact of methane, but the

magnitude of this effect is highly uncertain (12). Additionally,

methane affects particle formation via oxidants, producing

aerosol-cloud interactions that may augment the climate impact

of methane (131). Studies also report divergent results for the net

cloud response to methane when the shortwave absorption of

methane is accounted for (132, 133). A better understanding of

the response of natural methane emissions to climate change is also

needed. Improved capabilities to monitor emissions from difficult-

to-access methane-source areas (e.g., wetlands) using remote

sensing should help constrain changes in natural sources over the

coming decade. A research agenda for methane removal

technologies, which could be deployed in the unlikely event of a

surge in natural emissions, has been called for [e.g., (134)] and is

currently being assessed (https://www.nationalacademies.org/our-

work/atmospheric-methane-removal-development-of-a-

research-agenda).

Though additional observations and improved scientific

understanding will be valuable, securing the benefits for climate,

health, labor productivity, and crops (4, 79) that are the rationale for

the GMP requires immediate implementation to achieve the

emission reductions envisioned by 2030. Not only is our

understanding of methane science and mitigation options

sufficient to act upon, but political support is evidenced by the

GMP, and financial support is growing. It is also becoming clearer

how methane fees would achieve climate goals and enhance well-

being. In the face of ever-increasing climate damages, including heat

waves, flooding, storms, and fires, the world has a real opportunity

to reduce the rate at which these effects grow between now and 2050
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via methane action, with the main impediment being the will to

implement the known solutions.
Methods

Analysis A: methane growth/emissions
vs projections

Methane abundance growth rates during the 2020s are taken

from “no climate policy” baseline scenarios from several recent

multi-model intercomparison projects using integrated assessment

models: ADVANCE (https://www.fp7-advance.eu/), NAVIGATE

(https://www.navigate-h2020.eu/) (14), and ENGAGE (https://

www.engage-climate.org/). NAVIGATE and ENGAGE scenarios

are the most recent and include updates to actual trends in energy

demand, costs, etc., and legislation through ~2020. This dataset

includes results from the following IAMs: AIM/CGE 2.0, IMAGE

(versions 3.0.1, 3.0.2, and 3.2), MESSAGE-GLOBIOM 1.0,

MESSAGEix-GLOBIOM 1.1, POLES, REMIND 1.7, REMIND-

MAgPIE (versions 1.5, 2.0–4.1, and 2.1–4.2), WITCH 5.0, and

WITCH- GLOBIOM 4.2.

Baseline projections are also included from two “bottom-up”

analyses by the International Institute for IIASA (15) and the EPA

(16). The IIASA analysis uses their Greenhouse gas and Air pollution

Interactions and Synergies (GAINS) model in which baseline emission

estimates reflect expected impacts on emissions from current

legislation to control emissions. Future methane emissions in GAINS

by 2050 are developed based on macroeconomic and energy sector

activity drivers from the IEAWorld Energy Outlook 2018 New Policies

Scenario (135), agricultural sector activity drivers from the Food and

Agricultural Organisation of the United Nations (FAO) (136), and

IIASA’s own projections of solid waste and wastewater generation

consistent with their relevant macroeconomic drivers. By incorporating

policies projected forward by the IEA in 2018 in the energy scenario,

these projections are expected to be similar to the NAVIGATE and

ENGAGE baselines. The EPA’s projections are based on projected

changes in underlying drivers taken from various globally available

activity data sources depending on the source category. Trends in

energy production and consumption are based on the United States

Energy Information Administration 2017 International Energy

Outlook Reference Case scenario. Growth rates in crop and livestock

production are from International Food Policy Research Institute’s

IMPACT model (International Model for Policy Analysis of

Agricultural Commodities and Trade) (137). The full methodology is

discussed in the documentation accompanying the EPA’s Global non-

CO2 greenhouse gas emission projections & mitigation report (16).

Neither the integrated assessment models nor the bottom-up analyses

include changes in natural methane emissions.

A simple box model with a sink proportional to the

atmospheric abundance of methane is used both to derive

emission and sink estimates (Figure 1) and to convert scenario

emissions to estimated concentration changes (Figure 2). The

atmospheric residence time for methane is 9.1 years for 2020

methane concentrations in this model, consistent with the value

reported in the IPCC AR6 (12).
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Analysis B: projected methane emissions
reductions under 1.5°C-consistent
scenarios

This analysis utilizes the scenario dataset analyzed in the IPCC

AR6 (59). We include all scenarios classified as being below 1.5°C in

2100 (>50% probability) with either no or limited overshoot and for

which agricultural as well as total methane emissions were available.

There are 53 scenarios from eight models that represent five

separate model families: AIM/CGE 2.2 and AIM/Hub-Global 2.0;

IMAGE 3.2; MESSAGE-GLOBIOM 1.1; REMIND 2.1, REMIND-

MAgPIE 2.1–4.2 and 2.1–4.3; and WITCH 5.0. Data were obtained

from the AR6 Scenario Database (86), release 1.1.
Analysis C: connection between land area
use for BECCS and pasture

This analysis utilizes two sets of scenarios from the AR6

scenario database (86). We examine the relationship between the

deployment of BECCS and the area used for pasture (area used for

fodder was not available) using scenarios classified as keeping

warming below 1.5°C with limited or no overshoot as well as

those keeping warming below 1.5°C with high overshoot. The

latter are included to obtain a larger sample of models given

substantial intermodal variability in estimates of future BECCS

deployment. Results are available from seven model families:

AIM, GCAM, IMAGE, MESSAGE, REMIND, COFFEE, and

WITCH. From these scenarios, we also analyze decadal changes

in the multi-model means and individual scenarios for these two

quantities from the 2040s (or 2030s) to 2090s.

A second set of scenarios is used to explore how land use trade-

offs including land area used for afforestation vary across IAMs. We

use an expanded set of scenarios classified as under 2°C as

afforestation diagnostics were not available from as many models.

Even using this larger dataset, we found only eight models that

provided all the required outputs. As this analysis compares land

used for carbon uptake (afforestation and bioenergy crops) with

pasture area across multiple scenarios within a single model, we

excluded three models that had six or fewer scenarios. One

additional model, a variant of REMIND, has minimal changes in

land deployed for carbon uptake so does not provide useful input

for this analysis (though averages and ranges are not sensitive to the

inclusion of that model). For the remaining four models (IMAGE

3.2, MESSAGEix-GLOBIOM 1.1, REMIND-MAgPIE 1.7–3.0, and

WITCH 5.0), 22–106 scenarios were available (206 in total),

allowing a robust characterization of the land use relationship for

each of these models. In this analysis, afforestation is converted

from the reported value in tCO2 to area using 12 tCO2 per ha (138).
Analysis D: climate impact of
decarbonization and methane reduction

We analyzed the response of global mean annual average surface

air temperatures to emissions under various scenarios to isolate the
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effects of decarbonization and targeted methane emission controls. The

emissions scenarios are based upon the SSPs, using averages across

1.5°C scenarios (nominal 1.9 W m−2 forcing in 2100) under SSPs 1, 2,

and 5 as 1.5°C was infeasible under SSP3 in four of four models and

under SSP4 in two of three models. From those scenarios, we separate

the effects of decarbonization from targeted methane abatement based

on the methane abatement associated with decreasing fossil fuel use

(4, 82, 95), which is classified as part of decarbonization, relative to all

other methane reductions, which includes the remaining portion of

fossil fuel-sector methane abatement and all methane abatement in the

agriculture and waste sectors.

Temperature responses to those emissions relative to constant

2020 emissions were calculated using absolute global temperature

potentials (AGTPs), as in prior work (4, 66, 78). The yearly AGTPs

represent the global mean temperature change per kilogram of

emission each year after those emissions based on an impulse-

response function for the climate system, as is used in IPCC reports

for selected example years, e.g., AGTP50 or AGTP100 (69). This

analysis relies on AGTPs created using the transient climate

response averaged over the last generation of climate models

(CMIP5) (139), which is very similar to that reported from the

latest generation (63). The response to methane is calibrated to

match the global mean annual average temperature response from

the full composition-climate models reported in the Global

Methane Assessment’s climate simulations (4).
Analysis E: impact of methane abatement
on temperature and health

This analysis presents global mean annual average temperature

responses using the same methodology as Analysis D but in this

case applied to scenarios based upon baseline and 1.5°C-consistent

scenarios under the SSP2 pathway. SSP2 is chosen as it lies in the

middle of the three for which models produced several 1.5°C

consistent scenarios (SSPs 1, 2, and 5), consistent with its

“middle-of-the-road” narrative description (96).

This analysis also presents health impacts based on changes in

exposure to surface ozone. The GMA used five global composition-

climate models to evaluate the effect of methane emissions on the

maximum daily 8-hour ozone exposure averaged over the year

(MDA8-annual). This was the metric most closely linked to

increases in premature deaths from ozone in one of the largest

epidemiological studies to date (140) as well as in a second large

United States study that obtained very similar exposure-response

results (141). This analysis utilizes the multi-model mean changes in

this metric per unit methane emission change to derive the effect on

human health due to reduced risk of both respiratory and

cardiovascular premature mortality with decreasing ozone exposure.

We note that groups such as the EPA and Global Burden of

Disease (GBD) do not include ozone-related cardiovascular

premature deaths—the EPA’s expert panel reports that “evidence

for long-term ozone exposure and cardiovascular effects is suggestive

of, but insufficient to infer, a causal relationship” (142). However, a

recent cohort study in China (143) reports a strong relationship and

a much higher risk increment per unit exposure than that used here
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based on the United States studies. To characterize the range of

potential methane-ozone-health impacts, we also evaluated the

maximum daily 8-hour ozone exposure averaged over the 6-

month period of maximum exposures (MDA8–6mon), the metric

used in the Chinese epidemiological analysis. We apply the

exposure–response relationship for cardiovascular disease of Niu

et al. (143) using the same theoretical minimum risk exposure level

(a threshold) as in the United States study [26.7 ppb (140)], as this

value is below any exposures in Niu et al. The results are only

modestly sensitive to the use of this threshold, however, with values

~20% less without the threshold, well within uncertainty ranges. We

find 1930 [1110–2510: 95% confidence interval (CI)] deaths per Mt

methane emission based on the exposure-response of Niu et al.

(143), a best estimate value much larger than even the high end of the

690 (210–1120: 95% CI) deaths per MtCH4 found using the Turner

et al. (140) relationship (4). Note that another large Chinese cohort

study (144) reported more than double the increased risk of

cardiovascular death due to increased ozone exposure relative to

Niu et al. (143), suggesting that even our high-end estimate could be

substantially too small.

In addition to the differing estimates of the effect of ozone on

premature cardiovascular deaths, another recent analysis reports a

strong relationship between ozone exposure and increased premature

death in children aged under 5 years in low- and middle-income

countries (145). Such an effect would be distinct from other effects

analyzed here as the other studies included only populations aged 18

and older (143) or 30 and older (140). The impacts on children aged 0

to 5 were reported in response to MDA8–6mon, and we used this

metric to again evaluate the effects of changingmethane emissions for

ozone exposures above 51 ppb, as reported in the epidemiological

study. We find an additional 320 (125–485: 95% CI) premature

deaths in children under 5.

Combining the 740 (460–990) adult respiratory deaths (4)

with the adult cardiovascular deaths found here based on the

Chinese cohort (143) and the under-5 age group deaths gives a

total value of 3000 (2100–3600) per MtCH4. Using standard

valuation methods (4), this leads to a valuation of US$5200

(3650–6250) per tCH4.

Human health impacts were calculated using 2015 population

data from the Gridded Population of the World (GPW) version 4

(146) and 2015 baseline mortality rates from the GBD project (147)

for each country of the world.
Analysis F: impact of methane abatement
on heavy/outdoor labor

We assess the effects of changes in heat exposure due to mitigation

of methane emissions on potential labor productivity within the heavy

labor category, which primarily includes outdoor workers in

agriculture, forestry and fisheries, and construction (100). The effects

of methane abatement are evaluated relative to a “middle-of-the-road”

SSP2 scenario, as in Analysis E. Uncertainties are characterized using

multiple impact functions, namely those of Kjellstrom et al. (148),

Foster et al. (149), and the International Organization for

Standardization (ISO) Standard 7243 (150), using the approach of
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Bröde et al. (151). Analyses are performed for both the case of workers

in the sun and in the shade.

Valuation of the avoided labor losses uses estimates from the

International Labour Organization (ILO) of the fraction of the overall

working-age population (ages 15–64) in each country that works in

heavy labor (152), multiplied by the spatially gridded population ages

15–64 [Gridded Population of theWorld v4 data (146)] to estimate the

number of workers in a given category and their spatial distribution.

We then overlay the heavy labor hours lost by these workers to obtain

total hours lost. We next calculate average value added per worker in

agriculture, forestry and fisheries, and construction by dividing the total

value added in 2017 (153) by the total working-age employment in a

given category. This is then converted to value per hour assuming a 12-

hour workday and 365 days/year (a maximalist assumption, though

common in the labor economics literature, so the value of hours lost

reported here is conservative).We thenmultiply the hourly value added

per worker by the heavy labor hours lost to estimate the economic costs

of heat-related productivity losses. Finally, values are converted from

2017 local currency units (LCU) to 2017 PPP-adjusted international

dollars (2017 PPP$) by dividing a country’s LCU by its gross domestic

product 2017 PPP conversion rate (LCU/US$). We sum the losses over

all countries (n=163) to obtain the estimated global output loss.
Analysis G and H: national-level methane
mitigation analysis of abatement potentials
and costs

National mitigation potentials and their associated costs are

evaluated primarily based on the data from the EPA (16) and from

the IEA (90). The EPA data cover all sectors and include projected

changes in both baseline emissions and mitigation. Mitigation potentials

change over time due to factors such as projected technology turnover

and improvements in technology over time. Potentials are estimated

through 2050 and use a discount rate of 5% in cost estimates (e.g., for the

value of captured gas). The IEA analysis includes only the fossil fuel

sector and analyzes present-day abatement potentials associated with

targeted control measures. This analysis uses a discount rate of 10% in its

cost estimates.

Limited national data are also included from an analysis by IIASA,

though this analysis is primarily done at the regional level (15). As

with the EPA analysis, these mitigation potentials and costs cover all

sectors and include time-dependent estimates of both changes in

baseline emissions and mitigation. The latter include sector-specific

assumptions about technology turnover times, based on the literature,

improvements in technology over time, and the achievable pace of

regulations. This analysis includes discount rates of 4% and 10% in

their cost evaluation and also extends to 2050. EPA and IIASA data

are evaluated for 2030 whereas IEA estimates are for 2022.

As presented in the main text, abatement options have been

grouped into functionally similar categories to facilitate readability

and allow comparison across estimates. An online tool facilitating

analysis of the national level EPA and IEA has been created that

allows users to sort the available national abatement options by

sector according to their costs. The user can specify either a

mitigation target or a spending target and can also compare
frontiersin.org

https://doi.org/10.3389/fsci.2024.1349770
https://www.frontiersin.org/journals/science
https://www.frontiersin.org


Shindell et al. 10.3389/fsci.2024.1349770
across the EPA and IEA datasets (within the fossil fuel sector) and

countries. The tool is available at https://github.com/psadavarte/

Methane_mitigation_webtool.
Analysis I: profit/return from controlling
methane emissions versus price
(oil production)

To examine the implications of price fluctuations on oil companies’

incentives to invest in methane abatement, we compared two fictive

cases called “Jan 2020” and “July 2022”. These approximate the

situations in the global oil and gas markets in January 2020, when

the world oil and gas prices stood at a historical low at ~US$20/barrel

for oil (Brent) and about ~US$10/MWh for gas (title transfer facility

[TTF] spot price), and July 2022, when the same prices stood at a

historic high at about US$120/barrel for oil and US$100/MWh for gas.

Our analysis assumes that there are no appreciable changes in the costs

of oil production or methane abatement, the impact factors (methane

released per barrel) for oil-related methane emissions, or the

effectiveness of methane abatement to isolate the effects of

commodity price changes.
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