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IGSD’s mission is to build resilience by accelerating fast climate mitigation actions to slow nearterm warming and self-reinforcing climate feedbacks, avoid catastrophic climate and societal tipping
points, and limit global temperature to 1.5°C—or at least keep this temperature guardrail in sight.
IGSD’s latest research shows that decarbonization alone is insufficient to slow near-term warming
to keep us below 1.5°C or even the more dangerous 2°C guardrail, and that the fastest and most
effective strategy is to combine the marathon to zero out carbon dioxide (CO2) emissions from
decarbonizing the energy system with the sprint to rapidly cut non-CO2 super climate pollutants and
protect carbon sinks. The super climate pollutants include four short-lived climate pollutants
(SLCPs)—methane (CH4), black carbon soot, tropospheric ozone (O3), and hydrofluorocarbons
(HFCs)—as well as the longer-lived nitrous oxide (N2O).
Combining the fast mitigation sprint with the decarbonization marathon would help address the
ethical issues of intra- and inter-generational equity by giving societies urgently needed time to adapt
to unavoidable changes and build resilience. The latest science suggests that the window for
exceeding the 1.5°C guardrail could close as soon as the early 2030s, making this the decisive decade
for fast action to slow warming. IGSD’s theory of action is anchored in the urgency of responding
rapidly and effectively in order to avoid irreversible damage to the climate system with catastrophic
consequences for all.
The fastest way to reduce near-term warming in the next decade is to cut SLCPs. Because they only
last in the atmosphere from days to 15 years, reducing them will prevent 90 percent of their predicted
warming within a decade. Strategies targeting SLCP reductions can avoid four times more warming
at 2050 than targeting CO2 alone. Reducing HFCs can avoid nearly 0.1 °C of warming by 2050 and
up to 0.5 °C by the end of the century. The initial phasedown schedule in the Kigali Amendment to
the Montreal Protocol will capture about 90 percent of this. Parallel efforts to enhance energy
efficiency of air conditioners and other cooling appliances during the HFC phasedown can double
the climate benefits at 2050. Cutting methane emissions can avoid nearly 0.3 °C by the 2040s, with
the potential for significant avoided warming from emerging technologies to remove atmospheric
methane faster than the natural cycle.
Combining the fast mitigation sprint with the decarbonization marathon would reduce the rate of
global warming by half from 2030 to 2050, slow the rate of warming a decade or two earlier than
decarbonization alone, and make it possible for the world to keep the 1.5°C guardrail in sight. It
would also reduce the rate of Arctic warming by two-thirds. This would help slow self-reinforcing
climate feedbacks in the Arctic, and thus avoid or at least delay the cluster of projected tipping points
beyond 1.5°C. Reducing climate risks and staying withing the limits to adaptation are critical to
building resilience.
IGSD approaches to fast mitigation includes science, law and policy, and climate finance. IGSD
works at the global, regional, national and subnational levels.
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Executive Summary
The IGSD Primer on Cutting Methane provides decision-makers with clarity on the science of
methane mitigation and why action is urgently needed; current and emerging mitigation opportunities
by sector; national, regional, and international efforts that can inform emergency global action on
methane; and financing initiatives to secure support for fast methane reduction. This Methane Primer
provides the scientific and policy rationale for decision-makers to achieve the “strong, rapid, and
sustained” cuts to methane emissions necessary to slow global warming in the near term1 and limit
the risk of triggering tipping points. The Methane Primer also supports the need for research and
development of technologies to remove methane from the atmosphere at scale.
Methane is a super-potent planet-warming gas––a ton of methane has over 80 times the warming
power of a ton of carbon dioxide emissions over 20 years. While methane is the focus of this Primer,
slowing warming in the near term also requires deep cuts to the other similarly potent “short-lived
climate pollutants” (SLCPs)—including black carbon soot, hydrofluorocarbons (primarily used as
refrigerants), and tropospheric ozone, which are all super climate pollutants with atmospheric
lifetimes of, on average, under 15 years.2 Deep cuts in these super pollutants also will reduce the
build-up of heat in the ocean that otherwise would continue adding to warming for decades to
centuries, long after the lifetime of the pollutant.3
While cutting CO2 emissions remains important over the long term, cutting super climate pollutants
can slow warming one to two decades sooner than CO 2-focused strategies alone, avoid two to six
times more warming at 2050 than CO2 cuts can,4 and reduce projected warming in the Arctic by twothirds and the rate of global warming by half.5
Key messages include:
•

Methane pollution has already caused 0.51 °C of the 1.06 °C of total observed warming (2010–
2019) compared to pre-industrial.6 Warming caused by methane will continue to increase if
methane emissions continue to rise, with a 30% increase in anthropogenic emissions expected
by 2050 under current policy scenarios.7 Atmospheric methane concentrations set records in
2020 and 2021 for the fastest rate of increase since records started in 1983; preliminary data
shows methane exceeding 1900 parts per billion for the first time in September 2021 (Box 1).8

•

Without fast action to slow warming, we are likely to exceed the 1.5 °C “guardrail” at least
temporarily by the end of the decade,9 with a 50-50 chance that at least one year will exceed
1.5 °C by 2026 and a 10% chance that the five-year mean from 2022 to 2026 will exceed this
threshold.10
o Crashing through the 1.5 °C guardrail increases the risk that self-reinforcing feedbacks
will further accelerate rising temperatures and trigger a cascade of irreversible tipping
points in the climate system (Box 2).11
o Over 3 billion people live in vulnerable contexts. Impacts from warming above 1.5 °C
pose very high risks and potentially irreversible impacts to unique and threatened
human and natural systems and increase risk from extreme weather.12
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•

The Global Methane Assessment from the United Nations Environment Programme and the
Climate & Clean Air Coalition confirms that cutting methane emissions is the fastest strategy
for the world to avoid crashing through the 1.5 °C guardrail.13 Pursuing all methane mitigation
measures this decade is the only known way to avoid nearly 0.3 °C of warming by the 2040s
and slow warming by 30%.14 The Intergovernmental Panel on Climate Change (IPCC) Sixth
Assessment Report (AR6) confirms that “strong, rapid, and sustained methane reductions” are
key to limiting warming in the near- and longer-term.15
o AR6 Working Group III further finds that “[d]eep GHG emissions reductions by 2030
and 2040, particularly reductions of methane emissions, lower peak warming, reduce
the likelihood of overshooting warming limits and lead to less reliance on net negative
CO2 emissions that reverse warming in the latter half of the century…. Due to the short
lifetime of CH4 in the atmosphere, projected deep reduction of CH4 emissions up until
the time of net zero CO2 in modelled mitigation pathways effectively reduces peak
global warming. (high confidence).”16
o Limiting warming to 1.5 °C with no or limited overshoot requires reducing global
human-caused methane emissions by 34% in 2030 and 44% in 2040 relative to
modelled 2019 levels, in addition to cutting global CO2 emissions in half in 2030 and
by 80% in 2040, and deep cuts to other short-lived climate pollutants and nitrous
oxide.17

•

Technology exists to cut 45% of anthropogenic methane emissions by 2030 from energy
production, agriculture, and waste (Table 2).18 Measures specifically targeting methane
sources are essential, as broader decarbonization measures can only achieve 30% of the
needed methane reductions.19
o Roughly 60% of the available targeted measures have low mitigation costs (defined as
less than US$21 per tonne of CO2e for GWP100 and US$7 per tonne of CO2e for
GWP20), and just over 50% of those have negative costs in that the measures pay for
themselves.20
o In energy production, the greatest potential for mitigation is in the oil and gas sector.21
In the waste sector, reducing and managing solid-waste holds the most promise.22 And
in agriculture, measures to reduce methane emissions from livestock could have the
greatest impact.23
o Methane mitigation also can support geographically diverse and well-paying jobs.24

•

Successful implementation of the Global Methane Pledge would reduce warming by at least
0.2 °C by 205025 and keep the planet on a pathway consistent with staying within 1.5 °C,
according to the Global Methane Assessment.26 Deploying all available and additional
measures could lead to a 45% reduction below 2030 levels to achieve nearly 0.3 °C in avoided
warming by the 2040s.27

•

Cutting methane also increases resilience and promotes environmental justice.28 By slowing
near-term warming and reducing associated hazards, methane mitigation provides climatevulnerable communities with more time to adapt while also decreasing communities’
2

adaptation burdens.29 Additionally, because methane is oxidized in the atmosphere to form
tropospheric ozone (also known as photochemical smog), cuts to methane reduce harm to
public health and crops, supporting food security.30
o Achieving net-zero CO2 emissions by accelerating the transition to clean energy is
essential to stabilizing the climate. In addition, during the time it takes for a just
transition to a net-zero economy, it is essential to stop methane leaks to slow warming
and protect the health of local communities and food security.31
o The transition away from fossil fuels will not only reduce CO2 but also will reduce
cooling aerosol emissions. The cooling aerosols are co-emitted with CO2 when
sulphur-containing fossil fuels, such as coal and diesel, are burned. Unlike CO2, which
remains in the atmosphere for decades to centuries, these cooling aerosols fall out of
the atmosphere within days to months. The loss of this cooling effect will offset
reductions in warming from decarbonization until around 2050 and even accelerate
warming over the first decade or more.32
o Thus, cutting methane and other short-lived climate pollutants is also key to
counteracting this increased rate of warming in the near term.33
•

Out of the total global emissions of methane (550–594 million metric tonnes of methane,
Mt CH4 yr−1), 50–65% come from anthropogenic sources (336–376 Mt CH4 yr−1) in three
main sectors: energy production, agriculture, and waste.34 Energy production accounts for
about 35% of anthropogenic methane emissions,35 agriculture accounts for about 40%,36 and
waste accounts for about 20%,37 with biomass burning and biofuels as minor sources.

•

Around 35–50% of global methane emissions is from natural sources.38 These natural sources
include tropical wetlands, peatlands, and Arctic permafrost, all of which are warming and
appear to be increasing emissions as part of self-reinforcing climate-carbon cycle feedbacks.39
In addition to slowing the rate of warming to reduce natural sources of methane emissions,
research is underway on atmospheric methane removal.40

•

Many national and subnational governments (including major methane-emitting countries and
regional organizations), as well as international initiatives and partnerships, are already
pursuing mandatory and voluntary methane mitigation measures. These national efforts and
bottom-up initiatives strengthen and expand national methane action and leadership.

•

Systems to measure and monitor methane emissions already exist and others are under
development. Satellite-based systems are rapidly increasing our understanding of major
emitting sources, including a small number of “ultra-emitters” responsible for 8–12% of
global oil and gas sector methane emissions.41 These monitoring systems, when coupled with
an accountability and enforcement strategy, will be essential to ensuring the world is on track
to secure maximum reductions in methane emissions. This includes encouraging use of
metrics that better reflect temperature impacts of strategies to meet the 1.5 °C goal, such as
the 20-year global warming potential (GWP20) for methane and other short-lived climate
pollutants (

3

•
•

Box 3).42

•

Funding and financing are needed to support governments and organizations committed to
fast methane reductions and associated governance. This includes financing made available
through instruments such as the International Monetary Fund’s new Resilience and
Sustainability Trust (see Section 11).

•

Multilateral action to rapidly cut methane emissions is critical. Methane is a well-mixed
greenhouse gas, and methane mitigation by all countries and territories is the best means to
achieve rapid and effective reductions of methane emissions. The Global Methane Pledge,
which establishes a collective target to achieve at least 30% global methane emissions
reductions below 2020 levels by 2030, is an important step for keeping the 1.5 °C guardrail
in reach.43 Nevertheless, strengthened and expanded national methane action and leadership
that leaves some countries behind and fails to ensure accountability and support for methane
mitigation commitments may not be sufficient to deliver methane reductions at the speed and
scale needed to avoid potentially catastrophic climate impacts. Therefore, governments should
build on the Pledge or parallel agreements such as the U.S. China Joint Glasgow Declaration
on Enhancing Climate Action in the 2020s to open the door for a global methane agreement.
This includes acting immediately to require a progressively lower methane emissions rate
from providers of “replacement methane gas” in response to shifts in sourcing as the
availability of Russian gas is reduced.
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1. Introduction
Ending dependence on fossil fuels, including fossil gas, by shifting to clean energy is essential for
protecting the climate and for ensuring peace and security. But during the time it takes to shift the
world’s energy system to clean energy, it also is essential to reduce methane emissions as fast as
possible to address the climate emergency.
Methane (CH4) is a super-potent planet-warming gas with over 80 times the warming power of carbon
dioxide over 20 years. As recently illustrated in the Financial Times, “[i]f you think of fossil fuel
emissions as putting the world on a slow boil, methane is a blow torch that is cooking us today.”44
Methane is also a major precursor of tropospheric ozone, an air pollutant responsible for millions of
premature deaths, billions of dollars’ worth of crop losses annually,45 and weakening of carbon sinks.46
Addressing methane pollution will slow global warming, improve health, generate employment,
enhance food security. and increase investment into developing countries. Over 180 countries directly
reference methane mitigation in their nationally determined contributions (NDCs).47 As of December
2022, 150 countries including the European Union have joined the Global Methane Pledge,48 which
establishes a collective target to achieve at least 30% methane emissions reductions below 2020 levels
by 2030, representing approximately 70% of the global economy and 45% of anthropogenic methane
emissions.49
Methane pollution has already caused 0.51 °C of the total observed warming in 2010–2019 of 1.06 °C
(0.88–1.21 °C) compared to pre-industrial (Box 1).50 And warming will increase if methane emissions
continue to rise. Atmospheric methane concentrations set records in 2020 for the fastest rate of
increase since records started in 1983.51 Preliminary data shows methane exceeding 1900 parts per
billion (ppb) for the first time in September 2021.52 As noted in the joint U.S.-EU announcement of
the Global Methane Pledge, “Methane is a potent greenhouse gas [GHG] and, according to the latest
report of the Intergovernmental Panel on Climate Change, accounts for about half of the 1.0 °C net
rise in global average temperature since the pre-industrial era.”53

Box 1. Methane's contribution to current warming
According to AR6 Figure SPM.2c, methane pollution caused 0.51 °C (0.29–0.84 °C) of warming
in 2010–2019 relative to 1850–1900, and CO2 caused 0.79 °C (0.52–1.25 °C) of warming. The
total current net anthropogenic warming is about 1.07 °C (0.8 to 1.3 °C) through 2019. While
emissions of greenhouse gases and black carbon aerosols contribute about 1.8 °C of warming,
about 0.7 °C of this warming is currently masked due to the cooling effect of reflective aerosols
that are primarily co-emitted along with CO2 during coal and diesel combustion (see Figure 1).
This assessed net warming of 1.07 °C is very close to the observed warming of 1.06 °C (0.88 to
1.21 °C) according to AR6 Figure SPM.2a, adapted in Figure 1. When considering only
greenhouse gas emissions and excluding other climate pollutants, such as aerosols and greenhouse
gas precursors, methane contributes about 30% of anthropogenic radiative forcing (approximately
1.2 out of 3.8 Watts per square meter, Wm-2). The emissions-based radiative forcing of methane
of 1.2 (0.90 to 1.51) Wm-2 accounts for the direct effect of methane emissions. It also accounts for
indirect positive forcing from the contribution of methane emissions to increased background
tropospheric ozone and stratospheric water vapor.54

Cutting methane emissions is the fastest and best strategy to slow warming and keep 1.5 °C within
reach.55 The Global Methane Assessment from the Climate & Clean Air Coalition (CCAC) and United
5

Nations Environment Program (UNEP), led by Dr. Drew Shindell, concludes that currently available
mitigation measures could reduce human-caused methane emissions by 45% by 2030 compared to
projected business-as-usual 2030 levels and avoid nearly 0.3 °C warming by the 2040s.56
Fast and aggressive methane mitigation is critical because the window to reduce warming enough to
slow self-reinforcing feedbacks and avoid tipping points may close by the end of this decade.57 Many
of these feedbacks are showing signs of activation, and there is evidence that we are nearing or have
already crossed multiple climate tipping points.58 Six climate tipping points are projected to occur
between 1 °C of warming and the 1.5 °C of warming expected by the end of the decade, with another
eleven tipping points projected between 1.5 °C and 2 °C.59 Domino-like interactions among these
systems risk triggering a global cascade of tipping points.60 Additionally, as-yet-undiscovered tipping
points are possible due to current model limitations and exclusion in these models of processes,
including those related to biogeochemical feedbacks such as permafrost thaw.61
Decarbonizing the energy system and achieving net-zero carbon dioxide (CO2) emissions is critical
for stabilizing the climate and keeping temperatures below 1.5 °C by the end of this century.62
However, phasing out CO2-emitting fossil fuels, such as coal and diesel, also stops emissions of coemitted cooling aerosols such as sulphur dioxide (SO2).63 Unlike CO2, which remains in the
atmosphere for decades to centuries, these cooling aerosols fall out of the atmosphere within days to
months. The loss of this cooling effect will offset reductions in warming from decarbonization until
around 2050 and likely even accelerate warming over the first decade or more.64 The Global Methane
Assessment and the Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report
(AR6) both highlight “strong, rapid, and sustained methane reductions” as key to counteracting this
increased rate of warming over the next decades. 65 Further, AR6 finds that reducing methane
emissions is key to effectively reducing peak warming and lowering the costs of climate change in
the near term by limiting the likelihood of overshooting the 1.5 °C guardrail.66
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In addition to causing global warming, methane is also a major precursor to tropospheric ozone,67
which is linked to significant human respiratory and cardiovascular morbidity and mortality68 and
agricultural crop damage (estimated at US$63 billion annually in East Asia alone). 69 Damage to plants
due to increased tropospheric ozone may reduce their ability to absorb carbon and may negate some
of the carbon fertilization effect from increased CO 2 concentrations with a potentially significant
effect on indirect radiative forcing.70 A recent study estimated methane’s contribution to the presentday tropospheric ozone burden at 35%.71 Methane is likely to play a greater role in tropospheric ozone
formation as emissions of other precursors decrease due to air pollution controls.72 Reducing global
methane emissions by 45% by 2030 would prevent 255,000 premature deaths, 775,000 asthma-related
hospital visits, 73 billion hours of lost labour from extreme heat, and 26 million tonnes of crop losses
globally.73 Eliminating all anthropogenic methane emissions could avoid 690,000 premature deaths
per year in 2050.74 Each tonne of methane reduced generates US$4,300 in health, productivity, and
other benefits.75 In addition, methane mitigation strategies provide further cost reductions and
efficiency gains in the private sector, create jobs, stimulate technological innovation, and help reduce
climate vulnerability in the most disadvantaged communities.
The Global Methane Pledge was formally launched at the head of State level at the high-level segment
of the 26th Conference of the Parties (COP26) on 2 November 2021.76 The United States and the
European Union originally announced the Pledge at the Major Economies Forum on 17 September
2021.77 The Pledge commits governments to a collective global goal of reducing global methane
emissions by at least 30% from 2020 levels by 2030. Signatories also commit to moving towards
using highest-tier IPCC good-practice inventory methodologies to quantify methane emissions, with
a particular focus on high-emission sources.
Successful implementation of the Global Methane Pledge would reduce warming by at least 0.2 °C
by 205078 and would keep the planet on a pathway consistent with staying within 1.5 °C, according
to the Global Methane Assessment.79 Deploying all available and additional measures could lead to a
45% reduction below 2030 levels to achieve nearly 0.3 °C in avoided warming by the 2040s.80
The Pledge marks the first time that heads of State have committed to fast action to cut super climate
pollutants to meet the 1.5 °C temperature target of the Paris Agreement. This initial commitment
raises awareness of the opportunity and urgency of slowing warming by cutting methane. It also
identifies the sectors involved and the level of ambition needed. Governments should build on the
Pledge to open the door for a global methane agreement, including acting immediately to require a
progressively lower methane emissions rate from providers of “replacement methane gas” in response
to shifts in sourcing as the availability of Russian gas is reduced. Cutting methane is our best
opportunity to quickly cut warming and avoid tipping points that would lock in devastating global
warming and make it much more difficult to avoid an existential threat to a liveable planet Earth.81
Although this Primer focuses on the short-lived climate pollutant (SLCP) methane, deep cuts to
similarly potent SLCPs—including black carbon soot, hydrofluorocarbons (HFCs), and tropospheric
ozone (for which methane is a major precursor)—are also critical to slowing warming in the near
term.82 Such cuts will reduce the build-up of heat in the ocean that otherwise will continue adding to
warming for decades to centuries, long after the lifetime of the pollutant.83
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Box 2. Self-reinforcing feedbacks and tipping points
AR6 defines a climate feedback as “an interaction in which a perturbation in one climate
quantity causes a change in a second and the change in the second quantity ultimately
leads to an additional change in the first.” AR6 examples of climate feedbacks include
carbon cycle feedback, cloud feedback, and ice-albedo feedback, among others. AR6
defines a tipping point as “a critical threshold beyond which a system reorganizes, often
abruptly and/or irreversibly.”84 Some feedbacks, like the ice-albedo feedback, are selfreinforcing where initial warming reduces the volume and extent of reflective Arctic
summer sea ice and exposes the darker ocean surface that absorbs more heat, further
warming and reducing the sea ice. Key elements of the climate system have tipping points
that, once exceeded, commit the system to change, even if this change may take hundreds
of years to fully play out, as in the case of melting of the Greenland Ice Sheet. 85 Other
systems may tip abruptly. An example would be the shift of the terrestrial biosphere from
a net sink for CO2 to a net source of CO2 as warming increases respiration rates and
decreases photosynthesis rates.86
For a fuller discussion of feedbacks and tipping points and fast-mitigation solutions, see
Institute for Governance & Sustainable Development (2022) THE NEED FOR FAST NEARTERM CLIMATE MITIGATION TO SLOW FEEDBACKS AND TIPPING POINTS: Critical Role of
Short-lived Super Climate Pollutants in the Climate Emergency.
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Box 3. Time and temperature methane metrics: GWP20 is an improvement, temperature is even
better!
Reducing the risks associated with accelerating warming requires mitigation strategies, like cutting
methane emissions, that can slow warming in the near term. Assessing how strategies affect nearterm warming requires considering individual emissions by pollutant in units of mass, as required
under United Nations Framework Convention on Climate Change (UNFCCC) reporting guidelines
and recommended by climate scientists.87 It also requires accounting for co-emissions by source,
since policies act on sources, not on individual pollutants.
An ideal option for assessing temperature impact is to convert emissions by source in terms of
pollutant and co-emissions to temperature impacts using tools such as the Assessment of
Environmental and Societal Benefits of Methane Reductions Tool or the CCAC Temperature
Pathway Tool. Alternatively, when comparing climate impacts for short-lived climate pollutants like
methane, using the 20-year global warming potential (GWP20) better captures near-term warming
impact than the 100-year GWP, in addition to being more aligned with meeting the 1.5 °C target.88
While the UNFCCC currently requires using the GWP100 metric when reporting aggregated emissions
or removals, which systematically undervalues the climate impact of methane, reporting Parties may
use other metrics in addition, such as GWP20 or absolute temperature potentials.89 AR6 has updated
the metrics for methane as follows: GWP20 is 81.2 and GWP100 is 27.9.90 Table 1 summarizes GWP
values for methane from IPCC reports.

Table 1. GWP values for methane from IPCC reports

Methane (CH4)
Fossil CH4

GWP20
GWP100
GWP20

AR6
81.2
27.9
82.5 ± 25.8

AR5
84
28

86*
34*
85

AR4
72
25
--

TAR
62
23
--

SAR
56
21
--

GWP100
29.8 ± 11
30
---GWP20
80.8 ± 25.8
----Non-fossil CH4
GWP100
27.2 ± 11
----* with carbon cycle feedback. All methane AR6 values include carbon cycle feedback.
AR6 = 2021 Sixth Assessment Report WGI (Table 7.SM.7; Table 7.15); AR5 = 2013 Fifth Assessment
Report WGI (Table 8.A.1; Table 8.7); AR4 = 2007 Fourth Assessment Report (Table 2.14); TAR = 2001
Third Assessment Report (Table 6.7); SAR = 1995 Second Assessment Report (Table 2.9).

Most aggregation metrics are designed for comparison with long-lived CO2. Metrics such as CO2equivalence in terms of GWP and GWP* are based on mathematical relationships that are intended
to make SLCPs like methane comparable to the longer-term warming impact of CO2 emissions.91
These aggregate metrics generally ignore co-emitted pollutants with significant near-term climate
impacts such as cooling aerosols. The GWP* metric seeks to account for the shorter lifetime of
methane by differentiating historical emissions from changes in the rate of emissions.92 One criticism
of this approach is that it essentially “grandfathers” historical emissions, so when applied at the scale
of regional or individual methane emitters, sources with high historical emissions can claim negative
GWP* by reducing their rate of emissions. This is the case even if their emissions in a given year are
equivalent to a new source with no historical emissions. This has led to misuse of these metrics to
claim that some sectors with large historical emissions and stable or decreasing current rates of
emissions have contributed less to global warming.93
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For these reasons, this Methane Primer follows the convention of the UNEP/CCAC Global Methane
Assessment in using mass-based metrics, such as million metric tonnes of methane (MtCH4), and
temperature impacts rather than GWP metrics.
2. The need for speed: Winning the sprint to 2030 is critical to avoiding climate

catastrophe
Every increment of additional warming matters.94 We are already experiencing the climate emergency
with extreme events occurring sooner and with greater severity than anticipated. As the rate of
warming accelerates, record-shattering extreme events will become increasingly common and more
dangerous.95 We have at most until the end of the decade, and probably less, to radically slow global
warming or face an existential threat to a liveable planet Earth. The world could hit the 1.5 °C
guardrail by 2030 because of rising emissions, declining particulate air pollution that unmasks
existing warming, and natural climate variability.96
Speed must become a key factor in the selection of climate solutions, in order to quickly limit
warming, slow self-reinforcing feedbacks, avoid tipping points, and protect the most vulnerable
people and ecosystems. Therefore, we need “fast climate solutions,” meaning measures—including
regulations—that can begin within two to three years, be substantially implemented within five to ten
years, and produce a climate response within the next decade or two. 97 These strategies also are
critical to increasing resilience by providing communities more time to adapt to global warming and
by reducing the amount of adaptation needed.98
The scientific community has failed to adequately communicate the need for speed. As Yangyang
Xu, V. Ramanathan, and David Victor noted in their Comment in Nature,99
“[The IPCC Special Report on 1.5 °C] underplays another alarming fact: global warming is
accelerating. Three trends—rising emissions, declining air pollution [which is quickly reducing
the reflective sulfate particles that mask warming], and natural climate cycles—will combine over
the next 20 years to make climate change faster and more furious than anticipated. In our view,
there is a good chance that we could breach the 1.5°C level by 2030, not by 2040 as projected in
the special report…. The climate-modelling community has not grappled enough with the rapid
changes that policymakers care most about, preferring to focus on longer-term trends and
equilibria.”

A. Current climate impacts are bad, and worse is on the horizon: the risk of self-reinforcing
feedback loops and tipping points
Rapid warming over the near term threatens to accelerate a vicious cycle—self-reinforcing feedbacks
where the planet starts to warm itself in a “Hothouse Earth” scenario. These feedback mechanisms
could set off a domino-like cascade of tipping points in the Arctic and elsewhere, many of them
irreversible and potentially catastrophic,100 and could lead to uncontrollable warming, becoming the
dominant force regulating the climate system.101
A prestigious group of climate scientists, in their 2019 Comment in Nature titled Climate Tipping
Points—Too Risky to Bet Against, explain that “the clearest emergency would be if we were
approaching a global cascade of tipping points” and that such “cascading effects might be common.”102
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Evidence from the latest review of feedbacks and tipping points suggests that we are already in a state
of planetary emergency where both the risk and urgency of the emergency are acute. At about 1.1 °C
of warming, there is a non-negligible risk that one or more cryosphere tipping points have already
been passed.103 Best estimates indicate that critical thresholds for the Greenland Ice Sheet, West
Antarctic Ice Sheet, warm-water corals, and abrupt permafrost thaw occur around ~1.5 °C. Limiting
warming below 2 °C and the duration of warming above 1.5 °C may avoid collapse of the ice
sheets.104 The melting Greenland Ice Sheet is the largest single contributor to the rate of global sealevel rise,105 and is already committed to lose 110 trillion tons of ice by the end of the century, which
would raise global sea levels by nearly a foot.106 Delaying action increases the risk of crossing one or
more temperature thresholds107 and commits the planet to weather and climate extremes that pose an
existential threat to civilization.108
B. Reducing fossil-fuel burning is essential but does not slow near-term warming
Decarbonizing the energy system and achieving net-zero CO2 emissions is critical for stabilizing the
climate and keeping temperatures below 1.5 °C by the end of this century, but cutting CO2 alone is
not able to achieve this target.109 In fact, reducing the burning of fossil fuels like coal and diesel also
cuts co-emitted cooling aerosols, primarily in the form of sulphates and nitrates. Co-emitted cooling
aerosols are reflective particles that currently mask warming of about 0.5 C.110 While the accumulated
CO2 in the atmosphere will continue to cause warming for decades to centuries, these cooling aerosols
fall out of the atmosphere in days to months, and this aerosol unmasking offsets reductions in warming
from decarbonization until around 2050 and even adds warming over the first decade or more (see
Figure 2).111 Even without accounting for the warming from reducing cooling aerosols, peaking CO2
emissions in 2030 and reaching carbon neutrality in the 2060s would only avoid 0.1 C of warming
by 2050,112 although the benefits of this strategy accrue quickly starting around 2060 through the end
of the century.
AR6 confirms that the shift from fossil fuels to clean energy is unmasking hidden warming of up to
0.5 °C that cancels out the cooling benefits of decarbonization until around 2050, underscoring the
importance of cutting non-CO2 super climate pollutants:
“Sustained methane mitigation, wherever it occurs, stands out as an option that combines nearand long-term gains on surface temperature (high confidence) and leads to air quality benefits by
reducing surface ozone levels globally (high confidence).… Additional [methane] and [black
carbon] mitigation would contribute to offsetting the additional warming associated with [sulphur
dioxide] reductions that would accompany decarbonization (high confidence).”113
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Figure 2. Methane reductions compared to global mean surface temperature responses to changes in
fossil-fuel-related emissions (CO2 + SO2)

Source: Shindell D. (25 May 2021) Benefits and Costs of Methane Mitigation, Presentation at the CCAC
Working Group Meeting. Updating Figure 3d from Shindell D. & Smith C. J. (2019) Climate and air-quality
benefits of a realistic phase-out of fossil fuels, NATURE 573: 408–411.

3. Cutting methane emissions is the best way to slow climate change in the near term
The Global Methane Assessment confirms that cutting methane emissions is the fastest strategy to
limit warming over the next 20 years.114 Pursuing all methane mitigation measures this decade is the
only known way to avoid nearly 0.3 °C of warming by the 2040s and slow warming by 30%.115 AR6
confirms that “strong, rapid, and sustained methane reductions” are key to limiting warming in the
near- and longer-term.116 Further, the most recent IPCC report on climate solutions by Working Group
III (AR6 WGIII) reinforces that deep and rapid cuts to methane emissions are essential to limiting
warming in the near-term and shaving peak warming from overshooting 1.5 °C.117 Limiting warming
to 1.5 °C with little or no overshot requires reducing emissions by 34% below 2019 levels in 2030
and 44% below 2019 levels in 2040.118
A. Pursuing all available methane mitigation measures is the only plausible way to limit
warming over the next 20 years
The Global Methane Assessment calculated that strategies to cut methane emissions 40–45% by 2030
could avoid nearly 0.3 °C by the 2040s, and 0.5 °C in the Arctic by 2050, 60% more than the global
average (Figure 3).119 This is consistent with AR6, which confirmed that cutting methane (by 35%
or more) together with other SLCPs could slow warming globally by 0.2 °C (0.1–0.4 °C) in 2040.120
Current methane emission levels place global average temperatures on a trajectory to breach the
1.5 °C guardrail, with anthropogenic methane emissions accounting for about one-third of the
temperature increase.121 The 2011 Integrated Assessment of Black Carbon and Tropospheric Ozone
calculated that fully implementing measures targeting methane and black carbon could reduce the
rate of global warming by half and reduce Arctic warming by two-thirds.122 Pursuing all available
methane mitigation measures would cut the global rate of warming by 30% by mid-century.123 If all
anthropogenic methane emissions were eliminated, surface methane levels could drop below preindustrial levels within 15 years.124
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Figure 3. Temperature response to methane abatement from 2020–2050 based on mitigation levels
consistent with 1.5 °C scenarios

Source: United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL METHANE
ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, Figure 5.1. Note: In addition to global
mean responses, values are given for the southern hemisphere extratropics (90–28 °S), the tropics (28 °S–28
°N), the northern hemisphere mid-latitudes (28–60 °N) and the Arctic (60–90 °N).

Rapid reductions in methane emissions could also reduce the risk of losing summer Arctic sea ice. 125
If Arctic summer sea ice were to disappear for the sunlit months, as could happen as early as midcentury,126 it would be the warming equivalent of 1,000 billion tonnes of CO2.127
In sum, due to the long lifetime of CO2 and the unmasking of warming associated with
decarbonization, cutting methane together with the other SLCPs is the only plausible way to limit
warming over the next 20 years.128
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Figure 4. Average methane emissions for 2008–2017 in MtCH4 per year for 18 continental regions

Source: United Nations Environment Programme (2021) EMISSIONS GAP REPORT 2021: THE HEAT IS ON – A
WORLD OF CLIMATE PROMISES NOT YET DELIVERED, Figure 6.1. Note: Emissions are shown for three main
emission categories: wetlands (WETL), fossil fuel-related (FOS) and agriculture and waste (AGRIW). Colored
bars represent the minimum and maximum range of available estimates from top-down (TD) and bottom-up
(BU) approaches. Black dots show the average for each approach (based on Saunois et al. 2020 data sets). The
colors in the map indicate regions only.

B. Anthropogenic sources of global methane emissions
Human activity is responsible for about 60% (estimates range from 50–65%) of total global methane
emissions.129 Three sectors are primarily responsible for anthropogenic methane-emission generation:
energy production (~35%), agriculture (~40%), and waste (~20%), with regional differences and
uncertainties in estimates shown in Figure 4.130 In comparison, biomass burning and biofuels are
minor sources.131 Currently available mitigation measures could reduce emissions from these sectors
by about 180 million metric tonnes of methane per year (Mt/yr), approximately 45%, by 2030 (Figure
5). Of those reductions, around 75 Mt (roughly 60%) could be reduced at no or low cost (less than
US$600 per tonne of methane reduced, or about US$21 per tonne of CO 2-equivalent using 100-year
GWP of 28) (
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Box 3).132 While anthropogenic emissions are likely the main cause of increasing atmospheric
methane levels over the last two decades, natural sources of methane appear to be increasing
emissions as part of wetlands and permafrost feedbacks.133 There is important early-stage research
underway on removing methane from the atmosphere, as discussed further in Section 5.

Figure 5. Indicative baseline emissions in 2030 and mitigation potential from technical and additional
measures consistent with a 1.5 °C pathway
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Source: 2030 Business As Usual Scenarios (limited climate policy; SSP3-7.0) adapted from Fujimori S.,
Hasegawa T., Masui T., Takahashi K., Silva Herran D., Dai H., Hijioka Y., & Kainuma M. (2017) SSP3: AIM
implementation of Shared Socioeconomic Pathways, GLOB. ENVIRON. CHANGE 42: 268–283. Technical
Potentials in 2030 are adapted from the maximum abatement in: Environmental Protection Agency (2019)
Non-CO2 Greenhouse Gas Emission Projections and Mitigation: 2010-2050. Additional measures are the
difference between technical potentials and the 1.5 °C consistent mitigation Scenario (SSP1-1.9) from van
Vuuren D. P., et al. (2017) Energy, land-use and greenhouse gas emissions trajectories under a green growth
paradigm, GLOB. ENVIRON. CHANGE 42: 237–250.

i. The energy production sector accounts for around 35% of anthropogenic methane emissions
About 35% of anthropogenic methane emissions come from energy production activities related to
oil, gas, and coal.134 Emissions in 2020 are estimated at close to 130 MtCH 4 globally, with about 80
MtCH4 from oil and gas and 40 Mt from coal, with the International Energy Agency (IEA) estimating
a 5% increase in emissions in 2021.135 Each fuel is similarly responsible for around one-third of
methane emissions associated with energy production.136 Most emissions from oil and gas come from
onshore extraction, followed by downstream activities such as refining and distribution. 137 These
emissions include accidental leaks as well as purposeful venting of methane. When these leaks and
fugitive emissions (gas that escapes during the drilling, extraction, and transportation process)138 are
taken into account, methane emissions from the energy production sector are about 70% higher than
in reported data.139 Note, however, these estimates exclude likely significant emissions from
abandoned coal mines and oil and gas wells.140
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Methane occurs naturally in coal mines. Hence, numerous measures must be taken, including those
mentioned in Section 6, to ensure worker safety. Emissions occur from active underground mines,
abandoned mines that continue to leak methane, and some surface mines. 141 Recent analysis of coal
mine emissions from Australia, including surface mines, found that methane emissions had been
significantly underestimated in official reporting.142 Despite declining coal production, methane from
coal is expected to remain an important focus of mitigation efforts, because absent intervention,
emissions from abandoned mines will increase as more mines are abandoned.143 The IEA estimates
that methane emissions from operating coal mines in 2020 had a larger short-term impact on climate
than the European Union’s combined CO2 emissions, and that coal power generation would need to
be reduced by 75% by 2030 to limit warming to 1.5 °C.144 Furthermore, extreme heatwaves and the
shift to replace Russian gas in Europe is putting 2022 coal demand on track to meet the 2013 annual
record and set a new all-time high in 2023.145
ii. The agriculture sector accounts for around 40% of anthropogenic methane emissions
Agriculture accounts for around 40% of anthropogenic emissions, with anthropogenic emissions
accounting for 60% of total methane emissions. These agricultural emissions arise primarily from
livestock and rice cultivation.146 The largest contribution within agriculture is from cattle, sheep, and
other ruminant animals that generate methane through their digestion processes (enteric
fermentation),147 with cattle accounting for 77% of these emissions.148 Current manure management
practices, especially for pigs and cattle, also release methane.149 Emissions in 2020 are estimated at
approximately 117 MtCH4 from livestock and manure management.150
Flooded fields used for rice cultivation are another significant source of methane, especially in regions
with high rice production.151 In Asia, rice cultivation contributes around 20% of the region’s methane
emissions.152 Emissions in 2020 are estimated at approximately 30 MtCH 4 from global rice
cultivation.153
iii. The waste sector accounts for around 20% of anthropogenic methane emissions
Of the 60% of global methane emissions from anthropogenic sources, approximately 20% of these
anthropogenic emissions comes from the waste sector.154 This sector includes both landfills and
wastewater treatment. The decomposition of organic waste produces methane. Waste sector
emissions in 2017 are estimated at approximately 68 MtCH4.155 However, traditional methods likely
continue to underestimate emissions from landfills. A recent multi-satellite study found that city-level
methane emissions in Buenos Aires, Delhi, Lahore, and Mumbai were 1.4 to 2.6 times larger than
estimated, with landfill emissions contributing 6 to 50% of those emissions.156
Currently, an estimated 2.0 billion metric tons of global municipal solid waste is generated annually,
and this amount is expected to increase by 70% to 3.4 billion metric tons by 2050.157

4. The technologies exist to cut nearly half of anthropogenic methane emissions from
the energy production, waste, and agriculture sectors
According to the CCAC, currently available measures could reduce anthropogenic methane emissions
from the energy production, waste, and agriculture sectors by 45% by 2030.158 Measures specifically
targeting methane sources are essential, as broader decarbonization measures can only achieve 30%
of the needed methane reductions.159 Roughly 60% of the available targeted measures have low
mitigation costs (less than US$21 per tonne of CO 2e for GWP100 and US$7 per tonne of CO2e for
16

GWP20), and just over 50% of those have negative costs in that the measures pay for themselves.160
Methane mitigation also can support geographically diverse and well-paying jobs.161
Table 2 summarizes technical and additional methane emissions control measures by sector. There
are many compilations of technology-based solutions and costs, including reports by the International
Institute for Applied Systems Analysis, the International Energy Agency, the U.S. Environmental
Protection Agency, McKinsey, and others.162 Several groups are tracking and assessing novel and
innovative approaches, such as the Solar Impulse Foundation’s compilation of 1000+ efficient, clean,
and profitable solutions for the environment.163

Table 2. Emissions control measures by sector
Fossil Fuels

Oil and gas: upstream and
downstream leak detection and
repair (LDAR).

Technical Controls
Waste

Agriculture

Municipal solid waste:
composting; source separation with
recycling/reuse; no landfill of
organic waste; use of biocovers;
treatment with energy recovery or
collection of landfill gas.

Cattle, sheep and other
ruminants through enteric
fermentation: feed changes and
supplements; breeding to improve
productivity and animal
health/fertility.

Oil and gas: blowdown capture;
recovery and utilization of vented
gas with vapour recovery units and
well plungers; installation of flares.

Ruminants and pigs through
manure management: treatment in
Industrial solid waste: recycling or biogas digesters; decreased manure
treatment with energy recovery; no
storage time; improved manure
landfill of organic waste.
storage covering; improved housing
systems and bedding; manure
acidification.

Oil and gas by existing devices:
replace pressurized gas pumps and
controllers with electric or air
systems; replace gas-powered
pneumatic devices and gasoline or
diesel engines with electric motors;
early replacement of devices with
lower-release versions; replace
compressor seals or rods; cap
unused wells.

Residential wastewater: upgrade of
primary treatment to secondary/
tertiary anaerobic treatment with
biogas recovery and utilization.
Wastewater treatment plants instead
of latrines and disposal.

Rice cultivation: improved water
management or alternate flooding/
drainage wetland rice; direct wet
seeding; phosphogypsum and
sulphate addition to inhibit
methanogenesis; composting rice
straw; use of alternative hybrids.

Coal mining: pre-mining
degasification; air methane
oxidation with improved
ventilation. Flooding abandoned
mines.

Industrial wastewater: upgrade of
treatment to two-stage treatment,
i.e., anaerobic treatment with biogas
recovery followed by aerobic
treatment.

Agricultural waste burning: ban
and enforcement of existing bans.

Fossil Fuels

Behavioral and Technological Changes
Waste

Fuel switching from fossil fuels to
renewables/nuclear.

Reduced food waste.

Energy demand management.

Agriculture

Reduced crop losses and food waste.
Dietary change.

Energy efficiency improvement.
Emissions pricing.

Emissions pricing.

Emissions pricing.
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Adapted from United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL
METHANE ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 107 (Table 4.1 Emissions
control measures included in at least one of the mitigation analyses).

A. Energy production sector
The greatest potential for mitigating methane emissions from energy production is in the oil and gas
sector, where the mitigation potential is 29–57 MtCH4/yr.164 The IEA identified pathways for
achieving 75% reductions from the energy production sector, as called for in the IEA’s Net Zero by
2050 Roadmap,165 with 40–50% of the measures having no net cost at average gas prices over the
past five years; almost all mitigation options from oil and gas operations worldwide could be
implemented at no net cost at 2021 prices.166 If methane leaks from fossil fuel operations in 2021 had
been captured and marketed, the additional 180 billion cubic meters (bcm) of gas would have been
equivalent to all the gas used in Europe’s power sector and significantly eased price pressures.167 The
IEA calculates that if all countries achieved the intensity of methane emissions (emissions per unit of
production) similar to Norway’s performance, methane emissions from oil and gas operations would
fall by more than 90%.168
Measures to address leaks169 and reduce flaring and venting170 of methane are critical to lowering
emissions in the oil and gas sector.171 These actions include ramping up leak detection and repair
programs (LDAR) and replacing leaking devices and older equipment with modern low-emitting
equipment.172 The Clean Air Task Force (CATF) states that prohibiting venting of natural gas at oil
wells can reduce emissions by 95%.173 The World Bank Global Gas Flaring Reduction Partnership
estimates that 144 bcm of gas was wastefully flared in 2021, an amount that, if captured, could power
all of sub-Saharan Africa.174 According to a Ceres and CATF analysis, in 2020, the top 100 oil and
gas producers in the United States contributed to 74% of reported methane emissions and 77% of
reported GHG emissions, led by Hilcorp Energy, Exxon Mobil, Occidental Petroleum, and
ConocoPhillips.175 This analysis confirmed that equipment operations relating to flaring and venting
is a major determinant of emissions intensity, with pneumatic controllers comprising 62% of reported
methane emissions and gas flaring and venting comprising 58% of total reported GHG emissions in
the Williston basin.176
Reducing fugitive emissions of methane and associated air pollutants is also an environmental justice
issue. For example, over 18 million people in the United States live within one mile of wells and they
are disproportionately marginalized groups; unemployment near wells is also found to be 4 to 12
times higher than the national average.177 Efforts to plug and decommission the millions of abandoned
and idle oil and gas wells would further reduce emissions while creating jobs, including in areas hit
hard by the energy transition.178
To reduce methane emissions from the oil and gas sector, it is critical to update and improve
monitoring of methane emissions to identify hot spots and super emitters. This is particularly
important when considering that methane emissions from this sector are likely significantly higher
than currently estimated, especially when estimates are based on inventory methods using emissions
factors.179 An airborne study of the Permian Basin in New Mexico estimated emissions 6.5 times
larger than in an emissions factor-based inventory.180 New satellite data revealed a significant amount
of leaking methane from Australia’s largest coal mines, raising concerns of a “large underreporting
of methane emissions in the national inventory.”181 Satellites have also observed over 1800 “ultraemitters” from 2019–2020, primarily associated with the oil and gas production sector, with a total
emissions contribution equivalent to 8 to 12% (about 8 million metric tons of methane per year) of
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global oil and gas production methane emissions.182 Taking satellite observations and scaled
emissions intensities into consideration, IEA estimates that emissions from the energy sector were
70% higher than officially reported.183 Researchers from the Rocky Mountain Institute (RMI),
Stanford University, the University of Calgary, and Koomey Analytics developed the Oil and Climate
Index Plus (OCI+) tool that determined that the most climate-damaging oil and gas fields were in
Russia’s Astrakhanskoye field, Turkmenistan’s South Caspian Basin, and the U.S. Permian Basin in
Texas.184 Methane monitoring efforts are discussed further in Section 8.
In addition to reductions in the oil and gas sector, measures to cut emissions from coal mining can
provide mitigation of 12–25 MtCH4/yr.185 IEA estimates that eliminating the worst performing
quartile of operating coal mines would remove about 25 MtCH4.186 The primary methods for reducing
coal emissions from active underground coal mines are oxidation of ventilation air methane and the
recovery and use of methane through pre-mining degasification.187 Although methane is recoverable
before mining operations begin, the methane vented from mines (ventilation air methane) is dilute
and thus more expensive to use.188 Additionally, because abandoned mines continue to leak methane,
the CCAC recommends the flooding of abandoned coal mines to eliminate these emissions.189 In
some situations, abandoned mine methane can be recovered and used before flooding occurs.190
The climate and economic benefits of reducing methane emissions from the energy production sector
are significant. Transitioning to renewable energy and addressing methane from abandoned fossil fuel
facilities191 are essential to reducing methane emissions in the coming decades.192
B. Agriculture sector
The agriculture sector can provide mitigation of 4–42 MtCH4/yr from the livestock subsector and 6–
9 MtCH4/yr from rice cultivation.193 Measures to reduce emissions from livestock involve improving
feeding and manure management on farms and reducing methane generated per unit of animal
productivity while reducing livestock count (Table 3). Breeding schemes and new technologies,
including feed and manure additives, are being developed to improve livestock health and
productivity, manage enteric fermentation, and reduce emissions from manure.194 The success of
these strategies must be considered in terms of both methane abatement and related environmental
impacts on land and fertilizer use for feed and associated emissions, 195 as well as potential perverse
incentives towards continued consolidation and industrialization of the meat and dairy sectors.196
Two promising feed additives shown to reduce enteric methane emissions include seaweed,
specifically a type of red algae (Asparagopsis taxiformis), and methane inhibitor 3-nitrooxypropanol
(3-NOP, marketed as Bovaer®). Additionally, some bacterial inoculants designed to improve plant
growth and performance have been shown to decrease methane production when used on cattle silage,
and additional studies are underway to verify this effect.197 Scientists continue to find that including
seaweed in livestock’s diet can significantly reduce methane emissions. 198 California’s Department
of Food and Agriculture approved commercial use of Blue Ocean Barns’ seaweed feed additive,
Brominata, as a digestive aid for dairy cattle in May 2022.199 This marked the first time a regulatory
agency within the United States had approved seaweed for livestock digestion. Seaweed feed
additives face scaling issues, as Asparagopsis has yet to be cultured in lab; however, efforts from
companies such as Rumin8 are making headway in isolating the bioactive compounds that suppress
methanogenis in cattle.200 In September 2021, Brazil and Chile granted market authorization to
Bovaer® for use with ruminants.201 Following approval in February 2022, Bovaer ® feed additive is
expected to go on the market in the European Union within the year, with large-scale pilot programs
planned.202 A 2021 study led by Princeton and Cornell recommends multiyear studies for Bovaer ®
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and red algae to observe sustained effects, including effects that are potentially negative to cattle and
human health (i.e., bromoform concentrations in red algae), efficiencies, and the additives’ production
streams.203 Despite this, red algae-fed beef products have already been sold at Swedish supermarkets.204
Manure additives, such as biochar (black carbon produced from pyrolysing biomass), acids, straw, or
SOP technology based on calcium sulphate dihydrate (gypsum) may reduce methane and other
pollutant emissions such as ammonia.205 Manure emissions may also be tackled via anaerobic
digestion—a technology that converts organic waste to biogas and nutrient-rich digestate that may be
used for fertilizer application206—and alternative management options (i.e., separating sludge into
solid and liquid components, and speedy removal of manure from barns) but should be assessed based
on on-farm characteristics.207 Promotion of anaerobic digestion biogas products should be evaluated
for climate and environmental justice concerns involving potential increased odor and pollution, as
well as its relation to the extension of fossil fuel infrastructure. 208 In addition, biogas production
facilities tend to have high methane loss rates due to poor design, management, and maintenance
according to one recent study.209 Another concern with implementing these measures through
regulations is that “leakage” of methane emissions may occur in neighboring regions where
restrictions on cattle operations may be less stringent (e.g., in scenarios where California herds move
to other states with looser dairy regulations).210
Reducing methane intensity per unit of productivity of livestock can limit methane emissions by
requiring fewer livestock to produce the same amount of milk or meat. 211 Better digestible feed,
grazing management, breeding strategies, and forage systems can increase animal efficiency. 212 In
improving feed digestibility by reducing lignin, cows may consume more feed and produce more
milk/meat, reducing methane emissions per product.213 Breeding and selecting for genes that increase
productivity and reduce emissions is another strategy that farmers can adapt to their needs. 214 This
research is narrow in focus and becoming more selective. In Japan, black cattle are currently studied
to determine the metabolic characteristics that produce methane, and how to suppress methane for
this particular breed.215 Ensuring high animal health standards reduces the need to replace diseased,
low-producing animals (lowering methane emissions intensity),216 and in some cases directly reduces
methane emissions.217 These solutions could have significant impacts for countries in Africa and
developing countries that have lower animal productivity.218
Decreasing livestock count is another strategy to reduce methane, especially when productivity
increases.219 A shift towards lower meat consumption, especially in regions with higher-than-average
meat consumption is an example of behavioral change that would reduce methane emissions from
livestock by decreasing count and associated land use emissions together with health co-benefits.220
Researchers are also considering other innovative strategies, such as an anti-methane vaccination for
livestock.221 However, vaccines have demonstrated only short-term effects to date, and it could take
decades to develop more permanent methane-mitigating vaccines.222
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Table 3. Key emerging mitigation technologies for livestock methane, their applicability and key
constraints across systems, relative emissions reduction, impact on animal performance, estimated
global mitigation potential including constraints on adoption, and timing and confidence in commercial
availability
Technology

Applicability

Key Constraint

Rumen Modification
cost, regulatory
30%
approval

CH₄ inhibitorsa,b
*
CH₄ vaccinea

Nitrate electron
sinkb

seaweed

a

tanniferous
foragesb
oil/oilseeds and fat
inclusionb

Relative
Mitigation Widespread
Impact on Animal
Emissions
Potential Commercial
Performance
Reduction†
in 2050‡ Availability§

cost

disease risk, feed over
food competition

2025 (high)

5–8

2030
(medium)

--

11–28

2050
(medium)

neutral effect:
decreased intake &
increased milk
yieldb

not
assessed

--

20–30%

“sustained R&D,
30%
veterinary services,
a
(assumed)
cost”b
effect on enteric and
manure nitrous oxide
emissions, cost,
15%
potential negative
animal health
“global-scale
production, cost,
toxicology, regulatory
20–50%
*
and market
acceptance”a
Diet Formulation
effect on manure CH4,
decreased palatability
10%
and feed intake
effect on manure CH4,
cost, effect on
14–15%
upstream emissions

decreasing dietary
forage-toconcentrate ratiob

0.8
no/limited effectb

9%
(intensity)

0.5–1
unknown

b

1–10

2030
(insufficient
evidence for
confidence)

not
assessed

--

not
assessed

--

not
assessed

--

not
assessed

--

not
assessed

--

2–9

sheep: 2030
(high)
cattle: 2035
(medium)

no/limited effectb
negative effect (at
high inclusion
levels)b
positive effect:
increased weight
gain & milk yieldb

Animal and Feed Management
increasing feeding
levelb

effect on manure CH4

17%
(intensity)

decreasing grass
maturityb

effect on manure N2O

13%
(intensity)

low-emissions
breedingb

Feedlot and Mixed Systems

1% per year,
breeding programme
15%
maximuma
Grassland Systems

positive effect:
increased weight
gain & digestibilityb
positive effect:
increased milk yield
& digestibilityb
limited positive
effectb

* intensive grazing systemsa
† absolute unless noted

‡ in Mt CH₄ yr⁻¹
§ confidence level

Adapted from a Reisinger A., Clark H., Cowie A. L., Emmet-Booth J., Gonzalez Fischer C., Herrero M.,
Howden M., & Leahy S. (2021) How necessary and feasible are reductions of methane emissions from
livestock to support stringent temperature goals?, PHILOS. TRANS. R. SOC. A 379(2210): 20200452; and
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b

Arndt C., et al. (2022) Full adoption of the most effective strategies to mitigate methane emissions by
ruminants can help meet the 1.5 °C target by 2030 but not 2050, PROC. NAT’L. ACAD. SCI. 119(20):
e2111294119. Relative emissions reductions are assessed as CH 4 per unit of feed dry matter intake, g kg-1.

For rice paddy fields, improved water management, alternate flooding and drainage of wetland rice,
direct seeding, and improved yield gains can greatly reduce emissions.223 The key mitigation strategy
is to reduce the time that fields are flooded,224 but responsive increases in emissions of nitrous oxide
(N2O)—another powerful greenhouse gas—must be considered.225 Experts estimate that alternate
wetting and drying of fields (as opposed to continuous flooding during the growing season) could
reduce methane emissions by as much as 48%.226 Yield gains may be improved through crop breeding
(to select for breeds that are more productive) and biochar amendments,227 as well as mechanization
of what is otherwise manual work.228 Searchinger et al. (2021) estimates that for every 1% increase
in rice yield, methane emissions are reduced by 1%.229 In addition to offering methane mitigation,
selective breeding for rice can also offer adaptive benefits, such as increasing productivity in areas
that will face worsened drought conditions in a changing climate.230 Certain strategies outlined above
may be eligible to receive benefits through established regulatory programs, such as California’s Air
Resource Board Compliance Offset Protocol.231
A wide range of innovative research is seeking to reduce methane emissions from the agriculture
sector. Successful examples of research in small trials or rooted in Indigenous teachings232 that may
reduce methane emissions includes but is not limited to: regenerative agriculture (e.g., silvopasture,
agroecology,233 and solar grazing234); application of dung beetles235 or worms (vermafiltration)236 to
cow dung; use of brewer’s yeast to suppress enteric methane while promoting animal growth;237
genetically-modifying yeast to inhibit methanogenic activity in the rumen;238 using Crispr, or geneediting technology, to culture soil microbes in labs to better understand soil interactions that produce
methane in rice paddy fields;239 use of captured methane as fish food;240 using electricity to convert
livestock waste into fertilizer;241 and introducing certain additives and processes to manure
lagoons.242 These solutions, excluding those originating from Indigenous practices, are still in their
infancy and are yet to be formally assessed. Nevertheless, they are exciting prospects for the future
of methane reduction in agriculture.
As described in Section 8 on monitoring systems (including satellite and data integration), improving
monitoring systems for agricultural sectors will be critical to assessing the impacts of these innovative
methods. For example, methane emissions from cattle have been observed for the first time in
California’s San Joaquin Valley via GHGSat.243 In addition, machine learning algorithms are
becoming faster at estimating GHG emissions, (including N2O, which has previously been difficult
to quantify), from complex interactions in the soil.244 Further improving methane observing systems,
especially in hard-to-quantify sectors like agriculture, will be essential in monitoring efforts once
these solutions have been implemented. See Section 8 for examples of aerial observation tools, either
launched or set to launch soon, that may be particularly relevant for agricultural methane.
C. Waste sector
The waste sector can provide mitigation of 29–36 MtCH4/yr.245 Solid waste mitigation makes up the
bulk of the abatement potential from the waste sector.246 Landfill operators can capture and convert
to energy the methane emitted from existing landfills.247 Collecting landfill gas requires costly
equipment (extraction wells and piping inside the dumpsite)248 construction and continued operation,
however there are financial benefits in producing a biogas product fit for energy use.249 Where
applicable, McKinsey estimates that the maximum technical opportunity for inclusion of capture
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technology may lead to 4.50Mt CH4/year abatement by 2030.250 As an alternative to combustion,
which can contribute to air pollution, landfill gas can generate electricity using fuel cells. 251 In
addition, improvements to landfill methane-gas capture are emerging to optimize such capture while
minimizing infrastructural needs and frequent human intervention.252 Such technology should be
assessed per landfill basis, as infrastructural needs may make landfill gas capture development more
costly.
Discarded food and other organic waste release methane as it decomposes in landfills under lowoxygen (anaerobic) conditions. The diversion of organic waste from landfills can significantly reduce
methane emissions.253 Programs to reduce food waste can decrease methane emissions from both the
waste and agriculture sectors.254 This can include promoting strategies to manage extreme heat
exposure and increasing cooling access for small-scale farm managers to reduce food waste due to
earlier harvests caused by warmer weather.255 For organic waste already present in a landfill,
biologically active covers or “biocovers,” composed of greenwaste/compost, limit methane emissions
by stimulating microbial methane oxidation.256 Methane oxidation rates range depending on landfill
type, location, and composition/thickness of biocover, but use of biocovers may yield impressive
results—studies yielded over 60% improvements, and in some cases nearly 80% improvements,257 in
methane oxidation.258 Biocovers may be used in inactive landfills as a control technology for
remaining methane emissions following closure.259 Due to their relatively low cost (compared to
landfill gas collection), simple technical applicability,260 and potential lifetime of 6-7 years with
limited performance declines,261 they may be a solution to reduce methane emissions in landfills
operated in low-income countries with limited management.262 Biocovers have also proved to be
successful in developed jurisdictions, such as in Denmark, with landfill gas capture technology
employed simultaneously to optimize methane reductions.263 Odor mitigation measures have also
been found to correlate with reduced methane emissions.264 When combined with improved landfill
management, these measures could reduce landfill emissions in the United States by 50% by 2030. 265
Aerial remote sensing is a proven option for landfill methane monitoring that is more likely to accurately
quantify emissions that are difficult to capture in traditional models. In particular, aerial remote sensing
is more flexible with landfill infrastructure changes and can identify important trends in emissions that
could lead to new mitigation strategies.266 Recent satellite data has found that landfill emissions in
Buenos Aires, Delhi, Lahore, and Mumbai have been underestimated in common emissions inventory
calculations.267 Landfill methane emissions estimates and monitoring could also be improved by
incorporating site-specific factors and cover-soil qualities into model estimates.268
For wastewater, McKinsey estimates that mitigation measures could reduce wastewater emissions by
27% by 2030 and 77% by 2050.269 Methods to achieve this emissions reduction include improving
the treatment of wastewater through upgraded processes, infrastructure, and technology.270

5. Natural sources of methane and emerging research on removing atmospheric
methane and preventing methane formation
Natural sources of methane contribute approximately 40% (35–50%) of emissions and include
wetlands and other freshwater systems, thawing permafrost, geological seeps, wild animals, and
oceanic sources including seabed methane hydrates.271 Some of these natural sources are expected to
increase and act as self-reinforcing feedbacks to human-caused warming. While permafrost methane
feedback is well-established if poorly constrained,272 new feedbacks have been suggested to explain
the recent acceleration in atmospheric methane concentration. This includes a combination of
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strengthened positive feedbacks due to interactions between surface temperature, wetland emissions
and wildfires, as well as reduced methane removal through negative hydroxyl radical feedbacks. 273
In addition, recent studies find that tropical wetland sources may explain more than 80% of the rapid
increase in atmospheric methane concentrations over 2010-2019, potentially the result of a feedback
between warming and strength in the Indian Ocean dipole and rainfall over East Africa.274 However,
the IPCC’s Working Group I report (AR6 WGI) finds low confidence in multi-decadal trends in the
Indian Ocean dipole due to limited data prior to the 1960s.275
Another concern is the risk that warming ocean waters will destabilize seabed methane hydrates. Such
destabilization likely occurred off the coast of Guinea 125,000 years ago during the previous
interglacial, with ice core records suggesting a sufficient amount of methane was released to the
atmosphere to affect CO2 and CH4 concentrations.276 With a rapidly warming Arctic, the shallow
seabed of the East Siberian Arctic Shelf poses significant concerns due to its potential to speed up
other global warming impacts.277 Release of land-based methane hydrates as glaciers recede could
further amplify the permafrost feedback.278
Research is underway on the best approach for removing atmospheric methane.279 Such a strategy
could prove vital as a means of addressing methane from natural sources.280 These natural sources
include warming tropical and Arctic wetlands and peatlands that appear to be emitting more methane
as part of a self-reinforcing climate-carbon cycle feedback.281 AR6 WGI assesses that the methane
release from permafrost thaw could be as high as 4.1 billion tonnes through 2100 under current
climate commitments.282
A Stanford University-led modelling study calculates that removing around three years’ worth of
human-caused methane emissions would reduce warming by 0.21 °C.283 Two potential categories of
methane removal strategies are catalytic oxidation284 and enhanced microbial oxidation.285
Many strategies and technologies are being explored within each category. Recently, a research group
at MIT identified a clay material capable of oxidizing atmospheric levels of methane at relatively low
temperatures.286 Another example is iron salt aerosols that have been proposed as a cost-effective
mechanism for oxidizing atmospheric methane.287 Experiments with filters containing methane-eating
microbes have been used to process relatively concentrated methane, such as that found in coal mines
and above landfills and manure lagoons.288
Alternatives to methane removal may include measures to prevent natural methane formation.
Preliminary studies suggest the use of additives such as biochar (black carbon produced from
pyrolysing biomass), acids, straw, or technology-based on calcium sulphate dihydrate (gypsum) could
reduce methane emissions from manure lagoons, rice paddies, and other anthropogenic methane
sources.289 Similar methods might be applied to natural and semi-natural sources, such as wetlands
and reservoirs.
For further reading, see Institute for Governance & Sustainable Development (2022) METHANE
REMOVAL: R&D needed for removing methane from the atmosphere, Background Note.

6. Major-emitting countries are pursuing and must strengthen methane mitigation
measures
National and subnational governments are increasingly developing and implementing methane
mitigation policies and initiatives. However, these measures must be expanded and strengthened to
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achieve needed methane reductions in the near term.290 Governments can strengthen methane
mitigation policies by implementing readily available technologies, laws, and governance structures
to their fullest and considering ways to expand methane mitigation through other available avenues.
The IEA produced a Regulatory Roadmap and a Toolkit on Driving Down Methane Leaks from the
Oil and Gas Industry.291 The IEA policies database includes methane abatement policies from its
member countries around the world. Examples of specific methane mitigation measures in the United
States, the European Union, Canada, Mexico, India, China, Brazil, and Iraq are described below. Also
noteworthy is Colombia’s finalization of regulations in February 2022, making it the first country in
South America to regulate emissions from oil and gas.292
A. The United States
The United States set a target of reaching net-zero GHG emissions by no later than 2050, with an
interim target of reaching 50–52% reduction from 2005 levels of greenhouse gas emissions by
2030.293 In November 2021, the White House published the U.S. Methane Emissions Reduction Plan,
a whole-of-government initiative and model for taking a sectoral approach to reducing methane
emissions.294 As part of the Plan, the Environmental Protection Agency (EPA) proposed regulations
under the Clean Air Act for more stringent emissions-control requirements for oil and gas operations
in the form of leak and venting limits for methane emissions from new and existing oil and gas
sources.295 The EPA estimates that, if finalized, the regulations would cut 41 million tons of methane
through 2035.296 The Bureau of Land Management also reinstated rules to prevent waste from
venting, flaring, and leaks from oil and gas development on federal lands, which were projected to
reduce methane emissions by 35% against the 2014 baseline.297 In addition, the Department of
Transportation is finalizing rules to reduce leaks throughout the gas pipeline system. 298 However,
reports have indicated that the Biden administration is approving more drilling permits on public
lands than previous administrations.299
On 31 January 2022, the Biden administration announced the next steps of the U.S. Methane
Emissions Reduction Plan, starting with allocating $1.15 billion for states to clean up orphaned oil
and gas wells.300 The next steps in this Plan include enforcing the Protecting Our Infrastructure of
Pipelines and Enhancing Safety (PIPES) Act to ensure that pipeline operators minimize methane
leaks, emphasizing current research efforts and investments to reduce methane from cattle, and
allocating $11.3 billion in funding for abandoned mine-land reclamation and $1 billion for natural
gas pipeline modernization. As part of the Plan, the Biden administration announced the creation of
an interagency group to coordinate methane measurement, monitoring, reporting and verification, and
convened a workshop for energy communities on repurposing fossil-fuel infrastructure.301
The U.S. Methane Emissions Reduction Plan also includes regulations and programs to reduce
methane from other sources.302 The EPA is implementing updated emissions-reduction standards and
requirements for municipal solid waste landfills (originally estimated to reduce methane emissions
by over 300,000 metric tons of methane per year).303 The EPA is also tracking multiple other efforts
to reduce methane, including livestock anaerobic-digester and landfill gas-capture projects.304
In August 2022, the U.S. Department of Energy announced up to $32 million in funding towards
research and development of monitoring, measurement, and other mitigation technologies to detect
and reduce methane emissions in the oil and gas sector.305
Additionally, the federal government operates a host of voluntary initiatives that incentivize methane
reductions and provide technical support to abate methane emissions. These include the Food Waste
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Challenge to reduce food waste by 50% by 2030,306 the Landfill Methane Outreach Program that
promotes the capture and use of landfill gas,307 the Coalbed Methane Outreach Program that promotes
the use of coal mine methane,308 and the AgStar Program that aims to reduce methane emissions from
livestock waste.309 The U.S. Department of Agriculture also announced $1 billion in Partnerships for
Climate-Smart Commodities funding to encourage implementation of climate-smart practices,
including practices that mitigate methane emissions, such as manure management, feed management
to reduce enteric emissions, and alternative wetting and drying of rice fields.310
On 2 December 2021, the Department of Energy’s Advanced Research Projects Agency–Energy
(ARPA-E) announced 12 selectees to receive a total of $35 million in grants to reduce methane
emissions from the oil, gas, and coal sectors. These projects include research on reducing methane
emissions from natural gas engines, gas flares, and coal mine shafts.311 According to ARPA-E, these
three sources contribute to at least 10% of U.S. anthropogenic methane emissions.312 In developing
the REMEDY (Reducing Emissions of Methane Every Day of the Year) program, ARPA-E
recognized the need for further research on methane capture from the air in parallel with efforts to
capture CO2.313 In July 2022, ARPA-E’s budget was doubled by the CHIPS and Science Act.314
As part of the Infrastructure and Investment Jobs Act enacted in November 2021, the U.S. government
is distributing grants to bolster climate action. The Department of Energy will distribute almost $11
billion in Abandoned Land Mine grants to eligible states and tribes over 15 years.315 States with
unreclaimed mines listed in the EPA’s Methane Coal Mine Opportunities Database are encouraged
to prioritize reclamation of said mines, eliminating methane emissions “to the greatest extent
possible.”316 The Department of Agriculture is also investing $10 million in a Bioproduct Pilot
Program to “advance development of cost-competitive bioproducts with environmental benefits
compared to incumbent products,”317 including products that have lower carbon footprints.318
The Inflation Reduction Act of 2022, passed in August, contained nearly $370 billion climate funding,
including $1.55 billion to monitor and reduce emissions from oil and gas.319 The legislation includes
a Methane Emission Reduction Program with a methane waste fee of up to $1,500 per ton of methane
by 2026,320 and raises royalty fees for oil and gas extracted from federal lands and waters, including
fees on gas avoidably lost by non-emergency flaring or venting.321 The Act will provide about $20
billion over the next four years in agricultural conservation grants, which would prioritize climate
issues including methane mitigation.322 This Act is estimated to reduce U.S. GHG emissions by 40%
below 2005 levels by 2030.323
Meanwhile, the CHIPS and Science Act of 2022 also expanded funding for climate and Earth-systems
research, including for a Center for Greenhouse Gas Measurements, Standards, and Information.324
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Box 4. Subnational governments demonstrating leadership on methane mitigation
U.S. states also are working to decrease methane emissions in the oil and gas sector. California
set a legislative target to reduce methane emissions by 40% by 2030.325 In 2014, Colorado
approved the first methane regulations in the country, requiring energy companies to reduce
methane emissions from both new and existing oil and natural gas facilities. Colorado continues
to strengthen its oil and gas regulations, banning routine flaring and venting in 2020.326 At the
Summit of the Americas in June 2022, California unveiled the California Climate Commitment,
which includes a budget proposal for remediating idle oil wells ($200 million) and launching
methane-detecting satellites ($100 million).327 In 2021, Colorado adopted standards to reduce
methane emissions from pneumatic controllers. 328 New Mexico followed suit, issuing stringent
regulations for the oil and gas sector, and also banning all routine flaring and venting.329 A more
recent New Mexico rule is expected to reduce emissions still further. 330
Members of the U.S. Climate Alliance, which includes the governments of 24 states and Puerto
Rico, aim to reduce methane emissions across all sectors by 40–50% by 2030.331 This target
includes reducing emissions from the energy sector by 40–45% by 2025,332 and from the waste
sector by 40–50% by 2030.333 Members also plan to reduce methane emissions from the
agricultural sector, including reducing emissions by 30% from enteric fermentation,334 and up to
70% from manure management, by 2030.335 Moreover, states and municipalities have enacted
policies that ban or divert organic waste from landfills and aim to reduce food waste. 336
Research and other institutions are also developing tools for sub-national jurisdictions, such as
sectoral protocol frameworks for methane emission reductions, that engage governments in
actions such as inventories, baselines, target-setting, policy implementation, and informationsharing.337

The North American Climate, Clean Energy, and Environment Partnership that the U.S., Canada, and
Mexico created in 2016 has agreed to reduce methane emissions from the oil and gas sector by 40–
45% by 2025.338 Partners committed to developing and implementing federal regulations to reduce
emissions from existing new sources in the oil and gas sector, as well as to develop and implement
national methane reduction strategies for key sectors as soon as possible, including for oil and gas,
agriculture, and waste and food management.339 See subsections below on Canada and Mexico actions
to meet this target. In July 2022, the U.S. and Mexico committed together to “tackle methane
emissions from oil and gas and other sectors.”340 Furthermore, the U.S. is a Party to the Convention
on Long-range Transboundary Air Pollution (LRTAP), which is examining the impacts of methane
on ozone formation and is discussed further in Section 10.341
In response to the global energy impact of the ongoing Russian invasion of Ukraine, the White House
agreed to aid the EU transition from dependence on Russian gas by attempting to ensure additional
shipments of 15 bcm of liquefied natural gas in 2022, in addition to “maintaining an enabling
regulatory environment” toward new liquefied natural gas (LNG) export capacities. However, it also
agreed to “undertake efforts to reduce the greenhouse gas intensity of all new LNG infrastructure and
associated pipelines.”342 The Federal Energy Regulatory Commission also rolled back a new policy
on assessing the climate impact of pipeline emissions.343 This highlights the importance of immediate
action to require progressive reductions in methane emission rates from “replacement methane gas”
provided in response to changes in countries’ methane gas imports, keeping in mind Global Methane
Pledge commitments.344
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On 12 May 2022, leaders from the U.S. and the Association of Southeast Asian Nations (ASEAN)
agreed at the U.S.-ASEAN Special Summit in Washington, D.C., to raise their collective ambition to,
among other things, reduce methane emissions. The Fact Sheet for the Special Summit indicates:
“The United States is committed to working with the nations of Southeast Asia to reduce the
region’s methane emissions. The United States welcomed Indonesia, Vietnam, Malaysia, the
Philippines, and Singapore joining the Global Methane Pledge at COP-26, and we are accelerating
technical assistance, financial resources, and project pipeline development for methane mitigation
in Global Methane Pledge countries, including through the EPA, USTDA [U.S. Trade and
Development Agency], DFC [Development Finance Corporation], and EXIM [Export-Import
Bank], as well as the newly-created Global Methane Hub, a philanthropic fund that can support
methane mitigation priorities in the region.”345

The U.S. also has collaborative arrangements with Brazil on energy. The U.S.-Brazil Energy Forum
is a mechanism for the two governments to exchange technical, regulatory, and policy expertise,
including carbon and methane management.346 In August 2022, the U.S. and Brazil launched the
Clean Energy Industry Dialogue, a bilateral forum led by the private sector and industry to promote
clean energy, including offshore wind and clean hydrogen.347 A discussion of these developments can
also be found in Section 6.G.
The U.S. oil and gas industry has founded multiple initiatives related to methane emissions. The
Environmental Partnership is an association of 97 U.S. oil and natural gas companies designed to
improve environmental performance through information-sharing, including best practices for
LDAR, flaring, and other technologies.348 The ONE Future Coalition is an association of 50 natural
gas companies with the collective goal of reducing methane emissions across the natural gas value
chain to 1% or less by 2025.349 The Natural Gas Sustainability Initiative, launched by the Edison
Electric Institute, American Gas Association, and other industry organizations, published a protocol
for reporting methane emissions intensity.350
In the coal sector, the U.S. EPA documented 53 current coal-mine methane recovery projects and
profiles project opportunities at other gas-emitting mines.351 The EPA estimated in 2019 that recovery
projects at some of the gassiest mines were capturing or oxidizing more than 700,000 tonnes of
methane per year.352 However, overall coal-mine methane production has halved since 2008, falling
from approximately 57 bcm in 2008 to 23 bcm in 2020.353
B. European Union
The European Union addresses methane in its policies and is working to strengthen them. The
European Climate Law includes a binding target for Europe to become climate-neutral by 2050 with
an interim target to reduce all greenhouse gas emissions by 55% by 2030, compared to 1990 levels. 354
The European Commission presented a methane strategy in October 2020 and noted that the 55%
target would require that the European Union reduce methane emissions by 35–37% by 2030.355
Additionally, the methane strategy prioritizes ensuring more accurate measurement and reporting of
private-sector emissions.356
In July 2021, the European Commission adopted a set of proposals, known as the “Fit for 55” package,
that would achieve the 55% GHG reduction target by 2030.357 The Fit for 55 package would enhance
ambition for sectors not covered by the Emissions Trading System, including waste management,
buildings, and agriculture, by increasing the overall emissions-reduction target from 30% to 40%.358
The package also would amend the EU Land Use, Land-Use Change and Forestry regulation to
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include non-CO2 emissions, including methane, by 2031.359 More than half of the European Union’s
domestic methane emissions occur in the agriculture sector, 360 with most methane emissions from
energy use occurring abroad.361 Some analysts have concluded that the European Union will not
achieve large reductions in domestic methane emissions without “policies that drive the uptake of
behavioural and technical measures in the livestock agriculture sector.”362
In December 2021, the Commission proposed regulations and a directive363 based on a proposed 2050
energy mix in which biogas, biomethane, renewable and low-carbon hydrogen (see Box 5), and
synthetic methane would represent two-thirds of gaseous fuels, with the remainder from fossil gas
accompanied with carbon capture and storage (a reduction from the 95% share of fossil gas in 2021).
The directive proposes to limit long-term natural-gas contracts from running beyond 2049.364
The proposed regulations call for oil and gas operators to report on source-level methane emissions,
including a phase-in of direct measurements and site-level measurements of non-operated assets.365
The regulations would also require operators to institute LDAR programs, and ban routine venting
and flaring.366 Regulatory inspections and information from the International Methane Emissions
Observatory would verify compliance with these regulations.367
Furthermore, the proposed regulations would require that Member States publicly inventory inactive
oil and gas wells. They would also require that either Member States or other responsible parties
monitor methane emissions and develop mitigation plans for remediation, reclamation, and
permanent plugging.368 The regulations would similarly compel Member States to publicly inventory
closed and abandoned coal mines, and require that Member States with jurisdiction over abandoned
mines and operators of closed mines monitor and report methane concentrations at those closed or
abandoned within the previous 50 years.369 Additionally, the proposed regulations call for mitigation
plans, and would prohibit unnecessary venting and flaring.370
The proposed regulations also specify that underground coal mines and drainage stations perform
continuous emission measurements, whereas surface mines would be required to employ depositspecific emission factors to quantify emissions.371 Underground and surface mines estimate postmining emissions based on relevant factors and report all emissions to regulators.372 Underground
mines would be prohibited from routine venting and flaring and required to report flare events.373
The proposed regulations did not include specific, binding target reductions.374 The European Union
had considered setting methane intensity performance requirements for imported gas,375 but such
requirements have not yet appeared in any official proposals. The European Union instead reiterated
a call for transparency and referred the matter to the Agency for the Cooperation of Energy Regulators
and Committee of European Securities Regulators.376 The proposed regulations would require EU
importers to report additional information on exporters’ and producers’ methane mitigation efforts,
and establish a Methane Transparency Database and global methane monitoring tool.377 In 2019, the
European Union imported nearly 90% of its natural gas, mostly from Russia.378 A July 2022
regulation controversially allowed the certification, under limited circumstances, of some natural gas
under the EU sustainable investment taxonomy.379
The EU Landfill Directive requires Member States to separate biodegradable waste and establishes a
target to landfill only 10% of municipal solid waste by 2035.380 Requirements to divert organic waste
helped to achieve a 47% drop in EU landfill emissions between 1990 and 2017.381
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Additionally, the United Nations Economic Commission for Europe (UNECE) is studying methane’s
role as a precursor for ozone formation in the UNECE region as part of its work under LRTAP. 382
The UNECE region includes all of Europe, as well as countries in North America, Central Asia, and
Western Asia. For more information, see Section 10.
Prior to the February 2022 Russian invasion of Ukraine, the European Union imported more than
40% of its total gas consumption from Russia.383 The European Union has responded to this changing
geopolitical situation by announcing the acceleration of its transition from fossil energy. 384 On 23
March 2022, the European Commission tabled a legislative proposal to increase its gas storage levels
to 80% by November 2022.385 Further, it issued a communication stating its plans to form a Task
Force on Common Gas Purchases that will “prepare the ground for energy partnerships with key
suppliers of LNG, gas, and hydrogen in the Mediterranean, Africa, the Middle East, and the United
States.386 On 25 March 2022, the White House and European Commission on European Energy
Security announced that they would ensure expeditious regulatory procedures for LNG infrastructure,
but also emphasized their efforts to reduce the emissions intensity of such infrastructure. 387 Notably,
on 8 May 2022, the G7 committed “to phase out our dependency on Russian, energy, including
phasing out or banning the import of Russian oil,” but did not specifically mention gas.388
The Joint Communication on EU External Energy Engagement, which was published on 18 May
2022, outlines the region’s current efforts and future plans to diversify its energy supply. This includes
partnerships to increase imports of liquefied natural gas from other countries, like Egypt, Israel, Japan,
and Korea,389 and a commitment to “ensure that gas supplies from existing and new gas suppliers are
coupled with targeted actions to tackle methane leaks and to address venting and flaring.” 390 The
European Union has since signed memoranda of understanding on energy cooperation with Israel,
Egypt, and Azerbaijan, aimed “enabling a stable delivery of natural gas to the EU that is consistent
with long-term decarbonisation objectives and is based on the principle of market-oriented
pricing.”391 The European Union does not specify any intent to promulgate regulations to control
methane emissions from energy imports, but will increase support to develop a global hydrogen
market, beginning with partnerships with “reliable partner countries to ensure open and undistorted
trade and investment relations for renewable and low carbon fuels.”392 Further, it will prioritize energy
savings and energy efficiency to achieve its target of 5% reduction in short-term demand for oil and
gas.393

Box 5. Risks and limited climate benefits from switch to hydrogen
Hydrogen is being proposed as a clean energy alternative, especially for hard-todecarbonize sectors like heavy industry, shipping, and aviation. The climate benefits of
hydrogen as a replacement for fossil fuels depends on several factors: 1) the source of the
energy used to generate the hydrogen and its emissions and extent of carbon capture in the
case of “blue hydrogen”; 2) leakage rate of methane if used as the source of hydrogen or
energy source, with even low methane leakage rates of 1.54% resulting in higher GHG
emissions than burning natural gas for power;394 and 3) the leakage rate of the hydrogen
itself, which can contribute to warming by extending the lifetime of methane and other
GHGs. Preliminary estimates suggest that a 10% leakage rate of hydrogen under a high
deployment scenario could cause at least 0.1 °C of warming, potentially offsetting the
avoided warming in 2050 from deploying all currently cost-effective methane mitigation
options globally.395 High hydrogen leakage combined with increasing methane emissions
could add as much as 0.4 °C of warming.396
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C. Canada
Canada committed to reduce emissions by 40–45% below 2005 levels by 2030, including a 40–45%
reduction in methane emissions from the oil and gas sector, and reach net-zero emissions by 2050.397
As part of its participation in the Global Methane Pledge, Canada aims to reduce oil and gas methane
emissions by 75%.398 Current Canadian regulations cover new and existing upstream oil and gas
facilities, and include enhanced leak detection and repair requirements, and when fully implemented,
quantitative limits on natural gas venting.399 The government announced in April that it was planning
to publish new guidance on oil and gas projects.400
For landfills, Canada committed to increasing the number of landfills that collect and effectively
capture methane.401 The federal government in Canada works with provincial and local governments
to bring awareness to food waste and disposal options with the goal of reducing the amount of organic
waste that is landfilled.402 In turn, local and provincial governments developed goals,403 plans,404 and
tax incentives405 to reduce food waste.
Furthermore, the federal government implements programs to incentivize climate-smart agriculture
and reductions in agricultural GHG emissions. The Agricultural Climate Solutions program invests
in natural climate solutions, such as increasing carbon storage on farms.406 The Agricultural Clean
Technology Program supports methane reductions in the agricultural sector by investing in green
energy and technologies that use manure and other waste for energy.407
In February 2021, Canada and the U.S. declared a “shared commitment to reducing oil and gas
methane emissions to protect public health and the environment, as guided by the best science.” 408
Additionally, Canada is a Party to the LRTAP Convention, which is examining the impacts of
methane on ozone formation, as explained further in Section 10.409
D. Mexico
In addition to the methane targets arising from the 2016 North American Climate, Clean Energy, and
Environment Partnership, Mexico published comprehensive regulations for methane emissions
reductions in the oil and gas sector that acknowledge the potential to reduce emissions in the sector
by up to 75% by 2025.410 These regulations include standards for quarterly leak detection and repair,
the use of vapor-recovery systems to capture gas, the move to low- and zero-bleed pneumatics, and
less-wasteful practices. Mexico also joined the Global Methane Pledge.
Mexico’s intended nationally determined contributions under the Paris Agreement include goals to
reduce methane leaks, venting, and controlled combustion by 25% and to use methane recovery in
municipal landfills and water treatment plants.411 These goals are part of its commitment to reduce
GHG emissions by at least 22% and up to 36% below projected business-as-usual scenario by 2030.412
Mexico’s 2020 NDC update confirms this commitment, including a mention of potentially
implementing a Methane Emissions Reductions Policy.413
A priority for methane reductions in Mexico is to improve methane monitoring for accurate emissions
reporting. For example, recent satellite-based measurements found 45% higher emissions from
anthropogenic sources than estimated in the national GHG inventory, with the largest discrepancy
between inferred and estimated emissions coming from the oil and gas sector.414 A separate
Environmental Defense Fund (EDF)-led study found that for onshore processing facilities, methane
leaks were 10 times higher than reported, while offshore processing facilities had emissions that were
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90 percent lower than reported. According to EDF, this finding suggests that the offshore gas was
piped inland, where it later would be flared or leaked. Emissions from a single facility that received
offshore gas were found to emit the equivalent of half of Mexico’s residential gas consumption.415
Mexican President Andrés Manuel López Obrador and other Mexican officials met with Special
Presential Envoy for Climate John Kerry on 9 February 2022 to continue the U.S.-Mexico dialogue
on climate collaboration and clean energy action. During this visit, the two sides agreed that the policy
focus of their actions “will include tackling methane emissions from oil and gas, waste, and
agriculture,” among other areas.416 In July 2022, the U.S. and Mexico committed to “tackle methane
emissions from oil and gas and other sectors,” and for the U.S. to cooperate with Mexico and Pemex
on a plan to eliminate routine flaring and venting.417 Satellites recently detected large methane plumes
from an offshore oil platform in one of Mexico’s major oil-producing fields, highlighting the urgency
of tackling these emissions.418
E. India
According to India’s third Biennial Update Report to the UNFCCC, methane accounted for 19.5
million tonnes (409 MtCO2e, using GWP100 of 21 per Indian reporting), or 14.43% of India’s total
GHG emissions in 2016.419 Also according to this Report, India’s main GHG emissions from the
agricultural sector are methane from livestock enteric fermentation and rice cultivation.420
India is working to cut methane emissions in the agriculture sector. Two methods of rice cultivation
in India aim to reduce water usage and methane emissions: the system of rice intensification and
direct-seeded rice. The system of rice intensification is being used in 24 of India’s 28 states,421 and
cultivation using the direct-seeded rice method is being deployed in India on nearly 100,000 hectares
of land.422 India also is shifting land used for paddy crops to other crops that require less water and
thus enable reductions of methane emissions.423 Furthermore, India is implementing methods,
including feed additives, that increase productivity of milk-producing animals and reduce GHG
emissions.424 India has also launched a pair of biogas programs, called Galvanising Organic Bio-Agro
Resources (Gobar-Dhan) and the New National Biogas and Organic Manure Programme.425
India’s coalbed methane amount is estimated to be 91.8 trillion cubic feet spread over 11 states.426
Further, India identified 233.30 trillion cubic feet of shale gas/oil, the commercialization of which
can dramatically increase methane emissions.427
The government of India formulated its Coal Bed Methane (CBM) policy in July 1997 to harness
CBM potential in the country and reduce methane emissions from coal mining. Through this policy,
CBM is converted to natural gas under the provisions of the Ministry of Petroleum and Natural Gas
1948 Oil Fields (Regulation & Development) Act and the 1959 Petroleum and Natural Gas Rules.428
To harness CBM potential, coalbed methane-producing blocks have been offered to companies
through competitive bidding. Thus far, India awarded 30 CBM blocks under four rounds of bidding
to national, private, and joint venture companies.429
India’s strategy to reduce methane emissions from the energy sector appears focused on transitioning
to renewable energy and improving energy efficiency.430 Coal mine methane and coalbed methane
exchanges, training, and projects have been discussed and planned in India.431 A pre-drainage project
is under development at one underground mine,432 and studies have been conducted to determine the
feasibility of additional coal mine methane abatement projects.433
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A new development in May 2022 with possible methane-mitigation implications is the announcement
that three ministry-level authorities—the Ministry of Earth Sciences, the Department of Science and
Technology, and the Ministry of Environment, Forest and Climate Change—will form a consortium
to “work cohesively towards climate action and towards realising India’s Nationally Determined
Contributions under the Paris Agreement.”434
F. China
On 22 September 2020, at the UN General Assembly, China announced its target of achieving carbon
neutrality before 2060.435 This longer-term goal covers all GHGs, including methane. For the near
term, China’s Outline of the 14th Five-Year Plan (2021-2025) for National Economic and Social
Development and the Long-Range Objectives Through the Year 2035 provides that China will
“strengthen the control of other GHGs such as methane, HFCs, and perfluorocarbons (PFCs).”436 The
prominent mention of methane in this Plan provides China’s national ministries and agencies with
authority to include detailed requirements for methane in their 14th Five-Year implementation plans
covering the period 2021-2025.
On 28 October 2021, China submitted its updated NDC437 and Mid-Century, Long-Term Low
Greenhouse Gas Emission Development Strategy (Mid-Century Strategy)438 to the UNFCCC
Secretariat. In the updated NDC, China incorporated its goal of increasing the share of non-fossil
fuels in primary energy consumption to around 25% by 2030 and noted that funds have already been
expended on a major project, “Development of Large Oil and Gas Fields and Coal-Bed Methane.”439
In its Mid-Century Strategy, China included its target of further increasing the percentage of nonfossil fuels to over 80% by 2060.440 Both the updated NDC and the Mid-Century Strategy list policy
actions for methane emissions reduction. Further, in order to support the achievement of non-fossil
fuel targets and promote the deployment of renewable energy, China’s 14th Five-Year Comprehensive
Work Plan on Energy Conservation and Emission Reduction provides that renewable energy will not
be counted in the total energy consumption caps for localities during the 14th Five-Year period (20212025).441
For the coal mine sector, China’s targets include: “by 2020, the coalbed methane (coal-mine gas)
extraction volume shall reach 24 bcm, within which the production of on-ground coalbed methane
shall reach 10 bcm with a utilization rate of over 90%; and the extraction of coal-mine gas shall reach
14 bcm with a utilization rate of over 50%.”442 At a State Council press conference on 27 April 2021,
the Ministry of Ecology and Environment announced a plan to revise emission standards for coalbed
methane and coal mine gas.443 Furthermore, China’s policy guidance on carbon peaking and carbon
neutrality includes scaling up the development and utilization of coal-bed methane.444 Additionally,
China announced a plan to strictly control increases in coal consumption from 2021 to 2025, and
gradually reduce coal consumption over the period 2026 to 2030.445 China also announced key
subnational targets with implications for methane emissions. These include reducing coal
consumption in Beijing, Tianjin, Hebei, and surrounding areas by about 10%, reducing coal
consumption in the Yangtze River Delta region by about 5%, and achieving negative growth of coal
consumption in the Fenwei Plain region by 2025.446
For the oil and gas sector, China set targets to reach the peak and plateau stage for oil/petroleum
consumption during 2026–2030.447 China also aims to peak land-transportation petroleum consumption
by 2030.448 China’s updated NDCs incorporate actions to reduce methane emissions in this sector,
including through deployment of technologies for the recovery of associated gas. 449 China’s 13th FiveYear Development Plan for Natural Gas (2016) includes promotion of recovery technologies for
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oilfield-associated gas, strengthening of natural gas leakage the detection, and reducing fugitive
emissions of GHGs. The China Oil and Gas Methane Alliance, an association of seven Chinese
companies, has pledged to reduce the companies’ average methane emissions intensity in natural gas
production to below 0.25% by 2025, and cooperate and share technical experience on methaneemissions control, including LDAR and gas-recovery systems.450 China’s efforts to promote green
and clean transportation are also expected to reduce petroleum consumption and contribute to
methane emissions mitigation. Examples of key targets in the transportation sector are to increase
new-energy and clean-energy powered transportation to about 40% [of total new transportation] per
year in 2030 and to achieve a deployment rate of no less than 70% for green transportation in cities
with populations of one million or more by 2030.451
For the agriculture sector, China set targets in 2017 for achieving “comprehensive reutilization” of
over 75% of livestock and poultry manure by 2020.452 China raised this target in 2021 to over 80%
of livestock and poultry manure nationwide by 2025.453 China will also increase the efficiency of
chemical fertilizers and pesticides to 43% by 2025,454 which may also have implications for methane
emissions reduction. China is also prioritizing agricultural emissions control measures, including
promoting low-emission and high-yielding rice plants, improving farming techniques, encouraging
the use of organic fertilizers, regulating the use of chemical fertilizers and pesticides, and advancing
the comprehensive use of crop straw.455 Additionally, the CCAC is working together with China to,
among other things, research and develop effective methane mitigation strategies “such as carefully
controlling the water, fertilizer, antibiotics, and type of feed, which can not only reduce emissions but
can also increase agricultural production.”456
For the waste sector, China set targets including reaching, by 2025, 90% harmless disposal of urban
sludge,457 25% sewage resource utilization in water-scarce cities at the prefectural level and above,458
and 40% domestic sewage treatment in rural areas. 459 Furthermore, by 2030, the national average
utilization rate of urban recycled water will be increased to 30%.460 Additionally, China committed
to increase the reutilization of urban household waste to around 60% by 2025 and 65% by 2030.461
China is also promoting the recycling and reuse of industrial solid waste with the goal of increasing
the comprehensive reutilization rate of bulk industrial solid waste to 57% by 2025.462 Furthermore,
China announced a plan to build 100 zero-waste cities by 2025.463 The construction of zero-waste
cities will contribute to methane emissions reduction through planned improvements in solid waste
disposal in industrial sources, reduction of household waste landfills, management and reuse of
livestock waste, and control of chemical fertilizer and pesticide application. 464
In addition to the national methane-emissions reduction policies and targets described above, China
has taken a number of steps to mitigate the climate and other environmental impacts of its overseas
investments. These include the commitment to stop building new coal-fired power plants465 and the
issuance of government guidelines recommending that Chinese enterprises comply with prevailing
international standards or China’s own standards if the country receiving the Chinese investment: 1)
lacks environmental standards applicable to the investment and project in question; or 2) has in place
environmental standards for the investment or project in question that are lower than prevailing
international standards or those applied to such investments and projects in China.466
G. Brazil
Brazil is the fifth largest methane emitter in the world,467 owing to its cattle industry, which accounts
for 14% of the global bovine herd.468 Brazil’s total methane emissions amounted to approximately
400 MtCO2e in 2020, with ~285 MtCO2e coming from the livestock sector alone.469
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Brazil is a signatory to the Global Methane Pledge. To fulfill its obligations in the Pledge and the
UNFCCC, Brazil enacted a decree that created the Federal Strategy to Incentivize the Sustainable
Use of Biogas and Biomethane.470 The decree establishes guidelines to encourage the development
of carbon markets, the use of biomethane as a renewable energy and fuel source, and investment in
scientific-technological research.471 Further, it provided a non-exhaustive list of urban and rural waste
that may be used to produce biogas and biomethane, including waste disposed in landfills.
The Federal Strategy, which includes the Methane Zero Program, will introduce methane credits into
existing market mechanisms.472 Methane credits representing tons of methane not emitted will
generate additional income for biogas and biomethane projects. Prior to the Methane Zero Program,
Brazil encouraged development of biofuels through RenovaBio, a regulated market for
decarbonization credits that require fossil fuel distribution companies to meet their targets by
investing in biofuel enterprises.473
In 2019, the United States and Brazil launched the U.S.-Brazil Energy Forum as a mechanism for
cooperation in carbon and methane management, civil nuclear power, renewable energy, energy
efficiency, and grid modernization. In its second ministerial meeting in 2022, the two governments
agreed to “exchange expertise in carbon and methane management, and carbon sequestration and
storage.”474 More recently, in August 2022, the U.S. and Brazil also launched the Clean Energy
Industry Dialogue to collaborate on renewable energy and sustainable fuels, including offshore wind
energy and clean hydrogen.475
H. Iraq
Iraq’s oil and gas sector is a large contributor of methane emissions, amounting to approximately 9%
of global methane emissions from the sector in 2019.476 Iraq has also been among the top 10 flaring
countries for the last 10 years.477
In 2020, Iraq announced that its Ministry of Health and Ministry of Environment and Oil will establish
an inter-ministerial technical task force to focus on the nature and scale of methane emissions from
the country’s oil and gas sector.478 Since then, Iraq has included methane in its NDC submission,
joined the Climate & Clean Air Coalition’s Oil and Gas Methane Partnership, and became a signatory
to the Global Methane Pledge.479 In 2022, Iraq’s Ministry of Environment announced that it is
working with the World Bank’s Global Gas Flaring Reduction Partnership to develop its roadmap
with a target of zero flaring in oil and gas production by 2030.480

7. International collaboration is critical for combatting methane emissions
Public and private organizations and initiatives around the world, such as those described briefly
below (and the Global Methane Hub described in), are collaborating on methane mitigation. Their
collaboration is critical to strengthening the consensus that supports methane action, including at the
bilateral and multilateral levels. Initiatives that rate methane performance may be an increasingly
important part of this collaboration as the world re-aligns around changes in global natural gas supply
and focuses on assessing the methane intensity of available gas volumes and associated producer
performance.
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i. Quasi-governmental organizations and initiatives
o The Climate & Clean Air Coalition to Reduce Short-Lived Climate Pollutants
The Climate & Clean Air Coalition (CCAC) facilitates methane mitigation and information sharing
at all levels, including through publication of leading science. The CCAC is a voluntary partnership
with over 70 State and regional partners, and a similar number of non-state partners.481 It has been
proposed that the CCAC will act as Secretariat for the Global Methane Pledge. The CCAC assists
countries with developing plans to reduce SLCPs.482 The CCAC also helps countries increase the
ambition of the SLCP-reduction targets that they include in their NDCs under the Paris Agreement.
Increasing support and funding for the CCAC would strengthen information-sharing and technical
support for countries leading to a concerted increase in ambition. This could include further ambition
concerning methane reporting under the CCAC’s Oil and Gas Methane Partnership, described further
below under Industry-led initiatives. This could also include coordinating support for “National
Methane Offices,” and other methane-mitigation architecture, adopting the institutional strengthening
approach that has been “a major factor in the success” of developing countries achieving Montreal
Protocol objectives (see Section 11).483
On 9 November 2021, the CCAC Ministerial launched CCAC Methane Flagship, “which, starting in
2022, will foster and strengthen high level commitments to reduce methane, amplify and raise
awareness, support planning and delivery of strategies and plans, provide analysis and tools to support
action, and scale up financing.”484
The CCAC’s efforts resulting in the Global Methane Assessment raised awareness of and political
attention to the opportunities of methane abatement. In addition to their work with the Global
Methane Assessment, the CCAC’s work with Dr. Shindell’s group at Duke University resulted in a
publicly accessible, online methane mitigation tool.485 The CCAC plans to improve this online tool
to make it more user-friendly, including by continuously updating methane emissions and existing
metrics for quantifying co-benefits. This will enable a national level overview of the relevant
measures and related co-benefits, including job creation.
The CCAC is also planning to develop a Global Methane Policy/Implementation Tracker to record
and quantify progress on the implementation of methane-related measures, policies, and regulations.
In addition, the CCAC is hosting three hubs that will be working with governments and other
stakeholders on agriculture, waste, and oil and gas. Notably, UNECE joined the CCAC in 2015 with
the aim of contributing to CCAC’s work by sharing experience, knowledge, and best practices,
including with respect to UNECE’s amended Protocol to Abate Acidification, Eutrophication and
Ground-level Ozone (Gothenburg Protocol) to the LRTAP Convention.486 This relationship can help
inform efforts to develop a global methane agreement on an emergency basis. The LRTAP
Convention and the Gothenburg Protocol are discussed further below in Section 10.
In September 2022, the CCAC and the Global Methane Initiative (GMI) convened the Global
Methane, Climate and Clean Air Forum with the goal of bringing together policymakers, industry
leaders, technical experts, and researchers from around the world.487 Discussion will include
opportunities to protect the climate and improve air quality, with a special focus on methane. The
event will be part of the CCAC’s Annual Meeting for 2022 and will include updates on international
efforts such as the Global Methane Pledge, the International Methane Emissions Observatory, the
Global Methane Hub, and the Global Methane Pledge Energy Pathway.
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o Agriculture Innovation Mission for Climate
The Agriculture Innovation Mission for Climate (AIM4C), co-created by the United States and United
Arab Emirates, is an initiative to increase funding and participation in climate-smart agriculture and
food system innovation within the next five years. AIM4C “innovation sprints” will guide participants
to address specific goals using coordinated funding. Two innovation sprints that have direct relation
to methane mitigation are the “Greener Cattle Initiative: Addressing Enteric Methane Emissions” and
“Satellite monitoring of quantity and quality of available biomass in pastoral livestock systems.”488
Over 70 countries and organizations have partnered with this initiative.489
o Net-Zero Producers Forum
In April 2021, Canada, Norway, Qatar, Saudi Arabia, and the United States announced their intention
to establish the Net-Zero Producers Forum. The Forum would “develop pragmatic net-zero emission
strategies, including methane abatement, advancing the circular carbon economy approach,
development and deployment of clean-energy and carbon capture and storage technologies,
diversification from reliance on hydrocarbon revenues, and other measures in line with each country's
national circumstances.”490
o World Bank Global Gas Flaring Reduction Partnership and Zero Flaring Initiative
The World Bank’s Global Gas Flaring Reduction Partnership (GGFR) is a multi-donor trust fund
composed of 17 governments, 13 oil companies, and 3 multilateral organizations. The GGFR
develops country-specific flaring reduction programs, conducts research, shares best practices, raises
awareness, and secures global commitments to end routine flaring, which results in methane
emissions, and advances flare measurement and reporting.491 The United States plans on rejoining the
GGFR.492 The GGFR seeks commitments to the Zero Routine Flaring by 2030 initiative.
Governments and companies that participate in the World Bank Zero Flaring Initiative commit to end
routine flaring by 2030.493 34 governments, 53 oil and gas companies, and 15 development
organizations support the Initiative.494 The GGFR is developing a Global Gas Flaring Explorer, an
online platform that will deliver real-time monitoring of gas flaring globally, in collaboration with
the Oil and Gas Climate Initiative and the Payne Institute (Colorado School of Mines).
The 2022 Global Gas Flaring Tracker Report found that ten countries account for 75% of all gas
flaring and 50% of global oil production: “Seven of the top 10 flaring countries have held this position
consistently for the last 10 years: Russia, Iraq, Iran, the United States, Venezuela, Algeria, and
Nigeria. The remaining three (Mexico, Libya, and China) have shown significant flaring increases in
recent years.”495
o The Global Waste Initiative 50 by 2050
Egypt will launch the Global Waste Initiative 50 by 2050 at COP27, which they are hosting this year.
This Initiative identifies potential linkages between waste and methane. A session on creating a
“Green Africa,” including the goal of cutting waste by 50% in African countries, is also scheduled
for COP27 in Sharm El-Sheikh.496
The Global Waste Initiative estimates that the waste sector contributes 20% of global methane
emissions.497 Methane emissions from landfilling of solid waste reached about 1.3 MtCH 4 in 2010,
which was projected to increase if waste management practices did not improve. 498 The Global Waste
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Initiative will develop a platform for partnerships and projects on mitigation and adaptation and
support knowledge and innovation transfer of infrastructure for waste management.499
ii. Industry-led initiatives
o Global Methane Initiative
The Global Methane Initiative (GMI) is a public-private partnership that covers the three major
sectors (energy production, agriculture, and waste) and promotes methane capture and use.500 GMI
facilitates the international exchange of information and technical assistance. GMI includes 45
countries that represent around 70% of the world’s anthropogenic methane emissions, including the
United States, Canada, Argentina, Brazil, Russia, China, India, and Australia.501 According to the
GMI website, GMI projects have reduced more than 500 MtCO2e since 2004.502
o Oil and Gas Methane Partnership
The Oil and Gas Methane Partnership (OGMP), a CCAC initiative (with UNEP, the European
Commission, and EDF), advances methane emissions reporting, including through the OGMP 2.0
Reporting Framework. The OGMP 2.0 Framework requires companies to report methane emissions
from sources across the entire oil and gas value chain with a target to reduce emissions by 50–75%
by 2030.503 The European Union intends to build on this Framework in developing its measurement,
reporting, and verification requirements for the energy sector.504
o Oil and Gas Climate Initiative
The Oil and Gas Climate Initiative (OGCI) is a CEO-led initiative in which member companies agree
to a number of commitments and principles. In particular, OGCI members commit, by 2025, to a
collective average methane intensity of aggregated upstream oil and gas operations of well below
0.20%, from a 2017 baseline of 0.30%. They also commit, among other things, to reduce aggregate
upstream carbon intensity from 23 kg of GHG per barrel of oil or gas in 2017 to 17 kg by 2025 and
to support explicitly the aims of Zero Routine Flaring by 2030.505
o The World Biogas Association
The World Biogas Association serves as a global trade association for biogas, landfill gas, and
anaerobic digestion industry sectors.506 The Association provides members with publications such as
a Global Biogas Industry Directory, data on the size and growth of global biogas markets, and
analyses demonstrating the industry’s environmental and economic potential. 507 The Association
convenes the World Biogas Summit, which in 2021 focused on methane mitigation.508
o The Methane Guiding Principles
The 24 oil and gas industry signatories to the Methane Guiding Principles have committed to reporting
publicly on how they are meeting the intent of five principles, including the continual reduction of
methane emissions, improving the accuracy of emissions data, and increasing transparency. 509 The
commitment to reducing methane emissions includes the implementation of LDAR programs and
reduction of venting and fugitive emissions. The group also released a toolkit for policymakers.510
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iii. Performance rating initiatives
o MiQ
RMI and SYSTEMIQ established MiQ, an independent not-for-profit organization. MiQ developed
a certification system based on methane intensity that grades natural gas volumes produced and
producer performance. The intent is to create a differentiated natural gas market to incentivize
producers to reduce methane emissions from the oil and gas sector.511
o Natural Gas Sustainability Initiative
The Natural Gas Sustainability Initiative (NGSI) developed the NGSI Methane Emissions Intensity
Protocol as a voluntary approach for companies to calculate methane emissions intensity. 512

8. Monitoring systems add transparency and accountability
Methane emissions are currently estimated based on a range of existing reporting regimes and
protocols, including the UNFCCC, the Global Reporting Initiative (GRI), and national reporting
programs. Increasingly sophisticated systems to measure and monitor methane emissions will add
transparency and accountability to global methane reduction efforts. In particular, these systems will
be essential to ensuring the world is on track to securing the 30% (or greater) reductions in methane
emissions necessary to slow the world’s near-term warming as called for in the Global Methane
Pledge. Monitoring systems help provide critical information that the public can use to hold
companies and countries accountable.513
Monitoring systems include satellites, aircraft-based flyover technologies that are being deployed to
identify more exact infrastructure emissions source points, and on-the-ground hand-held infrared and
other monitoring devices to pinpoint emitting machinery.
The rapid improvement in methane detection technologies and data analytics is fueling a boom in
private monitoring and data analytics companies.514 Below is a non-comprehensive list of initiatives
aimed at improving methane monitoring and accounting. These examples suggest how a combination
of public and private monitoring services could provide a “system of systems” for companies,
regulators, researchers, and public-interest minded citizens tracking and mitigating methane
emissions.515
Methane measurement and monitoring initiatives include the following:
o Carbon Mapper
In April 2021, Carbon Mapper, Inc., a philanthropically funded not-for-profit organization,
announced a plan to launch a satellite constellation to pinpoint methane emissions, in partnership with
the State of California, NASA’s Jet Propulsion Laboratory, Planet, the University of Arizona, Arizona
State University, High Tide Foundation, and RMI.516 The first two satellites are in development and
will be launched in 2023. Expansion to an operational multi-satellite constellation will start in 2025.517
Additionally, Carbon Mapper is developing a data portal in collaboration with California’s Air
Resources Board to make the data publicly available.

39

o Copernicus
Copernicus is the EU’S Earth observation program that provides information services with data drawn
from satellite observation and in-situ (non-space) systems.518 The European Commission manages
Copernicus and implements the program in partnership with Member States, European agencies, and
centers.519 In addition to collecting information from in-situ systems, the European Union will place
a constellation of about 20 satellites in orbit before 2030.520 Among the six information services, the
Copernicus Atmosphere Monitoring Service,521 the Copernicus Land Monitoring Service,522 and the
Copernicus Climate Change Service523 are closely relevant to methane monitoring. All of these
information services are open for free access by all.
o Environmental Defense Fund’s MethaneSAT
The Environmental Defense Fund’s (EDF’s) MethaneSAT program plans to launch a new methane
satellite to provide regular monitoring of global oil and gas operations, including to identify emissions
across large geographic areas and to measure emissions at predetermined locations. 524 MethaneSAT
signed a contract with SpaceX in January 2021 for delivering its new methane satellite into orbit,
scheduled for 1 October 2022.525 Once launched, MethaneSAT will stream its data online with no
charge for non-commercial users.
o GHGSat
GHGSat, a global emissions monitoring company, signed a memorandum of intent in 2019 with the
Canadian Space Agency and the European Space Agency.526 GHGSat will be collaborating with the
International Methane Emissions Observatory by providing free data on methane emissions from their
satellites.527 On 4 May 2022, GHGSat shared its first findings using satellite technology of livestock
methane emissions from a farm in Joaquin Valley, California. 528 More recently, in August 2022,
GHGSat detected emissions from landfills in Buenos Aires, Delhi, Lahore, and Mumbai, finding that
landfills contribute 6–50% of reported city-level emissions.529
o International Energy Forum’s Methane Initiative and Methane Measurement Methodology
Project
The International Energy Forum (IEF)’s Methane Initiative will develop a methane emissions
measurement methodology that can standardize data collection.530 IEF’s Methane Measurement
Methodology Project aims to assist IEF Member States in their development of credible methane
reduction plans for the energy sector based on best available data for methane emissions.531
o The International Methane Emissions Observatory
Launched on 31 October 2021 at the G20 Summit, the International Methane Emissions Observatory
(IMEO) is a UNEP initiative with support from the European Commission and other governments
that will integrate methane emission data from multiple sources into a coherent dataset that will
describe the confidence in each data element.532 The IMEO will initially focus on the energy sector
and later expand to waste and agriculture.533 Additionally, the IMEO will play an important role in
implementing the Global Methane Pledge by helping countries prioritize actions and by monitoring
commitments.534 UNEP hosts the IMEO, with public funding support of €100 million over five years
(including funding from the European Commission as a founding member). 535 IMEO will closely
coordinate with the CCAC, among other organizations, including on incorporation and analysis of
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data from OGMP 2.0, mentioned in Section 7.536 In 2021, the IMEO published its first report, An Eye
on Methane, which described progress on OGMP 2.0 and remaining challenges in methane
monitoring and measurement.
o Oil and Climate Index Plus (OCI+)
Researchers from RMI, Stanford University, the University of Calgary, and Koomey Analytics
developed the Oil and Climate Index Plus (OCI+) tool as a response to opaque, self-reporting of GHG
emissions from the oil and gas sector.537 The OCI+ presents a full life-cycle assessment of GHG
emissions for half of global oil and gas production. The OCI+ tool and the accompanying report
conclude that significant fossil-fuel emissions occur not only at the point of combustion but also at
the wellhead, and during processing, refining, and transportation.538 The report also refers to cutting
methane as “the highest priority for the oil and gas sector.539

9. Building an accountability and enforcement strategy using robust emissions
monitoring systems
As discussed in Section 8, emissions monitoring systems add transparency and accountability to
emissions reduction efforts. The technologies underpinning these systems are poised to revolutionize
the information available by making once invisible emissions visible to the public, to regulatory
agencies, and to owners and operators of methane sources across all sectors. These monitoring
systems, when coupled with an accountability and enforcement strategy, will be essential to ensuring
the world is on track to secure maximum reductions in methane emissions.
Effective accountability and response mechanisms to tackle emissions sources would include several
components. At the most basic level, these include: 1) inventory by emissions total, sector, and
location; 2) baseline emissions level by jurisdiction; 3) reduction goal by emissions total and sector;
and 4) monitoring and reporting, providing for full transparency. In addition, these components
include the abilities: 1) to identify and alert organizations responsible for the emitting assets; 2) to
make responsible regulatory agencies aware of the emissions; and 3) to ensure that the emissions data
is available in an accessible and timely manner to civil society watchdogs, media, and affected
communities.
An effective accountability and enforcement strategy should incorporate “carrot” (incentive) and
“stick” (e.g., regulatory, “name and shame”) mechanisms. The strategy should encompass operators
of methane sources, responsible government agencies, including prosecutors, and civil society,
including affected communities. Further, the strategy should also identify solutions for addressing
detected emissions and connect operators to technical capacity and financial resources, as appropriate.
Additional capacity building that reflects training and other proper incentives are needed for
stakeholders involved in the accountability aspects of the strategy. Such stakeholders include
emissions-source operators, regulatory agencies, financial risk agencies, and watchdogs.
An accountability strategy could have several components, including:
1) An asset map and inventory of methane sources with geospatial coordinates that allow detailed
identification of sources and related contacts for operators;
2) A “phone book” of the corresponding control agents for each source point of emissions
(federal, state, local, private-sector, etc.) based on location and type of asset;
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3) A mechanism for accessing emissions data from monitoring systems and rapidly converting
the data into usable formats for accountability actors; and
4) A coordination and communications network of civil-society actors by region, country,
subnational jurisdiction where emissions are significant, in order to strengthen collective civilsociety capacity to act as emissions data emerges.
At the government level, National Methane Offices could be established and assume responsibility
for developing and maintaining emissions inventories and for identifying and monitoring key source
points of emissions. These Offices would also liaise with corresponding subnational agencies to build
effective accountability systems, establish procedures, and identify specialists and other stakeholders
that can be relied upon for assistance with the deployment of accountability actions and systems.
These Offices would be arranged regionally, and also at the sub-national level, to encourage
cooperation and share information and mitigation strategies.
A key component of incentivizing mitigation actions is for sources of identified methane emissions
to have access to technologies and financing to implement mitigation solutions. A Technology and
Economic Assessment Panel (modeled after the Montreal Protocol’s Technology and Economic
Assessment Panel) and a Methane Tracker (housed by the CCAC) could assess and recommend
technology solutions on a regular basis to encourage continued innovation and support for
implementation of best practices.

10. International efforts including the Global Methane Pledge are catalysing other
bilateral and multilateral actions to curb methane
Methane emissions from any source anywhere affect the global climate as well as public health and
environment because methane is a well-mixed greenhouse gas and contributes to increasing
background tropospheric ozone pollution. Methane mitigation by any and all countries is therefore
the best means to achieve rapid and effective reductions of methane emissions wherever these
emissions occur.540
In addition to the Global Methane Pledge, related bilateral and regional efforts provide the foundation
for a global methane agreement, which finds inspiration in the successful 1987 Montreal Protocol.
The Montreal Protocol has not only solved the first great threat to the global atmosphere by putting
the stratospheric ozone on the path to recovery by 2065, it also has done more to avoid climate
warming than any other agreement,541 avoiding an amount of warming that otherwise would have
equaled or even exceeded the warming that CO2 is causing today.542
The Montreal Protocol provides a useful architectural structure for a sectoral approach that can be
included in an international agreement, which is discussed below. In addition, there are further
discussions of methane in the Global Methane Pledge, the Convention on Long-Range
Transboundary Air Pollution’s Gothenburg Protocol, and the U.S.-China Joint Glasgow Declaration
on Enhancing Climate Action in the 2020s.
A. The Global Methane Pledge and the Glasgow Climate Pact
The Global Methane Pledge was formally launched at the Head-of-State level at the high-level
segment of COP26 on 2 November 2021 in Glasgow.543 The United States and the European Union
first announced the Pledge at the Major Economies Forum on 17 September 2021.544 The Pledge
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commits governments to a collective global goal of reducing global methane emissions by at least
30% from 2020 levels by 2030. Signatories also commit to moving towards using the highest tier
IPCC good practice inventory methodologies to quantify methane emissions, with a particular focus
on high emission sources.545 Successful implementation of the Global Methane Pledge would reduce
warming by at least 0.2 °C by 2050.546 As of December 2022, 150 countries including the European
Union have joined the Pledge,547 representing approximately 70% of the global economy and nearly
half of anthropogenic emissions.548 At COP26, former U.S. President Barack Obama reminded those
in attendance that “curbing methane emissions is currently the single fastest and most effective way
to limit warming.”549
At the U.S.-ASEAN Special Summit in Washington, D.C., on 12 May 2022, the United States
committed to “accelerating technical assistance, financial resources, and project pipeline development
for methane mitigation in Global Methane Pledge countries, including through the EPA, USTDA
[U.S. Trade and Development Agency], DFC [Development Finance Corporation], and EXIM
[Export-Import Bank], as well as the newly-created Global Methane Hub.”550
Achieving the Global Methane Pledge emissions-reduction target would keep the planet on a pathway
consistent with staying within 1.5 °C, according to the Global Methane Assessment.551 This is roughly
equivalent to a reduction of 35% below projected 2030 levels. Deploying all available and additional
measures could lead to a 45% reduction below 2030 levels to achieve nearly 0.3 °C in avoided
warming by the 2040s.552
The Pledge marks the first time that heads of State have committed to fast action to cut super climate
pollutants to meet the 1.5 °C temperature target of the Paris Agreement. The Glasgow Climate Pact,
agreed to at COP26, also explicitly mentions methane and non-CO2 GHGs. The Pact “invites Parties
to consider further actions to reduce by 2030 non-carbon dioxide greenhouse gas emissions, including
methane[.]”553 In their 27 May 2022 communiqué, G7 Climate, Energy, and Environment Ministers
re-affirmed their commitment to the Global Methane Pledge and noted the importance of responding
“to the current crisis, in a manner consistent with our climate objectives and without creating lock-in
effects.”554
In June 2022, the United States, European Union, and 11 other countries launched the Global Methane
Pledge Energy Pathway, which includes $59 million in funding to support methane reductions in the
oil and gas sector.555 The funding includes $4 million to support the World Bank Global Gas Flaring
Reduction Partnership, $5.5 million to support the Global Methane Initiative, up to $9.5 million from
the UNEP International Methane Emissions Observatory to support scientific assessments of methane
emissions and mitigation potential, and up to $40 million annually from the philanthropic Global
Methane Hub to support methane mitigation in the fossil energy sector.
These initial commitments, as well as those described below, raise awareness of the opportunity to
slow warming by cutting methane, the sectors involved, and the level of ambition needed.
Governments should build on the Pledge and the Pledge’s Energy Pathway to open the door for a
global methane agreement, including acting immediately to require a progressively lower methane
emissions rate from providers of “replacement methane gas” in response to shifts in energy sourcing.
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B. Methane action under the Gothenburg Protocol to the Convention on Long-Range
Transboundary Air Pollution
The Global Methane Pledge lays the foundation for more concrete, emergency methane abatement,
including in the form of a global methane agreement that draws from successful models such as the
UNECE Convention on Long-Range Transboundary Air Pollution (LRTAP), and its 1999 Protocol
to Abate Acidification, Eutrophication, and Ground-level Ozone (Gothenburg Protocol),556 described
further below.
LRTAP is a regional treaty framework between Europe, North America, Russia, and former Eastern
Bloc countries for reducing transboundary air pollution and understanding related science. 557 Methane
is the last remaining major ozone precursor not explicitly controlled under the Gothenburg Protocol,
as currently amended.558
Including methane in LRTAP is an active area of discussion and should acknowledge and reinforce
efforts, including through UNECE’s existing collaboration with the CCAC, to develop a global
methane agreement on an emergency basis. UNECE joined the CCAC in 2015 with the aim of
contributing to CCAC work through exchanges of experience, knowledge, and best practices,
including with respect to the Gothenburg Protocol.559
Several LRTAP subsidiary bodies are studying methane emissions, including modelling impacts of
methane emissions from outside the region on ozone levels in the UNECE region. 560 LRTAP and its
eight protocols561 reflect a number of innovations that can benefit the development of a global
methane agreement. These include: the adoption of a technology-based approach that incorporates
national measures to reduce pollutants;562 a robust scientific body that monitors whether Parties are
on track to meet their targets;563 and a dual reporting system that requires Parties to report their annual
pollutant emissions and progress in implementing their national strategies. 564 These policy
mechanisms recognize, incorporate, and monitor existing national air pollutant emissions control
efforts. When developing a global methane emissions control mechanism, it will be worth considering
the benefits of LRTAP innovations when determining how to best recognize countries’ existing
measures to control methane.
While LRTAP could be a valuable regional mechanism for binding methane controls, additional
LRTAP considerations from a global perspective include:
•

LRTAP Parties are from North America, Europe, and Central and Western Asia and do not
include several countries with significant methane emissions or developing countries that
support the Global Methane Pledge. LRTAP Parties are members of UNECE.565 Not all
Parties to LRTAP are also Parties to the additional protocols under LRTAP. For example,
Russia is a Party to LRTAP but is not a Party to the Gothenburg Protocol. LRTAP Parties do
not include major methane-emitting countries566 such as China, India, Brazil, and Iran, or
other Global Methane Pledge countries in the developing world, such as Argentina, Ghana,
Indonesia, Iraq, Mexico, Pakistan, and Nigeria.

•

Methane is under active discussion but is not controlled under LRTAP nor under any of its
protocols at this time. LRTAP controls in-scope pollutants contributing to transboundary air
pollution. Eight Protocols further clarify Party obligations regarding specific pollutants and
activities. The most recent Protocol, and the most consequential for methane, is the
Gothenburg Protocol, which entered into force in 2005.567 The objectives of the Gothenburg
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Protocol include control and reduction of emissions of sulphur, nitrogen oxides, ammonia,
volatile organic compounds (other than methane) and particulate matter caused by
anthropogenic activities that are likely to cause adverse effects on human health and the
environment, natural ecosystems, materials, crops and the climate in the short- and long-term,
due to, among other things, ground-level ozone arising from long-range transport of covered
pollutants.568 Methane is a major source for tropospheric ozone and contributes to background
ozone levels globally.569 Although methane is recognized as an ozone precursor in the
Gothenburg Protocol,570 it is not currently a controlled pollutant.
•

UNECE remains focused on methane’s role as an ozone precursor and on how methane
emissions from outside the UNECE affect ozone formation within the UNECE. UNECE
recognizes that global growth in methane emissions is in large part from countries outside the
UNECE (or ECE) region.571 UNECE is reviewing sources of global methane emissions, with
a focus on how emissions from non-UNECE regions affect ozone transport to and formation
within the UNECE.572 This review also includes how methane emissions reductions may be
better achieved through a future and instrument.573

•

The LRTAP process for formalizing binding methane controls may need to be accelerated to
support the emergency nature of methane reductions, while providing opportunities for input,
collaboration, and support for global methane controls. Since 2018, several LRTAP
subsidiary bodies have been considering whether to take on methane. In September 2021, a
Joint Progress Report found that methane is the main driver behind increasing background
ozone levels, and that the waste sector in Europe and the oil and gas sector in Eastern Europe,
Asia, and the United States have the greatest abatement potential in those regions. 574
Completion of the research on best available emission abatement techniques and the
contribution of climate measures to emissions reduction is due for completion in Spring
2022,575 with the Review scheduled for completion in December 2022.576 The Draft Report
on the Gothenburg Protocol Review recognizes that more focus is needed on methane, as it
plays a key role in the synergy between air pollution and climate mitigation efforts. 577 At its
41st session in December 2021, the Executive Body “agreed to include methane in its analysis
for the revision of the [Gothenburg] Protocol.”578 During its 60th session, the Working Group
on Strategies and Review (WGSR) noted a non-exhaustive list of options for addressing
methane, which include setting national emissions reduction commitments and/or setting
sectoral emissions targets.579 Further, WGSR discussed options to address methane in a future
instrument, including potential linkages with other bodies like the Forum for International
Cooperation on Air Pollution580 and the Global Methane Initiative.581 From 2022–2023, a
separate task force will conduct an examination of the regional ozone response to global
methane reductions.582

Taking these into consideration and recognizing that controlling methane calls for urgent action,
Parties to LRTAP should consider both rapidly moving to include methane within existing
mechanisms and calling for an emergency agreement to account for the global nature of methane
emissions and impacts.
C. U.S.-China Joint Glasgow Declaration on Enhancing Climate Action in the 2020s
The U.S.-China Joint Glasgow Declaration on Enhancing Climate Action in the 2020s, announced at
COP26 on 10 November 2021, commits the two largest economies and emitters of climate pollutants
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to jointly tackle the climate crisis through “accelerated actions in the critical decade of the 2020s,”583
including additional measures to reduce methane emissions. China agreed to develop a
“comprehensive and ambitious National Action Plan” to achieve methane emissions control and
reductions in the 2020s.584 The United States and China also committed to “cooperate to enhance the
measurement of methane emissions,” to meet during the first half of 2022 to focus on methane
measurement and mitigation issues,585 and to establish a Working Group on Enhancing Climate
Action in the 2020s to address the climate crisis, which would meet regularly.586
China’s announcement of a National Action Plan on methane to reduce methane emissions in the
2020s is a significant step towards achieving the objectives of the Global Methane Pledge, although
China has yet to formally join. Notwithstanding, as a result of the U.S.-China Joint Declaration,
activities that Global Methane Pledge countries undertake will no doubt help inform China’s methane
mitigation policy and technical solutions. It is also significant that both China’s updated NDCs and
Mid-Century Strategy list policy actions for reductions of non-CO2 GHGs, including methane.587
D. A Global Methane Agreement to Address the Climate Emergency and Promote Peace and
Security
In the run-up to COP26 in Glasgow, the European Parliament called on the Commission and the
Member States to “negotiate a binding global agreement on methane mitigation at the COP26 meeting
in Glasgow in line with the modelled pathways that limit global warming to 1.5 °C from the IPCC
1.5 °C Special Report, AR6, and the Global Methane Assessment.”588 There already is a strong and
evolving foundation for negotiating such an agreement. This includes acting immediately to negotiate
a progressively lower methane emissions rate from providers of “replacement methane gas” in
response to shifts in sourcing as the availability of Russian gas is reduced. The foundation includes
the Global Methane Assessment, the Global Methane Pledge; AR6 WGI; an appetite among key
leaders for multilateralism to solve unprecedented global challenges and keep democracy alive; strong
methane-mitigation policy and technical achievements at the international, national, and subnational
levels; improved measuring and monitoring capabilities; and public and private collaborations over
the past decade.
i. The Montreal Protocol provides inspiration and a model for a global methane agreement
The Montreal Protocol on Substances that Deplete the Ozone Layer (Montreal Protocol) provides
inspiration and a model for a mandatory, sector-focused global methane agreement. The Montreal
Protocol is widely regarded as the world’s most successful environmental agreement because it has
not only put the stratospheric ozone layer on the path to recovery by 2065, but also prevented global
warming at least equal to the current warming from CO2 emissions.589
The Montreal Protocol has several features that contribute to the success of a global methane
agreement, even though a different approach may be needed for methane associated with fossil-fuel
production and consumption.590 First, the treaty imposes mandatory obligations on all Parties, both
those from the developed countries, and those from developing countries. At the same time, the
Protocol implements the principle of “common but differentiated responsibilities and respective
capabilities.”591 This principle is implemented by giving developing-country Parties a grace period,
often five or ten years, before requiring them to phase out or phase down a controlled substance. 592
This principle also is given effect through a dedicated funding mechanism, the Multilateral Fund,
where developed countries pay the “agreed incremental costs” that developing countries incur when
implementing controlled-substance phaseouts and phasedowns.593 In addition to financial support for
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replacement technologies, the Montreal Protocol provides financial support to strengthen the National
Ozone Units that operate in every one of the 147 developing-country Parties.594 The UNEP
OzonAction office also provides regular training and capacity-building for developing-country
Parties, expanding in-country action and awareness of the importance of achieving ozone-depletion
and climate mitigation associated with the Montreal Protocol.
Additional important features of the Montreal Protocol are its assessment panels, particularly the
Scientific Assessment Panel (SAP)595 and the Technology and Economic Assessment Panel
(TEAP).596 The SAP assesses the status of ozone-layer depletion and relevant atmospheric science.
The TEAP reviews the technologies and economics of alternatives to the chemicals being phased out
by bringing together experts from industry, government, and academia to find solutions and report
independently without government censorship.597
The Montreal Protocol was preceded by an underlying framework treaty, the Vienna Convention for
the Protection of the Ozone Layer.598 A strategy involving the development of a global methane
agreement should contemplate and anticipate the sudden prioritization and acceleration of action to
cope with crises, including crises involving food security and energy. Nonetheless, a similar
framework-protocol structure could be suitable for a global methane agreement: a framework
agreement followed by a series of protocols on the energy, waste, and agricultural sectors,599 while
also addressing research and development of strategies to remove methane from the atmosphere to
counter natural emissions.600
ii. The scientific, policy, and technical foundation already exists for the negotiation of a global
methane agreement inspired by the Montreal Protocol
The urgency of slowing warming in the near terms means that speed must become the key factor in the
selection of climate solutions,601 in order to quickly limit warming, slow self-reinforcing feedbacks,
avoid tipping points, and protect the most vulnerable people and ecosystems.602 The United Nations
Environment Programme, the IPCC,603 the CCAC,604 and the Arctic Council605 have all contributed to
this scientific understanding. The IPCC’s Working Group II report (AR6 WGII) underscores the dire
consequences of further delays in global action and the urgency of slowing warming in the near term.606
The Global Methane Assessment confirms that cutting methane emissions is the fastest and only
plausible mitigation strategy to limit warming over the next two decades.607
Responding to this call to action, governments, organizations, and collaborative initiatives at all levels
have built a robust policy and technical foundation for global methane control. This foundation
includes:
•

International commitments and recognitions involving critical methane action. For
instance, over 180 of 197 Parties’ under the Paris Agreement mention methane in their
NDCs.608 The United States and the European Union anchored support for the Global Methane
Pledge at the leadership level during the Major Economies Forum on Energy and Climate in
September 2021.609 In June 2022, the U.S., EU, and 11 other countries launched the Pledge’s
Energy Pathway, which includes funding to support methane reductions in the oil and gas
sector. The Global Methane Pledge includes 150 participants as of December 2022,610 with
developing countries such as Argentina, Ghana, Indonesia, Iraq, and Mexico, among the
earliest supporters.611 The G20 has recognized that methane is “one of the quickest, most
feasible and most cost-effective ways to limit climate change and its impacts” and agreed to
promote cooperation and transparency.612 The European Union has committed to reduce all
47

greenhouse gas emissions by 55% by 2030613 and the European Commission has emphasized
the need for unified, global action on methane.614 Parties to the Economic Commission
LRTAP—and specifically the Gothenburg Protocol—are undertaking a process to formalize
binding methane mitigation while providing opportunities for input, collaboration, and
support for global methane controls.615 And the CCAC is actively strengthening global
understanding and ambition for methane control though initiatives such as its Methane
Flagship.616
•

Bilateral and national commitments and actions on methane mitigation. For instance, the
United States and China, in their Joint Glasgow Declaration on Enhancing Climate Action in
the 2020s, demonstrated the capability of economic and political rivals to find common
ground on methane mitigation.617 China subsequently announced its own methane emissions
control plans.618 These policy initiatives and the growing climate emergency underscore the
importance, even during a time of increased political crises, for cooperation—and even some
ambition-promoting competition—among methane mitigation champions in China and other
countries.619 Canada620 and Mexico,621 as additional examples, have established regulations
for energy-sector methane emissions, and joined the United States in pledging to enhance
cooperation.622

•

Subnational efforts inspiring national measures. These include regulations in U.S. states
such as California,623 New Mexico624 and Colorado,625 and in Canadian provinces such as
British Columbia.626 Climate-focused initiatives such as the C40 Cities network627 and Under2
Coalition628 have united subnational entities around the world in addressing methane
emissions.

•

Methane measurement and monitoring initiatives. The Carbon Mapper satellite program629
and International Methane Emissions Observatory630 are already informing global
understanding of the levels of methane emissions contributing to the climate emergency.
These initiatives and the technologies, described in Section 8, are essential to understanding
whether the world is on track to meet existing commitments. They also provide critical
information needed for successful and robust accountability and enforcement mechanisms in
a global methane agreement.

•

And public and private collaborations across all levels on methane mitigation. These
efforts, discussed further in Section 7, are strengthening awareness of effective methanemitigation measures that must underpin a successful global methane agreement. These
include, in addition to the CCAC initiatives, the Global Methane Initiative,631 the Oil and Gas
Climate Initiative,632 and methane emissions mitigation performance-rating initiatives such as
MiQ633 and the Natural Gas Sustainability Initiative.634

This scientific, technical, and policy foundation, added to the inspiration of the Montreal Protocol,
provides the understanding, ambition, examples and solutions necessary to develop a global methane
agreement.
iii. Creating and strengthening the organizations necessary to support a global methane
agreement can and should start immediately within the CCAC
With speed as a key factor for climate solutions, work on organizations that will later support a global
methane agreement should not wait for negotiations to commence. The climate emergency and its
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impacts have no analog in the history of humankind. Therefore, the strategy for developing such an
agreement should contemplate and anticipate the sudden prioritization and acceleration of action to
cope with crises, including crises involving food security and energy. This work can and should start
immediately. This includes strengthening or creating within an organization such as the CCAC, which
has been proposed as the Secretariat for the Global Methane Pledge, scientific, technical assessment,
financial, and capacity-building organizations similar to those associated with the Montreal
Protocol.635 The creation of a methane control regime based on this successful template would help
ensure that it lives up to its mandate.636
iv. Building upon the existing strong scientific, technical, and policy foundation and CCAC
organisations, negotiations on a global methane agreement should start at the head-of-State
level
Building upon the strong foundations already in place, using the Montreal Protocol as an inspiration
and model, and employing organizations developed within an organization such as the CCAC, a
global methane agreement should be launched at the head of State level. Negotiations for the
agreement should be concluded with the need for unprecedented speed in mind. The Montreal
Protocol was negotiated in just nine months,637 and in March 2022, UNEP launched negotiations with
the ambition of completing a global agreement to address plastic pollution two years later, in 2024.638

11. Financial and philanthropic organizations can provide crucial financial support for
methane ambition and action
It will be crucial to secure the appropriate funding and finance to support governments and
organizations committed to fast methane reductions. Private philanthropies, multilateral banks,
governments, and other financial sector stakeholders all have roles to play in enabling fast methane
mitigation to respond to the climate emergency.
Already, more than 20 leading philanthropies pledged over US$328 million in support of efforts to
drastically reduce methane emissions, including diplomatic efforts building on the Global Methane
Pledge.639 The philanthropies committed to quickly deploy grants and ensure that funding is
flexible.640 As a result, the Global Methane Hub was launched in March 2022 and will “support and
sustain action from civil society, government, and private industry, including in the more than 100
countries that have signed on to the Pledge by meaningfully investing in methane reduction
solutions.”641
Notably, however, methane mitigation solutions remain severely underfunded.642 A first-of-its-kind
assessment of the landscape of methane mitigation finance tracked about US$11.6 billion in annual
2019/2020 investments, just 2% of total tracked climate finance (public development finance and
private climate-related finance, excluding philanthropy), and 10 times less than the US$119 billion
needed each year through 2050 based on the cost of readily available mitigation measures consistent
with a 2 °C warming scenario.643 Among sectors receiving funding, the waste sector accounts for
about 66% of abatement financing while the agriculture and energy sectors collectively receive about
33% of available financing, despite emitting 82% of anthropogenic methane.644
At the highest level, multilateral development banks can support countries to achieve at least 30% of
methane reduction consistent with the Global Methane Pledge and the Global Methane Assessment,
including through the following actions:
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1) Ensure the availability of finance mechanisms for projects that reduce methane
emissions from fossil fuel, waste, and agriculture.
2) Promote an evaluation of climate risk that includes climate tipping points and feedbacks.645
3) Avoid investments that will precipitate climate tipping points and are not aligned with keeping
global temperature under 1.5 °C in the next decade.
4) Introduce GWP20 in climate impact evaluation to more accurately value near-term temperature
impacts of action to reduce methane and other SLCPs.
While integrating these climate emergency responses into bank processes, multilateral financial
institutions can immediately build on their existing commitments to help countries invest in methane
abatement. For example, the European Bank for Reconstruction and Development (EBRD) endorsed
the Global Methane Pledge.646 The EBRD already finances green projects in large methane-emitting
sectors, including energy and agribusiness.647 At the launch of the Global Methane Pledge, EBRD
committed to assisting their countries of operation with efforts to reduce methane, including through
technical assistance and funding for methane abatement projects.648 The European Investment Bank
and Green Climate Fund also committed to providing technical assistance and project finance to
support the Pledge.649
It will also be important for donor governments to provide financial support, including through a
dedicated mechanism similar to the Montreal Protocol’s Multilateral Fund. Support from the
Multilateral Fund for “institutional strengthening” that finances dedicated national ozone units in
developing-country governments “is recognized as a major factor in the success of [developing
countries] achieving compliance with the Montreal Protocol’s control measures.”650 A similar model
supporting a network of “National Methane Offices” could rapidly build the capacity of governments
to assess and act on methane mitigation opportunities across sectors and countries, including
developing methane emission baselines, tracking and inventorying emitters, providing methane
education, implementing national methane action plans, and providing a linkage to global and other
major methane mitigation funding.
A. The Resilience and Sustainability Trust
On 2 August 2021, The Board of Governors of the International Monetary Fund (IMF) approved the
anticipated general allocation of $456 billion worth of Special Drawing Rights (SDR) (equivalent to
US$605 billion).651 While this was a historic accomplishment by the IMF under the direction of the
IMF’s Managing Director, Kristalina Georgieva, because of the IMF’s quota system, the vast majority
of SDRs flow to high-income countries. Recognizing this shortcoming, the G7 leaders previously
pledged to redirect $100 billion worth of SDRs for countries most in need of resources to address the
COVID-19 pandemic, stabilize their economies, and mount a green and global recovery that is aligned
with shared development and climate goals.652
On 13 October 2021, at the G20 meeting in Rome, world leaders issued the Leaders’ Declaration
requiring the IMF to establish a Resilience and Sustainability Trust (RST). In this Declaration, the
G20 Leaders elaborated that the RST would “provide affordable long-term financing to help lowincome countries…. and vulnerable middle-income countries to reduce risks to prospective balance
of payments stability, including those stemming from pandemics and climate change.” 653 This was
the first time the G20 Heads of State called on the IMF to play a role in reducing economic risks due
to climate change.
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The Executive Board of the IMF approved the establishment of the RST on 13 April 2022.654 The
RST will complement IMF’s existing lending toolkit that focuses on longer-term structural
challenges, including climate change and pandemic preparedness. It aims to enhance economic
resilience and sustainability by: 1) supporting policy reforms to reduce macro-critical risks associated
with longer-term structural challenges; and 2) augmenting policy space and financial buffers to
mitigate the risks arising from such longer-term structural challenges—thereby contributing to
prospective balance of payments stability.655
The IMF recognizes that climate change is a long-term structural challenge that will make countries
more prone to severe balance of payment problems by raising the likelihood and impact of future
shocks and undermining growth prospects.656 RST may finance, inter alia, costs of climate-related
public and/or private investments, like energy efficient retrofitting of existing buildings, costs
associated with transitioning to green technologies, and offsetting costs of policies to ensure a just
transition, like providing social assistance as governments unwind carbon subsidies.657 The IMF will
work with the World Bank and regional multilateral development banks to develop policy priorities
and conditionality. RST measures will be informed and consistent with country diagnostics developed
by both the IMF and the World Bank relevant to the RST’s purposes.658
About three quarters of IMF’s membership will be eligible for RST financing, including low-income
countries, developing and vulnerable small states, and lower middle-income countries.659 Access will
be capped at SDR 1 billion. The loans will have a 20-year maturity and a 10.5-year grace period.
The RST resources will be mobilized based on voluntary contributions from members.660 It will be
ready to commence lending operations once it achieves a critical mass of resources from a broad base
of contributors and when robust financial systems and processes are in place, which is anticipated to
occur by the end of the year.661 Its estimated total resource needs is SDR 33 billion (equivalent to
US$45 billion).
The proposed framework to establish the RST does not specifically mention methane emissions
mitigation among the projects that could benefit from RST financing. However, the language in the
proposal is sufficiently broad to cover methane action. The IMF and its members, with guidance from
the World Bank, should be encouraged to divert funding to methane emissions mitigation policy
reforms.
In particular, the RST could provide financial support to countries in their efforts to reduce methane
and create the market conditions for private-sector investment in methane reductions. For example,
the RST could include the possibility of allocating SDRs to middle-income countries that have the
capacity to catalyze low-cost financing to implement the Global Methane Pledge. The RST should
also enhance the ability of middle-income countries to mobilize longer-term financing for just
transitions in high methane-emitting sectors. These design aspects must be done without increasing
the debt burden of the SDR recipient.
As the IMF sets up the RST to reduce climate risk, the IMF must keep climate science as the core of
its efforts. The RST’s design, implementation, and measure of its success should be guided by the
latest science on climate emergency, climate risk, and pathway to a climate safe zone, including
through fast, near-term methane mitigation. Through its mandate, the RST could incorporate the goal
of reducing climate risk to prospective balance of payments stability by cutting the rate of warming
in half in the next decade.
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The U.S. Congress has proposed to contribute US$21 million to the Poverty Reduction and Growth
Trust or the Resilience and Sustainability Trust.662 On 18 August 2022, China announced its
willingness to rechannel US$10 billion of its SDRs to “IMF’s two Trusts” and direct its contributions
to Africa.663 The IMF expects to operationalize the RST by October 2022.664
B. The World Bank Group
The World Bank Group (WBG) is the largest provider of climate finance for developing countries. In
2018, the WBG announced a new set of climate targets for 2021-2025, “doubling its current 5-year
investments to around US$200 billion in support for countries to take ambitious climate action.”665
The US$200 billion consists of “approximately US$100 billion in direct finance from the World
Bank, and approximately US$100 billion in combined direct finance” from the International Finance
Corporation, the Multilateral Investment Guarantee Agency, and WBG-mobilized private capital.666
The latest IPCC reports offer an opportunity for the WBG to review its Climate Action Plan (2021–
2025) and realign its portfolio with the 1.5 °C temperature goal of the Paris Agreement, focusing on
the climate emergency, tipping points, and feedback loops, and prioritizing investments in fast
mitigation strategies as essential to build resilience and reduce climate risk. 667
The WBG could also begin incorporating the use of metrics that capture the near-term temperature
impacts of methane and other SLCPs, such as GWP20, in all its work to promote carbon markets.668
In 2012, the G8 agreed to commission the WBG to evaluate innovative pay-for-performance
mechanisms to address methane.669 A report by the Methane Finance Study Group supported the
establishment of a methane facility.670 In its design and development phase, the Pilot Auction Facility
for Methane and Climate Change Mitigation (PAF) benefited from the support of the Climate & Clean
Air Coalition.671 The PAF completed three auctions to allocate a guaranteed price for future carbon
credits in the form of a tradable put option, two for the abatement of methane emissions from the
waste sector and one for the abatement of nitrous oxide emissions from nitric acid production.672 The
three auctions allocated up to US$54 million, resulting in abatement of up to 20.6 million metric tons
of CO2eq (using GWP100, thus undervaluing methane climate impact). The main PAF contributors
were Germany, Sweden, Switzerland (through a joint contribution of the State Secretariat of
Economic Affairs and the Climate Cent Foundation), and the United States. 673 The Global Methane
Pledge might provide an opportunity to further explore this kind of finance mechanism.
The International Finance Corporation finances methane mitigation projects. For example, on 29 July
2022, International Finance Corporation disclosed its funding for 24 landfill gas-to-energy project
that will be implemented in 10 provinces in China.674 The project is estimated to reduce about 3.4
mtCO2e of GHG through methane capture.675 Their Green Bond Program offers financing for
methane reduction projects focusing on livestock, aquaculture, gas flaring, and waste-to-energy
among the list of projects eligible financing.676 However, the International Finance Corporation could
do more and update its Performance Standards on Environment and Social Sustainability and its
Definitions and Metrics on Climate Related Activities with the latest climate emergency science,
including climate tipping points and feedback loops in its definition of climate risk so that its
financing offerings remain current.
In addition, the Multilateral Investment Guarantee Agency, a WBG member that provides longmaturity guarantees,677 can support quick and permanent adoption of methane emission solutions.
Many of the actions to reduce methane emission involve long-term investment. The Multilateral
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Investment Guarantee Agency could produce a plan to scale up its capital optimalization product to
support a range of methane mitigation loans and deploy a strategy to attract commercial banks
partnership in key projects.
C. A global financial strategy to tackle the climate emergency
At COP26, Prime Minister Mia Mottley from Barbados presented a financial plan to tackle the climate
emergency. Prime Minister Mottley, who is also Co-Chair of the Development Committee of the
World Bank and the IMF, noted that:
“The central banks of the wealthiest countries engaged in 25 trillion dollars of quantitative easing
in the last 13 years. 25 trillion. Of that, $9 trillion was in the past 18 months – to fight the
pandemic. Had we used that $25 trillion to purchase bonds to finance the energy transition, or the
transition of how we eat, or how we move ourselves in transport, we would now, today, be
reaching that 1.5 degree limit that is so vital to us.”678

Prime Minister Mottley proposed an annual increase in the SDRs of $500 billion a year for twenty
years to be put in a trust to finance the transition. She pointed out that $500 billion is just 2% of the
$25 trillion that central banks from the wealthiest countries engaged in the last 13 years.679
The proposal includes a design of the $500 billion trust that would operate on an auction basis for the
greatest climate mitigation and include the private sector in its eligibility criteria. Prime Minister
Mottley continues to advocate for the creation of this trust which, to truly attend the climate
emergency, must prioritize methane emissions reductions.

12. Conclusion
Cutting methane emissions is the best way we know to slow warming in the next 20 years. Achieving
the goal of up to 0.3 °C in avoided warming to keep 1.5 °C within reach requires building technical,
financial, and governance mechanisms. The Global Methane Pledge and related commitments
represent important steps along the way to a global agreement. In the meantime, immediate action is
needed to require a progressively lower methane emissions rate from providers of “replacement
methane gas” in response to changes in countries’ methane gas imports. Improvements in monitoring
systems add transparency but need to be paired with an accountability and enforcement strategy that
incentivizes effective emissions reductions by connecting emitters with technical and financial
capacity. This Methane Primer lays out the urgency, opportunity, and key pieces to build a solid
foundation for a global methane agreement, which should be the ultimate goal if we are going to
succeed in slowing global warming in this decade.
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ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 10 (“The levels of methane mitigation
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ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 10 (“Roughly 60 per cent, around 75 Mt/yr,
of available targeted measures have low mitigation costs 2, and just over 50 per cent of those have negative costs –
the measures pay for themselves quickly by saving money (Figure SDM2). Low-cost abatement potentials range
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ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 87 (“Analysis of the technical potential to
mitigate methane from four separate studies shows that for 2030, reductions of 29–57 Mt/yr could be made in the oil
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ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 87 (“Analysis of the technical potential to
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von Braun J., Ramanathan V., & Turkson P. K. A. (2022) Resilience of people and ecosystems under climate stress,
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warming of 1.1 degrees Celsius. Cutting methane presents the single biggest and fastest mitigation action the world
can take to keep warming from breaching the 1.5 degrees Celsius guardrail. This makes fast reductions of methane
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This is roughly equivalent to increased global yields of 55 000 tonnes of wheat, 17 000 tonnes of soybeans, 42 000
tonnes of maize, and 31 000 tonnes of rice annually for every million tonnes of methane reduced. (Section 3.5)”).
32.

*

33.

*

34.

*

35.

*

36.

*

37.

*

38.

*

Dreyfus G. B., Xu Y., Shindell D. T., Zaelke D., & Ramanathan V. (2022) Mitigating climate disruption in time: A
self-consistent approach for avoiding both near-term and long-term global warming, PROC. NAT’L. ACAD. SCI.
119(22): e2123536119, 1–8, 1 (“We find that mitigation measures that target only decarbonization are essential for
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approach) to be 576 Tg CH4 yr−1 (range 550–594, corresponding to the minimum and maximum estimates of the
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ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 28 (“Agriculture: emissions from enteric
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(“For the 2008–2017 decade, global methane emissions are estimated by atmospheric inversions (a top-down
approach) to be 576 Tg CH4 yr−1 (range 550–594, corresponding to the minimum and maximum estimates of the
model ensemble). Of this total, 359 Tg CH4 yr−1 or ∼ 60 % is attributed to anthropogenic sources, that is emissions
caused by direct human activity (i.e. anthropogenic emissions; range 336–376 Tg CH4 yr−1 or 50 %–65 %).”).

61

References
39.

*

40.

*

Canadell J. G., et al. (2021) Chapter 5: Global Carbon and other Biogeochemical Cycles and Feedbacks, in
CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al. (eds.), 5-66 (“This new
assessment, based on studies included in or published since SROCC (Schaefer et al., 2014; Koven et al., 2015c;
Schneider von Deimling et al., 2015; Schuur et al., 2015; MacDougall and Knutti, 2016a; Gasser et al., 2018;
Yokohata et al., 2020), estimates that the permafrost CO2 feedback per degree of global warming (Figure 5.29) is 18
(3.1–41, 5th–95th percentile range) PgC ºC-1. The assessment is based on a wide range of scenarios evaluated at 2100,
and an assessed estimate of the permafrost CH 4-climate feedback at 2.8 (0.7–7.3 5th–95th percentile range) Pg Ceq
ºC-1 (Figure 5.29). This feedback affects the remaining carbon budgets for climate stabilisation and is included in
their assessment (Section 5.5.2).”). See also Lan X., Nisbet E. G., Dlugokencky E. J., & Michel S. E. (2021) What
do we know about the global methane budget? Results from four decades of atmospheric CH4 observations and the
way forward, PHILOS. TRANS. R. SOC. A 379(2210): 20200440, 1–14, 11 (“Explaining the renewed and accelerating
increase in atmospheric CH4 burden since 2007 remains challenging, and the exact causes are not yet clear. But, the
observations we describe suggest that increased emissions from microbial sources are the strongest driver, with a
relatively smaller contribution from other processes, e.g., fossil fuel exploitation. A more difficult question to answer
is the one posed by this special issue: is warming feeding the warming? We cannot say for certain, but we cannot rule
out the possibility that climate change is increasing CH 4 emissions. The strong signals from the tropics combined
with the isotopic data are consistent with increased emissions from natural wetlands, but large [interannual variability
(IAV)] and inter-decadal variability in wetland drivers like precipitation make it difficult to identify small trends.
Observations are needed that will help process models capture this variability. The size of the IAV illustrates the
potential scope of uncontrollable near-future change and emphasizes the urgency of reducing the global methane
burden by mitigating the methane emissions that we can control, from the fossil fuel and agricultural sectors.”).
However, other studies suggest a more limited increase in recent emissions from natural wetlands compared to
agriculture and waste and energy production sectors, see Zhang Z., et al. (2021) Anthropogenic emissions are the
main contribution to the rise of atmospheric methane (1993-2017), NAT’L SCI. REV. 9(5): nwab200, 1–13, 1 (“Our
emission scenarios that have the fewest biases with respect to isotopic composition suggest that the agriculture,
landfill, and waste sectors were responsible for 53±13% of the renewed growth over the period 2007-2017 compared
to 2000-2006; industrial fossil fuel sources explained an additional 34±24%, and wetland sources contributed the
least at 13±9%. The hypothesis that a large increase in emissions from natural wetlands drove the decrease in
atmospheric δ13C-CH4 values cannot be reconciled with current process-based wetland CH4 models. This finding
suggests the need for increased wetland measurements to better constrain the contemporary and future role of
wetlands in the rise of atmospheric methane and climate feedbacks. Our findings highlight the predominant role of
anthropogenic activities in driving the growth of atmospheric CH4 concentrations.”).
Jackson R. B., et al. (2021) Atmospheric methane removal: a research agenda, PHILOS. TRANS. R. SOC. A
379(2210): 20200454, 1–17, 1 (“Atmospheric methane removal may be needed to offset continued methane release
and limit the global warming contribution of this potent greenhouse gas. Eliminating most anthropogenic methane
emissions is unlikely this century, and sudden methane release from the Arctic or elsewhere cannot be excluded, so
technologies for negative emissions of methane may be needed. Carbon dioxide removal (CDR) has a wellestablished research agenda, technological foundation and comparative modelling framework [23–28]. No such
framework exists for methane removal. We outline considerations for such an agenda here. We start by presenting
the technological Mt CH4 yr–1 considerations for methane removal: energy requirements (§2a), specific proposed
technologies (§2b), and air processing and scaling requirements (§2c). We then outline the climate and air quality
impacts and feedbacks of methane removal (§3a) and argue for the creation of a Methane Removal Model
Intercomparison Project (§3b), a multi-model framework that would better quantify the expected impacts of methane
removal. In §4, we discuss some broader implications of methane removal.”). See also Abernethy S., O’Connor F.
M., Jones C. D., & Jackson R. B. (2021) Methane removal and the proportional reductions in surface temperature
and ozone, PHILOS. TRANS. R. SOC. A 379(2210): 20210104, 1–13, 6 (“Due to the temporal nature of effective
cumulative removal, comparisons between methane and carbon dioxide depend on the timescale of interest. The
equivalent of MCR for carbon dioxide, the TCRE, is 0.00048 ± 0.0001°C per Pg CO2 [38], two orders of magnitude
smaller than our MCR estimate of 0.21 ± 0.04°C per effective Pg CH 4 removed (figure 2). Accounting for the time
delay for carbon dioxide removal due to the lagged response of the deep ocean, the TCRE for CO2 removal may be
even lower [39]. If 1 year of anthropogenic emissions was removed (0.36 Pg CH 4 [3] and 41.4 Pg CO2 [40]), the
transient temperature impact would be almost four times larger for methane than for CO 2 (0.075°C compared to
0.02°C). Using this example, however, maintaining a steady-state response of 0.36 Pg CH4 effectively removed
would require the ongoing removal of roughly 0.03 Pg CH4 yr−1, since a removal rate of E/τ is required to maintain
an effective cumulative removal of E.”).
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over the next one to three decades on the basis of linearized estimates from prior modeling (38). Though small, this
value is approximately equal to the total influence from all emissions since 2005 from Australia or the Netherlands
(39), or removal of 20 million vehicles from the road for 1 year. The avoided warming would prevent ~1600±800
premature deaths annually due to heat exposure and ~1.3±0.9 billion hours of labor productivity lost annually due to
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and gas emissions from the 15 countries where such emission events were detected. Recall that IEA uses a scaling
approach to estimate emissions and found 70% higher emissions than officially reported. See International Energy
Agency (2022) GLOBAL METHANE TRACKER 2022, 6 (“Globally, our analysis finds that methane emissions from the
energy sector are about 70% greater than the sum of estimates submitted by national governments.”); 16 (“Accounting
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Abernethy S. & Jackson R. B. (2022) Global temperature goals should determine the time horizons for greenhouse
gas emission metrics, ENVIRON. RES. LETT. 17(2): 024019, 1–10, 7 (“Although NDCs and long-term national pledges
are currently insufficient to keep warming below 2 °C, let alone 1.5 °C [50–52], the time horizons used for emission
metrics should nevertheless be consistent with that central goal of the Paris Agreement. We therefore support the use
of the 20 year time horizon over the 100 year version, when binary choices between these two must be made, due to
the better alignment of the former with the temperature goals of the Paris Agreement. The 50 year time horizon, not
yet in widespread use but now included in IPCC AR6, is in fact the only time horizon that the IPCC presents that
falls within the range of time horizons that align with the Paris Agreement temperature goals (24–58 years). However,
to best align emission metrics with the Paris Agreement 1.5 ° C goal, we recommend the use of the 24 year time
horizon, using 2045 as the end point time, with its associated GWP1.5°C = 75 and GTP1.5 °C = 41.”). See also Abernethy
S. (14 March 2022) Why don’t people realize how bad methane is for climate change? Bad math, SAN FRANCISCO
CHRONICLE; discussed in McKenna P. (9 February 2022) To Counter Global Warming, Focus Far More on Methane,
a New Study Recommends, INSIDE CLIMATE NEWS (“The Environmental Protection Agency is drastically
undervaluing the potency of methane as a greenhouse gas when the agency compares methane’s climate impact to
that of carbon dioxide, a new study concludes. The EPA’s climate accounting for methane is ‘arbitrary and
unjustified’ and three times too low to meet the goals set in the Paris climate agreement, the research report, published
Wednesday in the journal Environmental Research Letters, found.”); and Rathi A. (15 February 2022) The Case
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Limiting warming to 1.5 °C with little or no overshoot requires reducing global methane emissions by 34% [21–
57%, range from modelled scenarios] in 2030 compared to 2019 levels, which is consistent with achieving and
exceeding the Global Methane Pledge collective target. See Intergovernmental Panel on Climate Change (2022)
Summary for Policymakers, in CLIMATE CHANGE 2022: MITIGATION OF CLIMATE CHANGE, Contribution of Working
Group III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, Shukla P. R., et al.
(eds.), SPM-22 (“In pathways that limit warming to 1.5°C (>50%) with no or limited overshoot global net CO 2
emissions are reduced compared to modelled 2019 emissions by 48% [36–69%] in 2030 and by 80% [61-109%] in
2040; and global CH4 emissions are reduced by 34% [21–57%] in 2030 and 44% [31-63%] in 2040. There are similar
reductions of non-CO2 emissions by 2050 in both types of pathways: CH4 is reduced by 45% [25–70%]; N2O is
reduced by 20% [-5 – 55%]; and F-Gases are reduced by 85% [20–90%]. [FOOTNOTE 44] Across most modelled
pathways, this is the maximum technical potential for anthropogenic CH 4 reductions in the underlying models (high
confidence). Further emissions reductions, as illustrated by the IMP-SP pathway, may be achieved through changes
in activity levels and/or technological innovations beyond those represented in the majority of the pathways (medium
confidence). Higher emissions reductions of CH4 could further reduce peak warming. (high confidence) (Figure
SPM.5) {3.3}”).
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FINANCIAL TIMES (“If you think of fossil fuel emissions as putting the world on a slow boil, methane is a blow torch
that is cooking us today,” says Durwood Zaelke, president of the Institute for Governance & Sustainable
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Development, and an advocate of stricter policies to reduce methane emissions. “The fear is that this is a selfreinforcing feedback loop.... If we let the earth warm enough to start warming itself, we are going to lose this battle.”).
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M., Park R. J., Oak Y. J., & Yue X. (2022) Ozone pollution threatens the production of major staple crops in East
Asia, NAT. FOOD 3: 47–56, 47 (“East Asia is a hotspot of surface ozone (O 3) pollution, which hinders crop growth
and reduces yields. Here, we assess the relative yield loss in rice, wheat and maize due to O 3 by combining O3
elevation experiments across Asia and air monitoring at about 3,000 locations in China, Japan and Korea. China
shows the highest relative yield loss at 33%, 23% and 9% for wheat, rice and maize, respectively. The relative yield
loss is much greater in hybrid than inbred rice, being close to that for wheat. Total O 3-induced annual loss of crop
production is estimated at US$63 billion.”). See also United Nations Environment Programme & Climate & Clean
Air Coalition (2021) GLOBAL METHANE ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 68
(“Methane also plays a significant role in reducing crop yields and the quality of vegetation. Ozone exposure is
estimated to result in yield losses in wheat, 7.1 per cent; soybean,12.4 per cent; maize, 6.1 per cent; and rice, 4.4 per
cent for near present-day global totals (Mills et al. 2018; Shindell et al. 2016; Avnery et al. 2011a)”); and Shindell
D., Faluvegi G., Kasibhatla P., & Van Dingenen R. (2019) Spatial Patterns of Crop Yield Change by Emitted
Pollutant, EARTH’S FUTURE 7(2): 101–112, 101 (“Our statistical modeling indicates that for the global mean, climate
and composition changes have decreased wheat and maize yields substantially whereas rice yields have increased.
Well‐mixed greenhouse gasses drive most of the impacts, though aerosol‐induced cooling can be important,
particularly for more polluted area including India and China. Maize yield losses are most strongly attributable to
methane emissions (via both temperature and ozone).”).
Mar K. A., Unger C., Walderdorff L. & Butler T. (2022) Beyond CO2 equivalence: The impacts of methane on
climate, ecosystems, and health, ENVIRON. SCI. POLICY 134: 127–136, 129 (“Methane is an important contributor to
the formation of tropospheric O3. In addition to acting as a greenhouse gas and being directly harmful to human health
(see Section 3.3), it also harms plants by causing cellular damage within the leaves, adversely affecting plant
production, reducing the rate of photosynthesis, and requiring increased resource allocation to detoxify and repair
leaves (Ashmore, 2005, Sitch et al., 2007). This results in an estimated $11-$18 billion worth of global crop losses
annually (Avnery et al., 2011). Beyond this, however, O3 damage to plants may significantly reduce the ability of
terrestrial ecosystems to absorb carbon, negating some of the enhanced carbon uptake due to CO 2 fertilization that is
expected to partially offset rising atmospheric CO2 concentrations (Sitch et al., 2007, Ciais et al., 2013, Arneth et al.,
2010, Ainsworth et al., 2012).”).
Based upon IGSD’s research involving the UNFCCC NDC Registry, as of 23 August 2022, 184 NDCs directly
reference methane. Of these, 28 NDCs include quantitative sectoral or economy-wide methane-reduction targets. See
IGSD NDC tracker. See also Mar K. A., Unger C., Walderdorff L. & Butler T. (2022) Beyond CO2 equivalence: The
impacts of methane on climate, ecosystems, and health, ENVIRON. SCI. POLICY 134: 127–136, 131 (“A closer look
into the NDCs shows that some go beyond simply listing CH 4 under the scope of covered gases and provide more
detailed information on CH4 mitigation. For instance, a number of NDCs include sector-specific policies in the areas
of agriculture, waste, oil and gas, and coal that will reduce CH 4 emissions (Ross et al., 2018; Walderdorff, 2020). An
even smaller number of NDCs include a quantitative, CH 4-specific reduction target, such as Canada, Japan, and New
Zealand. Table 2 provides a summary of NDCs that include a quantitative descriptor of CH 4 mitigation as of January
1, 2021. While some of the NDCs shown in Table 2 include true quantitative CH 4 reduction targets, others quantify
the potential for CH4 reductions, or specify goals expressed in terms of efficiency or intensity. In aggregate, very few
NDCs provide concrete or quantitative details on CH4 mitigation activities – indeed, the NDCs summarized in Table
2 are among those that provide the greatest amount of specificity on CH4 mitigation, which still tends to be very
little.”). IGSD makes the following note re: the following three countries included in Mar et al. (2022): • Afghanistan:
Afghanistan included methane reduction targets within its quantitative emissions reductions goals, but this is not
reflected in Mar et al. (2022); • China: China’s 2016 Intended NDC included a numeric target for coal-bed methane
capture, but this target is absent from its updated 2021 submission; China was therefore not included as a country
with a numeric methane target; and • Dominica: Dominica’s Intended NDC included plans to install methane capture
at a landfill. This project was slated for 2016–2021, but project completion remains unconfirmed.
For a list of Global Methane Pledge participants, see https://www.globalmethanepledge.org/#pledges.

United States Department of State (2 November 2021) United States, European Union, and Partners Formally
Launch Global Methane Pledge to Keep 1.5°C Within Reach, Press Release (“Today, the United States, the European
Union, and partners formally launched the Global Methane Pledge, an initiative to reduce global methane emissions
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to keep the goal of limiting warming to 1.5 degrees Celsius within reach. A total of over 100 countries representing
70% of the global economy and nearly half of anthropogenic methane emissions have now signed onto the pledge.”).
See also International Energy Agency (2022) GLOBAL METHANE TRACKER 2022, 19 (“Led by the United States and
the European Union, the Pledge now has 111 country participants who together are responsible for 45% of global
human-caused methane emissions.”).
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Intergovernmental Panel on Climate Change (2021) Summary for Policymakers, in CLIMATE CHANGE 2021: THE
PHYSICAL SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change, Masson-Delmotte V., et al. (eds.), Figure SPM.2.
National Oceanic and Atmospheric Administration (7 April 2021) Despite pandemic shutdowns, carbon dioxide
and methane surged in 2020, NOAA Research News (“NOAA’s preliminary analysis showed the annual increase in
atmospheric methane for 2020 was 14.7 parts per billion (ppb), which is the largest annual increase recorded since
systematic measurements began in 1983.”).
Vaughan A. (7 January 2022) Record levels of greenhouse gas methane are a ‘fire alarm moment’, NEW SCIENTIST
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White House (18 September 2021) Joint US-EU Press Release on the Global Methane Pledge, Statements and
Releases (“Methane is a potent greenhouse gas and, according to the latest report of the Intergovernmental Panel on
Climate Change, accounts for about half of the 1.0 degree Celsius net rise in global average temperature since the
pre-industrial era. Rapidly reducing methane emissions is complementary to action on carbon dioxide and other
greenhouse gases, and is regarded as the single most effective strategy to reduce global warming in the near term and
keep the goal of limiting warming to 1.5 degrees Celsius within reach.”).
Naik V., et al. (2021) Chapter 6: Short-lived climate forcers, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE
BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change, Masson-Delmotte V., et al. (eds.), 6-47 (“For methane emissions, in addition to their direct effect, there are
indirect positive ERFs from methane enhancing its own lifetime, causing ozone production, enhancing stratospheric
water vapor, and influencing aerosols and the lifetimes of HCFCs and HFCs (Myhre et al., 2013b; O’Connor et al.,
2021). The ERF from methane emissions is considerably higher than the ERF estimate resulting from its abundance
change. The central estimate with the very likely range is 1.21 (0.90 to 1.51) W m -2 for emission-based estimate
versus 0.54 W m-2 for abundance-based estimate (cf. section 7.3.5). The abundance-based ERF estimate for CH4
results from contributions of its own emissions and the effects of several other compounds, some decreasing CH 4
lifetime, notably NOx, which importantly reduce the CH4 abundance-based ERF.”). See also Mar K. A., Unger C.,
Walderdorff L. & Butler T. (2022) Beyond CO2 equivalence: The impacts of methane on climate, ecosystems, and
health, ENVIRON. SCI. POLICY 134: 127–136, 129 (see Table 1 on Present-day anthropogenic radiative forcing directly
and indirectly attributable to CH4 and its chemistry, showing that the radiative forcing contributed by methane to
ozone formation, CO2 formation, increased stratospheric water vapor, and reduction in sulfate aerosol formation are
0.241 W m-2, 0.018 W m-2, 0.05 W m-2, and 0.1 W m-2, respectively.).
United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL METHANE
ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 17, 21 (“Mitigation of methane is very likely
the strategy with the greatest potential to decrease warming over the next 20 years.”; “This is because a realistically
paced phase-out of fossil fuels, or even a rapid one under aggressive decarbonization, is likely to have minimal net
impacts on near-term temperatures due to the removal of co-emitted aerosols (Shindell and Smith 2019). As methane
is the most powerful driver of climate change among the short-lived substances (Myhre et al. 2013), mitigation of
methane emissions is very likely to be the most powerful lever in reducing near-term warming. This is consistent
with other assessments; for example, the Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC
AR5) showed that methane controls implemented between 2010 and 2030 would lead to a larger reduction in 2040
warming than the difference between RCPs 2.6, 4.5 and 6.0 scenarios. (The noted IPCC AR5-era scenarios are called
representative concentration pathways (RCPs, with the numerical value indicating the target radiative forcing in 2100
(Kirtman et al. 2013)).”). See also Shindell D. & Smith C. J. (2019) Climate and air-quality benefits of a realistic
phase-out of fossil fuels, NATURE 573: 408–411, Addendum “Methods” (“We note that, although this study focuses
on the effects of fossil-fuel related emissions, accounting for the effects of reductions in greenhouse gases from nonfossil sources—including fluorinated gases and both methane and nitrous oxide from agriculture—along with
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biofuels that are a large source of warming black carbon, could eliminate any near-term penalty entirely. In fact,
given that the net effect of the fossil-fuel phase-out on temperature is minimal during the first 20 years (Fig. 3),
reducing those other emissions is the only plausible way in which to decrease warming during that period.”).
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United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL METHANE
ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 8 (“Reducing human-caused methane
emissions is one of the most cost-effective strategies to rapidly reduce the rate of warming and contribute significantly
to global efforts to limit temperature rise to 1.5°C. Available targeted methane measures, together with additional
measures that contribute to priority development goals, can simultaneously reduce human-caused methane emissions
by as much as 45 per cent, or 180 million tonnes a year (Mt/yr) by 2030. This will avoid nearly 0.3°C of global
warming by the 2040s and complement all long-term climate change mitigation efforts. It would also, each year,
prevent 255 000 premature deaths, 775 000 asthma related hospital visits, 73 billion hours of lost labour from extreme
heat, and 26 million tonnes of crop losses globally.”).
Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf S., Richardson K., Steffen W., & Schellnhuber H. J. (2019)
Climate tipping points—too risky to bet against, Comment, NATURE 575(7784): 592–595, 592 (“Models suggest that
the Greenland ice sheet could be doomed at 1.5 °C of warming3, which could happen as soon as 2030. ...The world’s
remaining emissions budget for a 50:50 chance of staying within 1.5 °C of warming is only about 500 gigatonnes
(Gt) of CO2. Permafrost emissions could take an estimated 20% (100 Gt CO 2) off this budget, and that’s without
including methane from deep permafrost or undersea hydrates. If forests are close to tipping points, Amazon dieback
could release another 90 Gt CO2 and boreal forests a further 110 Gt CO2. With global total CO2 emissions still at more
than 40 Gt per year, the remaining budget could be all but erased already. ...We argue that the intervention time left
to prevent tipping could already have shrunk towards zero, whereas the reaction time to achieve net zero emissions
is 30 years at best. Hence we might already have lost control of whether tipping happens. A saving grace is that the
rate at which damage accumulates from tipping — and hence the risk posed — could still be under our control to
some extent.”). See also Ripple W. J., Wolf C., Newsome T. M., Gregg J. W., Lenton T. M., Palomo I., Eikelboom
J. A. J., Law B. E., Huq S., Duffy P. B., & Rockström J. (2021) World Scientists’ Warning of a Climate Emergency
2021, BIOSCIENCE 71(9): biab079, 894–898, 894 (“There is also mounting evidence that we are nearing or have
already crossed tipping points associated with critical parts of the Earth system, including the West Antarctic and
Greenland ice sheets, warm-water coral reefs, and the Amazon rainforest.”).
Armstrong McKay D. I., Staal A., Abrams J. F., Winkelmann R., Sakschewski B., Loriani S., Fetzer I., Cornell S.
E., Rockström J., & Lenton T. M. (2022) Exceeding 1.5°C global warming could trigger multiple climate tipping
points, SCIENCE 377(6611): eabn7950, 1–10, 7 (“Current warming is ~1.1°C above preindustrial and even with rapid
emission cuts warming will reach ~1.5°C by the 2030s (23). We cannot rule out that WAIS and GrIS tipping points
have already been passed (see above) and several other tipping elements have minimum threshold values within the
1.1 to 1.5°C range. Our best estimate thresholds for GrIS, WAIS, REEF, and abrupt permafrost thaw (PFAT) are
~1.5°C although WAIS and GrIS collapse may still be avoidable if GMST returns below 1.5°C within an uncertain
overshoot time (likely decades) (94).”).
Here we use “climate tipping points” to mean abrupt shifts, as in Drijfhout et al. (2015). Armstrong McKay et al.
(2022) identify 16 “core" climate tipping points, with 6 likely to occur between 1.5°C and 2°C using the more
restrictive definition of “when change in part of the climate system becomes (i) selfperpetuating beyond (ii) a
warming threshold as a result of asymmetry in the relevant feedbacks, leading to (iii) substantial and widespread
Earth system impacts.” See Drijfhout S., Bathiany S., Beaulieu C., Brovkin V., Claussen M., Huntingford C., Scheffer
M., Sgubin G., & Swingedouw D. (2015) Catalogue of abrupt shifts in Intergovernmental Panel on Climate Change
climate models, PROC. NAT’L. ACAD. SCI. 112(43): E5777–E5786, E5777 (“Abrupt transitions of regional climate in
response to the gradual rise in atmospheric greenhouse gas concentrations are notoriously difficult to foresee.
However, such events could be particularly challenging in view of the capacity required for society and ecosystems
to adapt to them. We present, to our knowledge, the first systematic screening of the massive climate model ensemble
informing the recent Intergovernmental Panel on Climate Change report, and reveal evidence of 37 forced regional
abrupt changes in the ocean, sea ice, snow cover, permafrost, and terrestrial biosphere that arise after a certain global
temperature increase. Eighteen out of 37 events occur for global warming levels of less than 2°, a threshold sometimes
presented as a safe limit.”). Compare with Armstrong McKay D. I., Staal A., Abrams J. F., Winkelmann R.,
Sakschewski B., Loriani S., Fetzer I., Cornell S. E., Rockström J., & Lenton T. M. (2022) Exceeding 1.5°C global
warming could trigger multiple climate tipping points, SCIENCE 377(6611): eabn7950, 1–10, 7 (“The chance of
triggering CTPs is already non-negligible and will grow even with stringent climate mitigation (SSP1-1.9 in Fig. 2,
B and C). Nevertheless, achieving the Paris Agreement’s aim to pursue efforts to limit warming to 1.5°C would
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clearly be safer than keeping global warming below 2°C (90) (Fig. 2). Going from 1.5 to 2°C increases the likelihood
of committing to WAIS and GrIS collapse near complete warm-water coral die-off, and abrupt permafrost thaw;
further, the best estimate threshold for LABC collapse is crossed. The likelihood of triggering AMOC collapse,
Boreal forest shifts, and extra-polar glacier loss becomes non-negligible at >1.5°C and glacier loss becomes likely
by ~2°C. A cluster of abrupt shifts occur in ESMs at 1.5 to 2°C (19). Although not tipping elements, ASSI loss could
become regular by 2°C, gradual permafrost thaw would likely become widespread beyond 1.5°C, and land carbon
sink weakening would become significant by 2°C.”). See also Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf
S., Richardson K., Steffen W., & Schellnhuber H. J. (2019) Climate tipping points—too risky to bet against,
Comment, NATURE 575(7784): 592–595, 593 (“A further key impetus to limit warming to 1.5 °C is that other tipping
points could be triggered at low levels of global warming. The latest IPCC models projected a cluster of abrupt shifts
between 1.5 °C and 2 °C, several of which involve sea ice. This ice is already shrinking rapidly in the Arctic....”);
Arias P. A., et al. (2021) Technical Summary, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS,
Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change,
Masson-Delmotte V., et al. (eds.), TS-71–TS-72 (“It is likely that under stabilization of global warming at 1.5°C,
2.0°C, or 3.0°C relative to 1850–1900, the AMOC will continue to weaken for several decades by about 15%, 20%
and 30% of its strength and then recover to pre-decline values over several centuries (medium confidence). At
sustained warming levels between 2°C and 3°C, there is limited evidence that the Greenland and West Antarctic Ice
Sheets will be lost almost completely and irreversibly over multiple millennia; both the probability of their complete
loss and the rate of mass loss increases with higher surface temperatures (high confidence). At sustained warming
levels between 3°C and 5°C, near-complete loss of the Greenland Ice Sheet and complete loss of the West Antarctic
Ice Sheet is projected to occur irreversibly over multiple millennia (medium confidence); with substantial parts or all
of Wilkes Subglacial Basin in East Antarctica lost over multiple millennia (low confidence). Early-warning signals
of accelerated sea-level-rise from Antarctica, could possibly be observed within the next few decades. For other
hazards (e.g., ice sheet behaviour, glacier mass loss and global mean sea level change, coastal floods, coastal erosion,
air pollution, and ocean acidification) the time and/or scenario dimensions remain critical, and a simple and robust
relationship with global warming level cannot be established (high confidence).... The response of biogeochemical
cycles to anthropogenic perturbations can be abrupt at regional scales and irreversible on decadal to century time
scales (high confidence). The probability of crossing uncertain regional thresholds increases with climate change
(high confidence). It is very unlikely that gas clathrates (mostly methane) in deeper terrestrial permafrost and subsea
clathrates will lead to a detectable departure from the emissions trajectory during this century. Possible abrupt
changes and tipping points in biogeochemical cycles lead to additional uncertainty in 21st century atmospheric GHG
concentrations, but future anthropogenic emissions remain the dominant uncertainty (high confidence). There is
potential for abrupt water cycle changes in some high-emission scenarios, but there is no overall consistency
regarding the magnitude and timing of such changes. Positive land surface feedbacks, including vegetation, dust, and
snow, can contribute to abrupt changes in aridity, but there is only low confidence that such changes will occur during
the 21st century. Continued Amazon deforestation, combined with a warming climate, raises the probability that this
ecosystem will cross a tipping point into a dry state during the 21st century (low confidence). {TS3.2.2, 5.4.3, 5.4.5,
5.4.8, 5.4.9, 8.6.2, 8.6.3, Cross-chapter Box 12.1}”); and Lee J. Y., et al. (2021) Chapter 4: Future Global Climate:
Scenario-Based Projections and Near-Term Information, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS,
Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change,
Masson-Delmotte V., et al. (eds.), 4-96 (Table 4.10 lists 15 components of the Earth system susceptible to tipping
points).
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Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf S., Richardson K., Steffen W., & Schellnhuber H. J. (2019)
Climate tipping points—too risky to bet against, Comment, NATURE 575(7784): 592–595, 594 (“In our view, the
clearest emergency would be if we were approaching a global cascade of tipping points that led to a new, less
habitable, ‘hothouse’ climate state11. Interactions could happen through ocean and atmospheric circulation or
through feedbacks that increase greenhouse-gas levels and global temperature.”). See also Wunderling N., Donges J.
F., Kurths J., & Winkelmann R. (2021) Interacting tipping elements increase risk of climate domino effects under
global warming, EARTH SYST. DYN. 12(2): 601–619, 614 (“In this study, we show that this risk increases significantly
when considering interactions between these climate tipping elements and that these interactions tend to have an
overall destabilising effect. Altogether, with the exception of the Greenland Ice Sheet, interactions effectively push
the critical threshold temperatures to lower warming levels, thereby reducing the overall stability of the climate
system. The domino-like interactions also foster cascading, non-linear responses. Under these circumstances, our
model indicates that cascades are predominantly initiated by the polar ice sheets and mediated by the AMOC.
Therefore, our results also imply that the negative feedback loop connecting the Greenland Ice Sheet and the AMOC
might not be able to stabilise the climate system as a whole.”); and Rocha J. C., Peterson G., Bodin Ö., & Levin S.
(2018) Cascading regime shifts within and across scales, SCIENCE 362(6421): 1379–1383, 1383 (“A key lesson from
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our study is that regime shifts can be interconnected. Regime shifts should not be studied in isolation under the
assumption that they are independent systems. Methods and data collection need to be further developed to account
for the possibility of cascading effects. Our finding that ~45% of regime shift couplings can have structural
dependence suggests that current approaches to environmental management and governance underestimate the
likelihood of cascading effects.”).
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Drijfhout S., Bathiany S., Beaulieu C., Brovkin V., Claussen M., Huntingford C., Scheffer M., Sgubin G., &
Swingedouw D. (2015) Catalogue of abrupt shifts in Intergovernmental Panel on Climate Change climate models,
PROC. NAT’L. ACAD. SCI. 112(43): E5777–E5786, E5784 (“Permafrost carbon release (51) and methane hydrates
release (52) were not expected in CMIP5 simulations, because of missing biogeochemical components in those
models capable of simulating such changes.”). See also Bathiany S., Hidding J., & Scheffer M. (2020) Edge Detection
Reveals Abrupt and Extreme Climate Events, J. CLIM. 33(15): 6399–6421, 6416 (“Despite their societal relevance,
our knowledge about the risks of future abrupt climate shifts is far from robust. Several important aspects are highly
uncertain: future greenhouse gas emissions (scenario uncertainty), the current climate state (initial condition
uncertainty), the question whether and how to model specific processes (structural uncertainty), and what values one
should choose for parameters appearing in the equations (parametric uncertainty). Such uncertainties can be explored
using ensemble simulations. For example, by running many simulations with different combinations of parameter
values a perturbed-physics ensemble can address how parameter uncertainty affects the occurrence of extreme events
(Clark et al. 2006). This strategy can be particularly beneficial for studying abrupt events as well since abrupt shifts
are associated with region-specific processes, whereas models are usually calibrated to produce a realistic global
mean climate at the expense of regional realism (Mauritsen et al. 2012; McNeall et al. 2016). The currently available
model configurations are therefore neither reliable nor sufficient to assess the risk of abrupt shifts (Drijfhout et al.
2015). It is hence very plausible that yet-undiscovered tipping points can occur in climate models.”); Canadell J. G.,
et al. (2021) Chapter 5: Global Carbon and other Biogeochemical Cycles and Feedbacks, in CLIMATE CHANGE 2021:
THE PHYSICAL SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al. (eds.), 5-78 (“There is low confidence in
the estimate of the non-CO2 biogeochemical feedbacks, due to the large range in the estimates of α for some individual
feedbacks (Figure 5.29c), which can be attributed to the diversity in how models account for these feedbacks, limited
process-level understanding, and the existence of known feedbacks for which there is not sufficient evidence to assess
the feedback strength.”); and Permafrost Pathways, Course of Action: Mitigation Policy, Woodwell Climate Research
Center (last visited 29 July 2022) (“Depending on how hot we let it get, carbon emissions from Arctic permafrost
thaw are expected to be in the range of 30 to more than 150 billion tons of carbon (110 to more than 550 Gt CO 2) this
century, with upper estimates on par with the cumulative emissions from the entire United States at its current rate.
To put it another way, permafrost thaw emissions could use up between 25 and 40 percent of the remaining carbon
budget that would be necessary to cap warming at the internationally agreed-upon 2 degrees Celsius global
temperature threshold established in the Paris Agreement.... Despite the enormity of this problem, gaps in permafrost
carbon monitoring and modeling are resulting in permafrost being left out of global climate policies, rendering our
emissions targets fundamentally inaccurate. World leaders are in a race against time to reduce emissions and prevent
Earth's temperature from reaching dangerous levels. The problem is, without including current and projected
emissions from permafrost, this race will be impossible to finish.... 82% [o]f IPCC models do not include carbon
emissions from permafrost thaw.”).
Intergovernmental Panel on Climate Change (2022) Summary for Policymakers, in CLIMATE CHANGE 2022:
MITIGATION OF CLIMATE CHANGE, Contribution of Working Group III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Shukla P. R., et al. (eds.), SPM-22 (“In pathways that limit warming
to 1.5°C (>50%) with no or limited overshoot global net CO 2 emissions are reduced compared to modelled 2019
emissions by 48% [36–69%] in 2030 and by 80% [61-109%] in 2040; and global CH4 emissions are reduced by 34%
[21–57%] in 2030 and 44% [31-63%] in 2040. There are similar reductions of non-CO2 emissions by 2050 in both
types of pathways: CH4 is reduced by 45% [25–70%]; N2O is reduced by 20% [-5 – 55%]; and F-Gases are reduced
by 85% [20–90%]. [FOOTNOTE 44] Across most modelled pathways, this is the maximum technical potential for
anthropogenic CH4 reductions in the underlying models (high confidence). Further emissions reductions, as illustrated
by the IMP-SP pathway, may be achieved through changes in activity levels and/or technological innovations beyond
those represented in the majority of the pathways (medium confidence). Higher emissions reductions of CH4 could
further reduce peak warming. (high confidence) (Figure SPM.5) {3.3}”). See also Intergovernmental Panel on
Climate Change (2018) Summary for Policymakers, in GLOBAL WARMING OF 1.5 °C, Special Report of the
Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al. (eds.), SPM-15 (“In model pathways with
no or limited overshoot of 1.5 °C, global net anthropogenic CO2 emissions decline by about 45% from 2010 levels
by 2030 (40–60% interquartile range), reaching net zero around 2050 (2045–2055 interquartile range).... Modelled
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pathways that limit global warming to 1.5 °C with no or limited overshoot involve deep reductions in emissions of
methane and black carbon (35% or more of both by 2050 relative to 2010).”).
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Naik V., et al. (2021) Chapter 6: Short-lived climate forcers, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE
BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change, Masson-Delmotte V., et al. (eds.), 6-8 (“Additional CH4 and BC mitigation would contribute to offsetting
the additional warming associated with SO2 reductions that would accompany decarbonization (high confidence).”).
See also Intergovernmental Panel on Climate Change (2022) Summary for Policymakers, in CLIMATE CHANGE 2022:
MITIGATION OF CLIMATE CHANGE, Contribution of Working Group III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Shukla P. R., et al. (eds.), SPM-31 (“In modelled global low emission
pathways, the projected reduction of cooling and warming aerosol emissions over time leads to net warming in the
near- to mid-term. In these mitigation pathways, the projected reductions of cooling aerosols are mostly due to
reduced fossil fuel combustion that was not equipped with effective air pollution controls.”).
Dreyfus G. B., Xu Y., Shindell D. T., Zaelke D., & Ramanathan V. (2022) Mitigating climate disruption in time: A
self-consistent approach for avoiding both near-term and long-term global warming, PROC. NAT’L. ACAD. SCI.
119(22): e2123536119, 1–8, 1 (“We find that mitigation measures that target only decarbonization are essential for
strong long-term cooling but can result in weak near-term warming (due to unmasking the cooling effect of coemitted aerosols) and lead to temperatures exceeding 2°C before 2050. In contrast, pairing decarbonization with
additional mitigation measures targeting short-lived climate pollutants (SLCPs) and N2O, slows the rate of warming
a decade or two earlier than decarbonization alone and avoids the 2°C threshold altogether. These non-CO2 targeted
measures when combined with decarbonization can provide net cooling by 2030, reduce the rate of warming from
2030 to 2050 by about 50%, roughly half of which comes from methane, significantly larger than decarbonization
alone over this timeframe.”). See also Ramanathan V. & Feng Y. (2008) On avoiding dangerous anthropogenic
interference with the climate system: Formidable challenges ahead, PROC. NAT’L. ACAD. SCI. 105(38): 14245–
14250, 14248 (“Switching from coal to ‘‘cleaner’’ natural gas will reduce CO2 emission and thus would be effective
in minimizing future increases in the committed warming. However, because it also reduces air pollution and thus
the ABC [Atmospheric Brown Cloud] masking effect, it may speed up the approach to the committed warming of
2.4°C (1.4–4.3°C).”); Hansen J. E. & Sato M. (2021) July Temperature Update: Faustian Payment Comes Due (“It
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largely due to higher fossil fuel demand and production as economies recovered from the shock of the pandemic...
Of the 135 million tonnes of energy-related emissions, an estimated 42 Mt are from coal operations, 41 Mt from oil,
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downstream gas usage are the largest sources (Figure 2.3). Venting, the deliberate release of unwanted gas, is the
primary cause of emissions during onshore conventional extraction, whereas fugitive emissions, the inadvertent
release or escape of gas from fossil fuel systems, dominate downstream gas emissions. Within the fossil fuel sector,
at the national level, emissions from the oil subsector in Russia and the coal subsector in China appear to be far larger
than any other national level subsectors (Scarpelli et al. 2020). While these types of data based on national inventories
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imply these estimates may be too low (Zhang et al. 2020; Duren et al. 2019; Varon et al., 2019; Zavala-Araiza et al.
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Global methane emissions from coal mining to continue growing even with declining coal production, J. CLEAN.
PROD. 256(120489): 1–12.
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144. * International Energy Agency (2021) NET ZERO BY 2050: A ROADMAP FOR THE GLOBAL ENERGY SECTOR, 104 (“In
the NZE, total methane emissions from fossil fuels fall by around 75% between 2020 and 2030, equivalent to a 2.5
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potential to protect farmers from crop losses against an increasing impact of extreme droughts under climate
change.”).
231. * California Air Resources Board, Rice Cultivation Projects (last visited 29 July 2022).
232. * Romero-Briones A. (19 April 2022) The Future of Agriculture in a Warming World Panel, Speech.
233. * Heller M. (4 November 2021) It’s not weird, it’s nuts: Farmers graze cows in groves of trees, E&E GREENWIRE
(“It’s part of a broader set of practices called agroforestry that combine food production with trees. Advocates say it
could help in the fight against climate change by encouraging both the planting of trees and less-intensive livestock
farming. ‘Research suggests silvopasture far outpaces any grassland technique for counteracting the methane
emissions of livestock and sequestering carbon under-hoof,’ said Project Drawdown, a San Francisco group inspired
by the 2017 best-selling book ‘Drawdown’ by Paul Hawken, on its website. ‘Pastures strewn or crisscrossed with
trees sequester five to ten times as much carbon as those of the same size that are treeless, storing it in both biomass
and soil.’”).
234. * Heller M. (3 January 2022) Solar grazing: Sheep tidy up at solar farms, E&E GREENWIRE (“Promoters say the
benefits are far-reaching. Site managers are looking for ways to keep vegetation from overgrowing and shading the
panels, and some research suggests grazing saves as much as $300 per acre each year over other methods. Land
owners are looking for whatever value they can draw from their property. And farmers who need places for livestock
to munch on grass or other ground cover can charge for the service. The practice has environmental benefits, too,
supporters say, by keeping land in agricultural production, controlling runoff and improving soil quality through
rotational grazing, in which animals are moved from pasture to pasture over a season.”).
235. * Slade E. M., Riutta T., Roslin T., & Tuomisto H. L. (2016) The role of dung beetles in reducing greenhouse gas
emissions from cattle farming, SCI. REP. 6(18140): 1–8, 1 (“Several recent papers suggest that dung beetles may
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affect fluxes of GHGs from cattle farming. Here, we put these previous findings into context. Using Finland as an
example, we assessed GHG emissions at three scales: the dung pat, pasture ecosystem and whole lifecycle of milk or
beef production. At the first two levels, dung beetles reduced GHG emissions by up to 7% and 12% respectively,
mainly through large reductions in methane (CH4) emissions. However, at the lifecycle level, dung beetles accounted
for only a 0.05–0.13% reduction of overall GHG emissions. This mismatch derives from the fact that in intensive
production systems, only a limited fraction of all cow pats end up on pastures, offering limited scope for dung beetle
mitigation of GHG fluxes. In contrast, we suggest that the effects of dung beetles may be accentuated in tropical
countries, where more manure is left on pastures and dung beetles remove and aerate dung faster and that this is thus
a key area for future research.”).
*
236.
Dore S., Deverel S. J., & Christen N. (2022) A vermifiltration system for low methane emissions and high
nutrient removal at a California dairy, BIORESOUR. TECHNOL. REP. 18(101044): 1–10, 1 (“Methane fluxes and
wastewater removal rate of volatile solids, N species, salinity, major ions, and trace elements were monitored for
12 months. Vermifiltration reduced methane emissions relative to an anaerobic lagoon by 97–99% and removed 87%
of the volatile solids, contaminants such as salts and trace elements, P (83%) and N (84%) from the wastewater.
Vermifiltration of dairy wastewater demonstrated to be a useful tool to mitigate methane emissions, regulate excess
nutrients and improve water quality at dairy farms.”). See also Singh R., Ray C., Miller D. N., Durso L. M., Meneses
Y., Bartelt-Hunt S., & D’Alessio M. (2022) Effects of feeding mode on the performance, life span and greenhouse
gas emissions of a vertical flow macrophyte assisted vermifilter, NPJ CLEAN WATER 5(31): 1– 9, 1 (“This study was
conducted to investigate the impact of intermittent feeding on performance, clogging, and gaseous emission on
macrophyte assisted vermifiltration (MAVF) based treatment system. Synthetic slaughterhouse wastewater was
applied to two different integrated vertical flow based MAVFs. Triplicates were used throughout the study. Eisenia
fetida earthworms were added to MAVFs, and Carex muskingmenis plants were planted. Wastewater was applied to
the reactors on 1) intermittent (8 h/day) (IMAVF) and 2) continuous (24 h/day) (CMAVF) basis. The average
chemical oxygen demand, total nitrogen, and total phosphorous removals achieved by the IMAVF were 80.2 ± 1.6%,
53.9 ± 1.3% and 66.5 ± 1% respectively, and 68.3 ± 1.3%, 61.2 ± 1.4%, and 60.5 ± 1.4% by the CMAVF, respectively.
The diffusion of air to the bedding of IMAVFs during no-flow conditions facilitated higher organics oxidation,
adsorption of phosphorous, nitrification, and ammonification.... Intermittent application of influent could be
considered for improving the performance and lifespan of MAVFs, causing lower environmental footprints.”);
discussed in van Deelan G. (15 July 2022) Manure-Eating Worms Could Be the Dairy Industry’s Climate Solution,
INSIDE CLIMATE NEWS (“Some scientists even say that vermifiltration could reduce greenhouse gas emissions from
dairy farms by preventing the production of methane, a powerful greenhouse gas. As such, vermifiltration could be
a possible alternative to manure digesters, controversial technologies that capture methane produced by manure
ponds, then sell that methane as a fuel source.”).

237. * Bryant R. W., Burns E. E. R., Feidler-Cree C., Carlton D., Flythe M. D., & Martin L. J. (2021) Spent Craft Brewer’s
Yeast Reduces Production of Methane and Ammonia by Bovine Rumen Microbes, FRONT. ANIM. SCI. 2(720646): 1–
10, 1 (“Our research suggests that adding spent craft brewer's yeast to rumen microbes by single time-point 24-h in
vitro incubations suppresses production of methane and ammonia. This project examines the correlation between the
quantities of hop acids in spent yeast and the production of methane and ammonia by bovine rumen microbes in vitro.
We determined, by HPLC, the hop acid concentrations in spent yeast obtained from six beer styles produced at a
local brewery. We performed anaerobic incubation studies on bovine rumen microbes, comparing the effects of these
materials to a baker’s yeast control and to the industry-standard antibiotic monensin. Results include promising
decreases in both methane (measured by GC–FID) and ammonia (measured by colorimetric assay) in the presence of
craft brewer's yeast, and a strong correlation between the quantities of hop acids in the spent yeast and the reduction
of methane and ammonia. Notably, two of the yeast samples inhibited methane production to a greater degree than
the industry-standard antibiotic monensin. Our results suggest that spent brewer's yeast has potential to improve
ruminant growth while reducing anthropogenic methane emission.”).
238. * See Number 8 Bio (last visited 29 July 2022).
239. * Roston E. (3 January 2022) Inside the Project to Genetically Modify Rice to Emit Fewer Greenhouse Gases, TIME
(“Now, 15 years after their initial meeting, Banfield, Doudna and a large team of co-authors have published
a paper that takes a major step toward solving the thorny problem of how to study and alter genomes of microbes
living in complicated real-world environments, such as the gut microbiome or soil. The complexity of microbial
communities has been a major obstacle to discovering technologies that can prevent diseases and improve agriculture.
It’s a critical step toward curbing methane, a harmful greenhouse gas that is emitted during rice production.... Rice
fields are like smokestacks for soil methane, and to shut down those emissions, scientists first need to understand the
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microbes. The trouble has been that culturing microbial communities and tinkering with them in a lab with traditional
tools ‘could take years or might fail altogether,’ IGI authors write. Their new paper demonstrates that using a Crisprbased system can ‘accelerate this process to weeks.’”). See also Rubin B. E., et al. (2022) Species- and site-specific
genome editing in complex bacterial communities. NAT. MICROBIOL. 7: 34–47.
240. * El Abbadi S. H., Sherwin E. D., Brandt A. R., Luby S. P., & Criddle C. S. (2022) Displacing fishmeal with protein
derived from stranded methane, NAT. SUSTAIN. 5: 47–56, 47 (“Methane emitted and flared from industrial sources
across the United States is a major contributor to global climate change. Methanotrophic bacteria can transform this
methane into useful protein-rich biomass, already approved for inclusion into animal feed. In the rapidly growing
aquaculture industry, methanotrophic additives have a favourable amino acid profile and can offset ocean-caught
fishmeal, reducing demands on over-harvested fisheries.... Our results show that current technology can enable
production, in the United States alone, equivalent to 14% of the global fishmeal market at prices at or below the
current cost of fishmeal (roughly US$1,600 per metric ton).”).
241. * N2–Applied, N2 Solution (last visited 31 August 2022) (“N2 Applied has developed a technology that enables local
production of fertiliser using only livestock slurry, air and electricity, – dramatically reducing harmful emissions and
improving yield at the same time. The technology adds nitrogen from the air into slurry, which increases the nitrogen
content. The reaction prevents the loss of ammonia and eliminates methane emissions, making it a real solution
helping to achieve climate target commitments on an industrial scale. The end-product is a nitrogen enriched organic
fertiliser (NEO), which has the same characteristics as normal slurry, but contains more nitrogen and significantly
less emissions. It can still be spread using existing farm equipment, enabling farmers to improve their own food
production, reduce the need for chemical fertiliser, and make farming more circular.”).
242. * Kebreab E. & Feng X. (2021) Strategies to Reduce Methane Emissions from Enteric and Lagoon Sources, California
Air Resources Board, 69 (“In general, higher moisture contents in raw composting manure could enhance the CH 4
mitigation rates, however, the pH, and C/N content were not linearly related to CH 4 mitigation. Adding biochar,
acids, and straw to manure could mitigate CH 4 emissions by 82.4%, 78.1%, and 47.7%, respectively. However, the
data for straw is quite small so it should not be taken out of context as it may introduce a source of carbon into
lagoons. The meta-analysis conducted with selected additives indicated manure additives were an effective method
to reduce CH4 emission, with biochar being the most effective. However, further studies of manure additives on CH 4
mitigation are required to support a more accurate quantitative analysis and potential impacts to water quality and
crop yield after land application. Most of the research for biochar and straw is when used as additive to solid or semi
solid manure so they should be interpreted in that context.”). See also Searchinger T., Herrero M., Yan X., Wang J.,
Dumas P., Beauchemin K., & Kebreab E. (2021) Opportunities to Reduce Methane Emissions from Global
Agriculture, Princeton University School of Public and International Affairs, White Paper, 26 (“Another emerging
option involves adding acid to manure stored in wet form, which can almost eliminate methane emissions. Some
experiments with acidification have occurred for many years (Fangueiro, Hjorth, and Gioelli 2015) (Søren O.
Petersen, Andersen, and Eriksen 2012), but experimental work has been increasing (Rodhe et al. 2019). Acidification
can be done at different stages of manure management: in the barn, in storage tanks, prior to field application.
Methane reductions require a regular, but modest, insertion of acid into storage tanks. Acidifying manure also reduces
ammonia losses when methane is applied, and in some experiments increases yields (Loide 2019). Yield gains
probably occur if farmers either do not apply or are not allowed to apply more nitrogen fertilizer to replace the
nitrogen lost with the releases of ammonia. The amount of acid required for sufficient acidification to greatly reduce
methane is still unclear.”; “There are also a variety of promising innovative methods to reduce methane. There is
experimental evidence, for example, that some additives, such as sulfate, can be added in modest quantities and still
reduce two-thirds of the methane emissions from storage even without significantly reducing pH (Petersen, Andersen
& Eriksen 2012) (Petersen et al. 2014) (Sokolov et al. 2020).”); Peterson C., El Mashad H. M., Zhao Y., Pan Y., &
Mitloehner F. M. (2020) Effects of SOP Lagoon Additive on Gaseous Emissions from Stored Liquid Dairy Manure,
SUSTAINABILITY 12(4): 1393, 1–17, 1 (“A variety of additives have been applied to reduce emissions from manure.
Although the composition and mechanism of the emission reduction of several additives are known, information on
many other commercial additives is not available because of confidentiality and limits in the marketing literature.
Calcium sulfate (gypsum) can be found abundantly in nature and has been used to improve soil properties. . . .
Different forms of gypsum have been tested for the mitigation of GHG and ammonia emissions from livestock
effluents. The results have had varying results: while some studies reported a decrease in ammonia emissions after
the addition of gypsum, not all have demonstrated the efficacy of gypsum in reducing the release of GHGs. Many of
the results were obtained using a considerable amount of material (3% to 10% of manure wet weight) making the
application not practical in real-world conditions. Borgonovo et al. first published results on this specific commercial
additive (SOP LAGOON), made of gypsum processed with proprietary technology, and found that the addition of
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the products to fresh liquid manure has a reduction potential of 21.5% of CH 4, 22.9% of CO2, 100% of N2O and
100% of NH3 emissions on day 4, even at very low dosages. It should be mentioned that similar to other commercial
additives, the exact manufacturing process of SOP Lagoon is unknown due to confidentiality.”); Yang S., Xiao Y.,
Sun X., Ding J., Jiang Z., & Xu J. (2019) Biochar improved rice yield and mitigated CH4 and N2O emissions from
paddy field under controlled irrigation in the Taihu Lake Region of China, ATMOS. ENVIRON. 200: 69–77, 69 (“These
results suggest that 20 and 40 t ha−1 biochar can be utilized under controlled irrigation not only for mitigation of CH 4
and N2O emission but also to increase rice yield, soil fertility and irrigation water productivity. Therefore, the
combination of biochar amendment and controlled irrigation might be a good option for mitigating greenhouse gases
emission and realizing the sustainable utilization of soil and water resources of paddy fields in the Taihu Lake Region
of China.”); and Peskett M. (15 November 2021) Reducing methane emissions from cattle and dairy farming, FOOD
AND FARMING TECHNOLOGY (“Nearly all dairy farms use effluent or slurry ponds and they are the second largest
source of on-farm methane emissions. At New Zealand’s Lincoln University, scientists Emeritus Professor Keith
Cameron and Professor Hong Di have developed technology that reduces the methane emissions from dairy farm
effluent ponds by up to 99%. Built in conjunction with New Zealand ag solutions firm Ravensdown, the ‘EcoPond’
virtually eliminates the methane emitted from effluent ponds. A computer-controlled pump and mixing system
precisely administers iron sulphate – a safe additive used in the treatment of drinking water, to neutralise methane
production.”).
243. * GHGSat (2 March 2022) Cow burps seen from space, Press Release (“On March 2nd 2022, high-resolution satellites
owned and operated by GHGSat, the environmental data company, detected methane (CH 4) emissions coming from
an agricultural area in California’s Joaquin Valley...This highlights the importance of tracking greenhouse gas
emission from cattle farming, and the ability to do so even from space.”).
244. * Liu L., et al. (2022) KGML-ag: A Modeling Framework of Knowledge-Guided Machine Learning to Simulate
Agroecosystems: A Case Study of Estimating N 2O Emission Using Data from Mesocosm Experiments, GEOSCI.
MODEL DEV. 15(7): 2839–2858, 2839 (“The development of KGML-ag in our study is suitable to predict not only
N2O but also other variables, such as CO2, CH4 and ET, with complicated generation processes relying on the
historical states. To develop a capable KGML model, we need to carefully address three questions.”); discussed in
University of Minnesota (28 April 2022) New study could help reduce agricultural greenhouse gas emissions,
RESEARCH BRIEF (“A team of researchers led by the University of Minnesota has significantly improved the
performance of numerical predictions for agricultural nitrous oxide emissions. The first-of-its-kind knowledgeguided machine learning model is 1,000 times faster than current systems and could significantly reduce greenhouse
gas emissions from agriculture... Accurate, scalable, and cost-effective monitoring and reporting of greenhouse gas
emissions are needed to verify what are called “carbon credits” or permits that offset greenhouse gas emissions.
Farmers can be reimbursed for practices that reduce greenhouse gas emissions. The KGML-ag framework opens
tremendous opportunities for quantifying the agricultural nitrous oxide, carbon dioxide, and methane emissions,
helping to verify carbon credits and optimize farming management practices and policy making.”).
245. * United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL METHANE
ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 87 (“Analysis of the technical potential to
mitigate methane from four separate studies shows that for 2030, reductions of 29–57 Mt/yr could be made in the oil
and gas subsector, 12–25 Mt/yr from coal mining, 29–36 Mt/yr in the waste sector and 6–9 Mt/yr from rice
cultivation. Values for the livestock subsector are less consistent, ranging from 4–42 Mt/yr.”).
246. * United States Climate Alliance (2018) FROM SLCP CHALLENGE TO ACTION: A ROADMAP FOR REDUCING SHORTLIVED CLIMATE POLLUTANTS TO MEET THE GOALS OF THE PARIS AGREEMENT, 102 (“Within the waste sector, all cost
abatement potential is concentrated within the solid waste subsector which has three to six times the potential found
in the wastewater (sewage) subsector (Figure 4.9). Totals in the three available analyses are very similar for the full
waste sector, so that the full range is captured by 32 ± 4 Mt/ yr. Hence this sector has about half the potential of the
fossil sector for all cost measures and a much narrower uncertainty range. Evaluating this mitigation potential as a
share of projected 2030 waste sector emissions is complicated by a large divergence between them, which were ~70
Mt/yr in the Harmsen and US EPA analyses, whereas there was a much larger value of 114 Mt/yr in the IIASA
analysis. Hence although all the studies find similar abatement potential, the share of 2030 emissions from waste
estimated to be abatable ranges from just 25 per cent in the IIASA analysis to ~40-50 per cent in the US EPA and
Harmsen analyses. For low-cost measures in the waste sector, the analyses are again fairly consistent with all falling
within the range 16 ±5 Mt/yr.”).
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247. * United States Environmental Protection Agency (2019) GLOBAL NON-CO2 GREENHOUSE GAS EMISSION
PROJECTIONS & MITIGATION 2015-2050, EPA-430-R-19-010, 70 (“Collection of LFG is feasible at most engineered
landfills. It prevents high concentrations of gas in the landfill, which addresses public health and facility safety
concerns. After collecting LFG, the least capital-intensive way to reduce emissions is flaring, which burns off the
gas. However, flaring does not deliver any economic benefits for landfill operators. Energy production represents a
potential revenue stream for landfills. It includes electricity generation, anaerobic digestion, and direct use. A variety
of engine types and waste-to-energy processes can achieve electricity generation. Anaerobic digestion provides CH 4
for on-site electricity or for selling to the market. Direct use implies that a landfill transports captured methane to a
facility, which uses it for electricity generation, as process heat, or as an input into other processes.”).
248. * United States Environmental Protection Agency, Basic information about landfill gas (last visited 29 July 2022).
249. * United States Environmental Protection Agency (2019) GLOBAL NON-CO2 GREENHOUSE GAS EMISSION
PROJECTIONS & MITIGATION 2015-2050, EPA-430-R-19-010, 70 (“Energy production represents a potential revenue
stream for landfills. It includes electricity generation, anaerobic digestion, and direct use. A variety of engine types
and waste-to-energy processes can achieve electricity generation. Anaerobic digestion provides CH4 for on-site
electricity or for selling to the market. Direct use implies that a landfill transports captured methane to a facility,
which uses it for electricity generation, as process heat, or as an input into other processes.”).
250. * DeFabrizio S., Glazener W., Hart C., Henderson K., Kar J., Katz J., Pratt M. P., Rogers M., Tryggestad C., &
Ulanov A. (2021) CURBING METHANE EMISSIONS: HOW FIVE INDUSTRIES CAN COUNTER A MAJOR CLIMATE THREAT ,
McKinsey Sustainability, 55 (See Reference Path for modeling maximum technical opportunity by 2030 and 2050
(continued)).
251. * United States Environmental Protection Agency, Basic information about landfill gas (last visited 31 August 2022)
(“About 69 percent of currently operational LFG energy projects in the United States generate electricity. A variety
of technologies, including reciprocating internal combustion engines, turbines, microturbines and fuel cells, can be
used to generate electricity for onsite use and/or sale to the grid. The reciprocating engine is the most commonly used
conversion technology for LFG electricity applications because of its relatively low cost, high efficiency and size
ranges that complement the gas output of many landfills. Gas turbines are typically used in larger LFG energy projects
while microturbines are generally used for smaller LFG volumes and in niche applications.”). See also Fuel Cell &
Hydrogen Energy Association (27 April 2020) Reducing waste emissions by using fuel cells and hydrogen.
252. * Winn Z. (2 February 2022) Reducing methane emissions at landfills, MIT NEWS (“Now a startup that began at MIT
is aiming to significantly reduce methane emissions from landfills with a system that requires no extra land, roads,
or electric lines to work. The company, Loci Controls, has developed a solar-powered system that optimizes the
collection of methane from landfills so more of it can be converted into natural gas. At the center of Loci’s
(pronounced “low-sigh”) system is a lunchbox-sized device that attaches to methane collection wells, which vacuum
the methane up to the surface for processing. The optimal vacuum force changes with factors like atmospheric
pressure and temperature. Loci’s system monitors those factors and adjusts the vacuum force at each well far more
frequently than is possible with field technicians making manual adjustments.”).
253. * DeFabrizio S., Glazener W., Hart C., Henderson K., Kar J., Katz J., Pratt M. P., Rogers M., Tryggestad C., &
Ulanov A. (2021) CURBING METHANE EMISSIONS: HOW FIVE INDUSTRIES CAN COUNTER A MAJOR CLIMATE THREAT ,
McKinsey Sustainability, 45–46 (“Methane emissions from solid waste could be abated by about 40 percent by 2030
and 90 percent by 2050 (Exhibit 18). Almost all of the reduction would be through diversion of organic material to
secondary purposes, such as composting or biogas extraction. Organic waste could be sorted and processed through
anaerobic digestion facilities to generate feedstock, fertilizer, soil enhancer, and renewable natural gas—or
incinerated for energy.”). See also United States Environmental Protection Agency (2019) GLOBAL NON-CO2
GREENHOUSE GAS EMISSION PROJECTIONS & MITIGATION 2015-2050, EPA-430-R-19-010, 70 (“Furthermore,
enhanced waste diversion practices redirect biodegradable components of the waste stream from the landfill for reuse
through recycling or conversion to a value-added product (e.g., energy or compost). Diverting organic waste
components lowers the amount of CH4 generated at the landfill. Other benefits from the measures under this category
include the sale of recyclables, electricity, and cost savings in avoided tipping fees.”); and United Nations
Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL METHANE ASSESSMENT: BENEFITS AND
COSTS OF MITIGATING METHANE EMISSIONS, 87 (“Solid waste management: (residential) source separation with
recycling/reuse; no landfill of organic waste; treatment with energy recovery or collection and flaring of landfill gas;
(industrial) recycling or treatment with energy recovery; no landfill of organic waste.”).
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254. * United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL METHANE
ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS, 114 (“While more than 10 per cent of the
global population lives in hunger (FAO 2017) roughly a third of all food produced for human consumption turns into
lost or wasted at some point along the food supply chain (Porter et al. 2018; Gustavsson et al. 2011). Many studies
highlight the mitigation benefits of reducing this large volume and indicate that the potential reductions of emissions
can be substantial but also diverse (FAO 2019; Springmann et al. 2018; Wollenberg et al. 2015; Bajželi et al. 2014).
Most of these provide both base case emissions and emissions reductions estimates only in terms of carbon dioxide
equivalent rather than separating the various greenhouse gases. For example, an FAO report (2019) suggests that the
global carbon footprint of food loss and waste, excluding emissions from land-use change, is 3.3 gigatonnes12 of
carbon dioxide equivalent (Gt CO e). Similarly, an earlier report from the FAO estimated total emissions related to
food loss and waste of 2.7 Gt CO2e (FAO, 2014). Based on the source data reported in Chapter 2, methane emissions
from ruminants and rice cultivation are ~145 Mt/yr. Hence if it is assumed here that loss and waste in these two
categories is similar to the total across all food types, methane emissions associated with food loss and waste would
be nearly 50 Mt/yr.”). See also DeFabrizio S., Glazener W., Hart C., Henderson K., Kar J., Katz J., Pratt M. P., Rogers
M., Tryggestad C., & Ulanov A. (2021) CURBING METHANE EMISSIONS: HOW FIVE INDUSTRIES CAN COUNTER A MAJOR
CLIMATE THREAT, McKinsey Sustainability, 46 (“As the world accelerates its efforts to align with the 1.5°C pathway,
a key lever would be to reduce the volume of organic municipal solid waste. This would mean reducing food and
paper waste by changing individual behaviors (for example, broad adoption of composting) and improving efficiency
in supply chains (for example, ensuring food does not rot in transit and reducing overstocking at supermarkets). Local
volumes of organic waste are linked to population size, but there are actions society can take to control organic-waste
volumes. Recycling of organic materials, such as paper, cardboard, and leather, as well as reduction of food waste
are two effective approaches.”).
255. * For the links between extreme heat, crop harvest losses, and cooling, see Parajuli R., Thoma G., & Matlock M. D.
(2019) Environmental sustainability of fruit and vegetable production supply chains in the face of climate change: A
review, SCI. TOTAL ENVIRON. 650(2): 2863–2879, 2875 (“The basic factors that can support sustainable supply of
F&V products are climate, proximity to the producers and the growing seasons. Likewise, logistic management,
including facility-locations in the overall supply of F&V products is also connected with the seasonality of
production, cost of transportation and the refrigeration/preservation requirements. In the logistic management areas,
understanding the relationship between storage and waste is also relevant. Only less than 12% of the reviewed study
(Table 1) explicitly considered the wastage at some part of the supply chain. The significance of such considerations
can be explained from a Brazilian study, which compared food stores, with and without refrigerated units (Garnett,
2006). The study revealed that waste generation in the un-refrigerated store was 28% higher than the refrigerated
store. Furthermore, refrigeration can also assist to improve self-sufficiency of F&V product supplies, and undoubtly
it is important aspect while addressing the consequences of climate change on the food security. However, it is
important to evaluate the environmental and economic costs of whether storing indigenous products beyond their
growing season would outweigh the energy use and other emissions resulting from the transport of imported foods.”);
and Kibiti B. & Strubenhoff H. (16 October 2019) How off-grid cold storage systems can help farmers reduce postharvest losses, BROOKINGS (“It is estimated that less than 10 percent of all perishable foods is currently being
refrigerated, despite the fact that post-harvest losses add up to 30 percent of food production worldwide. The cold
chain innovations around decentralized renewable energy (DRE) are paramount in Africa and Asia given that access
and connection to electricity in rural areas, where food is produced, is still a luxury. In Kenya, an estimated 40 to 50
percent of food is lost or wasted throughout the entire food chain as it goes from farm to fork—twice the global
average. In 2017, $1.5 billion worth of food went to waste—tossed out or left to rot—according to the National
Bureau of Statistics (KNBS), resulting in lost earnings for farmers and others. In Nigeria, 45 percent of postharvest
output spoils due to the unavailability of cold storage, resulting in a 25 percent loss of income for the country’s 93
million small farmers. Cold stores reduce waste, and also help to improve the negotiation power of smallholders in
the market.”). See also Parker L. E., McElrone A. J., Ostoja S. M., & Forrestel E. J. (2020) Extreme heat effects on
perennial crops and strategies for sustaining future production, PLANT SCI. 295(110397): 1–8, 1, (“Extreme heat
exposure can stress plants, stunt development, and cause plant mortality, which often results in reduced quality and
lower yield in agricultural crops [1]. Diminished crop yields due to extreme heat can have cascading effects on global
economies and heighten concerns around food availability [[2], [3], [4]]. Recent heatwaves in Europe [2,3], Russia
[4], and the central United States [5] reduced yields for cereal crops, and in some instances led to significant
commodity price increases and spikes in food insecurity. Warming anomalies have also caused significant losses in
woody perennial cropping systems.”).
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256. * United Nations Climate Technology Centre & Network, Biocovers of landfills (last visited 31 August 2022)
(“Landfill top covers, which optimise environmental conditions for methanotrophic bacteria and enhance biotic
methane consumption, are often called ‘biocovers’ and function as vast bio-filters. Biocovers are typically spread
over an entire landfill area. They are often waste materials, such as diverse composts, mechanically-biologically
treated waste, dewatered sewage sludge or yard waste. Methane oxidation in compost materials shows high oxidation
capacity. Manipulation of landfill covers to maximise their oxidation capacity provides a promising complementary
strategy for controlling methane emissions.”). See also Yazdani R. & Imhoff P. (2010) BIOCOVERS AT LANDFILLS
FOR METHANE EMISSIONS REDUCTION DEMONSTRATION, CalRecycle, 70 (“Results from laboratory and field tests
indicated both fresh and aged green material could oxidize CH4 at high rates, up to 100-200 g CH4/m2/day in field
tests. These rates are on the high end of oxidation rates reported for composts in the literature. Thus, at least for the
duration of the field tests pH, P, and NO2-N conditions did not significantly affect biocover performance. However,
the biocovers were installed in relatively thick layers (~ 90 cm), and after seven months of operation with a high
loading of [landfill gas] LFG (500-700 g CH4/m2/day) thick anaerobic zones developed. The formation of these zones
was undoubtedly linked to the high LFG loading and the cooler winter temperatures. In this state both materials
generated significant CH4 (> 100 g CH4/m2/day, aged green material) and were ineffective in oxidizing CH 4.
However, for the aged green material the performance was improved considerably when the loading rate was
decreased to 200-250 g CH4/m2/day. In this case the green material oxidized 50-70 g CH4/m2/day. When both
biocovers were operated at this smaller loading rate for several months, the aged green material performed reasonably
well with measured CH4 removal rates matching independent model predictions. The same was not true for the fresh
green material, though, where it appeared that CH 4 continued to be generated and the biocover performance was
always significantly less efficient at removing CH4 than model predictions.”).
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environmental impacts associated with food loss and waste while improving food security and saving money for
families and businesses. Led by EPA, USDA, and the Food and Drug Administration (FDA), the federal government
is seeking to work with communities, organizations and businesses along with our partners in state, tribal and local
government to achieve this goal.”).
307. * United States Environmental Protection Agency, About the Landfill Methane Outreach Program (last visited 31
August 2022) (“LMOP is a voluntary program that works cooperatively with industry stakeholders and waste officials
to reduce or avoid methane emissions from landfills. LMOP encourages the recovery and beneficial use of biogas
generated from organic municipal solid waste (MSW). Landfill gas (LFG) and other biogas generated from MSW
(collectively referred to as biogas) contain methane, a potent greenhouse gas that can be captured and used as a
renewable fuel for many end uses including electricity generation, industrial heat applications and vehicle fuel.
Capturing and using biogas reduces local air pollution, creates health benefits, generates revenue and jobs in the
community and may also offset the use of non-renewable resources.”).
308. * United States Environmental Protection Agency, Coal Mine Methane – What EPA is Doing (last visited 31 August
2022) (“Since 1994, EPA's Coalbed Methane Outreach Program (CMOP) has worked cooperatively with the coal
mining industry in the United States – and other major coal-producing countries – to reduce CMM emissions. By
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helping to identify and implement methods to recover and use CMM instead of emitting it to the atmosphere, CMOP
has played a key role in the United States' efforts to reduce GHG emissions and address global climate change.”).
309. * United States Environmental Protection Agency, What EPA is Doing: AgSTAR (last visited 31 August 2022)
(“AgSTAR promotes the use of biogas recovery systems to reduce methane emissions from livestock waste. Biogas
recovery also helps achieve other social, environmental, agricultural and economic benefits. AgSTAR assists those
who enable, purchase or implement anaerobic digesters by identifying project benefits, risks, options and
opportunities. AgSTAR provides information and participates in events to create a supporting environment for
anaerobic digester implementation.”).
310. * United States Department of Agriculture (7 February 2022) USDA to Invest $1 Billion in Climate Smart
Commodities, Expanding Markets, Strengthening Rural America, Press Release (“Agriculture Secretary Tom Vilsack
announced today at Lincoln University that the U.S. Department of Agriculture is delivering on its promise to expand
markets by investing $1 billion in partnerships to support America’s climate-smart farmers, ranchers and forest
landowners. The new Partnerships for Climate-Smart Commodities opportunity will finance pilot projects that create
market opportunities for U.S. agricultural and forestry products that use climate-smart practices and include
innovative, cost-effective ways to measure and verify greenhouse gas benefits.”). See also United States Department
of Agriculture, Partnerships for Climate-Smart Commodities (last visited 29 July 2022) (“Highly competitive
projects will include agricultural and forestry practices or combinations of practices, and/or practice enhancements
that provide GHG benefits and/or carbon sequestration, including but not limited to: ... Manure management; Feed
management to reduce enteric emissions ... Alternate wetting and drying on rice fields....”).
311. * United States Advanced Research Projects Agency-Energy (2 December 2021) U.S. Department of Energy Awards
$35 Million for Technologies to Reduce Methane Emissions, Press Release (“The following teams selected for the
REMEDY program will work to directly address the more than 50,000 engines, 300,000 flares, and 250 mine shafts
that are producing methane emissions. Natural Gas Engines: MAHLE Powertrain (Plymouth, MI) will develop a
catalytic system to oxidize methane in the exhaust gas of lean-burn natural gas fired engines, (selection amount:
$3,257,089); Colorado State University (Fort Collins, CO) will develop hardware to redirect methane emissions to
the engine’s turbocharger, reducing emissions and improving fuel efficiency, (selection amount: $1,500,000);
Marquette University (Milwaukee, WI) will demonstrate their Mixed Controlled Combustion (MCC) system which
can be retrofitted into lean-burn engines, (selection amount: $3,975,058); INNIO’s Waukesha Gas Engines
(Waukesha, WI) will develop a new line of pistons fabricated with friction welding that reduce the space for methane
to “slip” past the combustion zone in the engine and can be installed as part of normal engine maintenance programs,
(selection amount: $2,230,693); Texas A&M University (College Station, TX) will use plasma and advanced engine
controls to reduce methane slip; the technology targets the large two-stroke engines used by gas pipeline companies,
(selection amount: $2,824,814); Flares: Advanced Cooling Technologies, Inc. (Lancaster, PA) will adapt their
combustor design to ensure 99.5% methane destruction efficiency for the highly variable gas sent to flares; the
combustors will be made of silicon carbide, which can withstand more than 2500 degrees Fahrenheit, using a new
3D printing process, (selection amount: $3,300,000); Cimarron Energy, Inc. (Houston, TX) proposes a hybrid flare
design coupled with advanced controls to ensure 99.5% destruction efficiency for flares that handle both high- and
low-pressure gas streams, (selection amount: $1,000,000); University of Michigan (Ann Arbor, MI) will use additive
manufacturing and machine learning to scale up their advanced burner which will be incorporated into a new flare
system design that is robust to cross winds and low load conditions which can lead to poor methane destruction
efficiency, (selection amount: $2,881,762); University of Minnesota (Minneapolis, MN) will use plasma-assisted
combustion to enhance flare methane destruction efficiency, (selection amount: $2,141,876); and Methane from Coal
Mine Shafts: Johnson Matthey, Inc. (Wayne, PA) is developing new technology, which uses a noble metal catalyst
to combust the dilute methane in coal mine ventilation systems, (selection amount: $4,346,015); Massachusetts
Institute of Technology (Cambridge, MA) is developing a low-cost copper-based catalyst for reducing methane
emissions, (selection amount: $2,020,903); and Precision Combustion, Inc. (North Haven, CT) proposes an
innovative modular system that promotes methane reaction and manages thermal loads in a novel reactor design,
(selection amount: $3,720,317).”).
312. * United States Advanced Research Projects Agency-Energy (8 April 2021) Reducing Emissions of Methane Every
Day of the Year, ARPA-E Programs (“Program Description: REMEDY (Reducing Emissions of Methane Every Day
of the Year) is a three-year, $35 million research program to reduce methane emissions from three sources in the oil,
gas, and coal value chains: 1) Exhaust from 50,000 natural gas-fired lean-burn engines. These engines are used to
drive compressors, generate electricity, and increasingly repower ships. 2) The estimated 300,000 flares required for
safe operation of oil and gas facilities. 3) Coal mine ventilation air methane (VAM) exhausted from 250 operating
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underground mines. These sources are responsible for at least 10% of U.S. anthropogenic methane emissions.
Reducing emissions of methane, which has a high greenhouse gas warming potential, will ameliorate climate
change.”).
313. * United States Advanced Research Projects Agency-Energy (30 September 2020) Prevention and Abatement of
Methane Emissions (“We’re open to all options – but specifically are looking for solutions that: Prevent methane
emissions from anthropogenic activities. In other words, solutions which intervene before anthropogenic emissions
escape to the atmosphere. Abate methane emissions at their source. Sources include vents, leaks, and exhaust stacks.
Remove methane from the air. As mentioned above, methane only lasts about 9 years in the atmosphere. Nature is
very good at getting rid of methane using reactions in the atmosphere and methanotrophs in the soil. Maybe we can
learn from Nature, and help her out.”). See also Lewnard J. (16 November 2020) REMEDY – Reducing Emissions of
Methane Every Day of the Year, ARPA-E Presentation, Slide 7 (“Example Potential Approaches, Not Intended to
Limit or Direct... “Geo-engineering”: Accelerate tropospheric reactions; Accelerate soil/methanotroph reactions”).
314. * See CHIPS and Science Act, Pub. L. No. 117-167 § 10771 (2022); U.S. Senate (2022) CHIPS and Science Act of
2022: Section-by-Section Summary; and White House (9 August 2022) FACT SHEET: CHIPS and Science Act Will
Lower Costs, Create Jobs, Strengthen Supply Chains, and Counter China, Briefing Room; discussed in Meyer R. (10
August 2022) Congress Just Passed a Big Climate Bill. No, Not That One., THE ATLANTIC (“The bill could direct
about $12 billion in new research, development, and demonstration funding to the Department of Energy, according
to RMI’s estimate. That includes doubling the budget for ARPA-E, the department’s advanced-energy-projects skunk
works.”); and Ovide S. (10 August 2022) Taxpayers for U.S. Chips, THE NEW YORK TIMES.
315. * United States Office of Surface Mining Reclamation and Enforcement (July 2022) Guidance on the Bipartisan
Infrastructure Law Abandoned Mine Land Grant Implementation, 1 (“The BIL authorized and appropriated $11.293
billion for deposit into the Abandoned Mine Reclamation Fund administered by the Office of Surface Mining
Reclamation and Enforcement (OSMRE). Of the $11.293 billion appropriated OSMRE will distribute approximately
$10.873 billion1 in BIL Abandoned Mine Land (AML) grants to eligible States and Tribes on an equal annual basis—
approximately $725 million a year—over a 15-year period.2”).
316. * United States Office of Surface Mining Reclamation and Enforcement (July 2022) Guidance on the Bipartisan
Infrastructure Law Abandoned Mine Land Grant Implementation, 4 (“States with unreclaimed mines on the list of
EPA’s Methane Coal Mine Opportunities Database (https://www.epa.gov/cmop/coal-mine-methane-abandonedunderground-mines) are encouraged to prioritize the reclamation of such sites where eligible for BIL AML funding
in a manner that eliminates methane emissions to the greatest extent possible.”).
317. * United States Department of Agriculture (2022) Request for Applications: Bioproduct Pilot Program, Fiscal Year
2023, 6 (“The Bioproduct Pilot Program, under assistance listing 10.236, will advance development of costcompetitive bioproducts with environmental benefits compared to incumbent products. The program seeks projects
that will study the benefits of using materials derived from covered agricultural commodities for production of
construction and consumer products (IMPORTANT: see Definitions in Appendix III). Applications must address all
the following priorities: (1) Bioproduct development and production scale-up. (2) Cost savings relative to other
commonly used materials; (3) Greenhouse gas emission reductions and other environmental and climate benefits
relative to other commonly used materials; (4) Landfill quantity and waste management cost reductions, including
life-cycle and longevity-extending or longevity-reducing characteristics relative to other commonly used
materials...”).
318. * United States Department of Agriculture (28 June 2022) Vilsack Announces Bioproduct Pilot Program Funded by
Bipartisan Infrastructure Law, Press Release (“Today, Agriculture Secretary Tom Vilsack announced the U.S.
Department of Agriculture is accepting applications for a new pilot program created under President Biden’s historic
Bipartisan Infrastructure Law to support the development of biobased products that have lower carbon footprints and
increase the use of renewable agricultural materials, creating new revenue streams for farmers. This $10 million
investment is part of the Biden-Harris Administration’s ongoing work to rebuild our infrastructure and create goodpaying jobs and economic opportunity in our rural communities.”).
319. * Inflation Reduction Act of 2022, Pub. L. No. 117-169 (2022) § 60113 (“(a) INCENTIVES FOR METHANE
MITIGATION AND MONITORING.—In addition to amounts otherwise available, there is appropriated to the
Administrator for fiscal year 2022, out of any money in the Treasury not otherwise appropriated, $850,000,000, to
remain available until September 30, 2028. . . . In addition to amounts other17 wise available, there is appropriated
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to the Administrator 18 for fiscal year 2022, out of any money in the Treasury 19 not otherwise appropriated,
$700,000,000, to remain 20 available until September 30, 2028, for activities described 21 in paragraphs (1) through
(4) of subsection (a) at marginal conventional wells.”).
320. * See Inflation Reduction Act of 2022, Pub. L. No. 117-169 (2022) § 60112 (“(e) Charge Amount.--The amount of a
charge under subsection (c) for an applicable facility shall be equal to the product obtained by multiplying—“(1) the
number of metric tons of methane emissions reported pursuant to subpart W of part 98 of title 40, Code of Federal
Regulations, for the applicable facility that exceed the applicable annual waste emissions threshold listed in
subsection (f) during the previous reporting period; and “(2)(A) $900 for emissions reported for calendar year 2024;
“(B) $1,200 for emissions reported for calendar year 2025; or “(C) $1,500 for emissions reported for calendar year
2026 and each year thereafter.”); and United States Senate (28 July 2022) Summary of the Energy Security and
Climate Change Investments in the Inflation Reduction Act of 2022; discussed in Friedman L. & Plumer B. (28 July
2022) Surprise Deal Would Be Most Ambitious Climate Action Undertaken by U.S., THE NEW YORK TIMES (“The
bill would also crack down on leaks of methane, a powerful greenhouse gas, from oil and gas wells, pipelines and
other infrastructure. By 2026, polluters would face a penalty of $1,500 per ton of methane that escaped into the
atmosphere in excess of federal limits. The methane fee will raise $6.3 billion from the oil and gas industry over a
decade, much of which will be reinvested in measures to help prevent methane leaks.”).
321. * Inflation Reduction Act of 2022, Pub. L. No. 117-169 (2022) §§ 50261–50263 (“For all leases issued after the date
of enactment of this Act, except as provided in subsection (b), royalties paid for gas produced from Federal land and
on the outer Continental Shelf shall be assessed on all gas produced, including all gas that is consumed or lost by
venting, flaring, or negligent releases through any equipment during upstream operations.”).
322. * Inflation Reduction Act of 2022, Pub. L. No. 117-169 (2022) § 21001(a)(1)–(4) (“(a) Appropriations … (1) to carry
out, using the facilities and authorities of the Commodity Credit Corporation, the environmental quality incentives
program under subchapter A of chapter 4 of subtitle D of title XII of the Food Security Act of 1985 (16 U.S.C. 3839aa
through 3839aa-8)––(A)(i) $250,000,000 for fiscal year 2023; (ii) $1,750,000,000 for fiscal year 2024; (iii)
$3,000,000,000 for fiscal year 2025; and (iv) $3,450,000,000 for fiscal year 2026 … (II) with the Secretary
prioritizing proposals that utilize diet and feed management to reduce enteric methane emissions from ruminants; and
(iii) the funds shall be available for 1 or more agricultural conservation practices or enhancements that the Secretary
determines directly improve soil carbon, reduce nitrogen losses, or reduce, capture, avoid, or sequester carbon
dioxide, methane, or nitrous oxide emissions, associated with agricultural production; (2) to carry out, using the
facilities and authorities of the Commodity Credit Corporation, the conservation stewardship program under
subchapter B of that chapter (16 U.S.C. 3839aa-21 through 3839aa-25)––(A)(i) $250,000,000 for fiscal year 2023;
(ii) $500,000,000 for fiscal year 2024; (iii) $1,000,000,000 for fiscal year 2025; and (iv) $1,500,000,000 for fiscal
year 2026; and (B) subject to the condition on the use of the funds that the funds shall only be available for 1 or more
agricultural conservation practices, enhancements, or bundles that the Secretary determines directly improve soil
carbon, reduce nitrogen losses, or reduce, capture, avoid, or sequester carbon dioxide, methane, or nitrous oxide
emissions, associated with agricultural production; (3) to carry out, using the facilities and authorities of the
Commodity Credit Corporation, the agricultural conservation easement program under subtitle H of title XII of that
Act (16 U.S.C. 3865 through 3865d) for easements or interests in land that will most reduce, capture, avoid, or
sequester carbon dioxide, methane, or nitrous oxide emissions associated with land eligible for the program––(A)
$100,000,000 for fiscal year 2023; (B) $200,000,000 for fiscal year 2024; (C) $500,000,000 for fiscal year 2025; and
(D) $600,000,000 for fiscal year 2026; and (4) to carry out, using the facilities and authorities of the Commodity
Credit Corporation, the regional conservation partnership program under subtitle I of title XII of that Act (16 U.S.C.
3871 through 3871f)––(A)(i) $250,000,000 for fiscal year 2023; (ii) $800,000,000 for fiscal year 2024; (iii)
$1,500,000,000 for fiscal year 2025; and (iv) $2,400,000,000 for fiscal year 2026; and (B) subject to the conditions
on the use of the funds that––(i) section 1271C(d)(2)(B) of the Food Security Act of 1985 (16 U.S.C. 3871c(d)(2)(B))
shall not apply; and (ii) the Secretary shall prioritize partnership agreements under section 1271C(d) of the Food
Security Act of 1985 (16 U.S.C. 3871c(d)) that support the implementation of conservation projects that assist
agricultural producers and nonindustrial private forestland owners in directly improving soil carbon, reducing
nitrogen losses, or reducing, capturing, avoiding, or sequestering carbon dioxide, methane, or nitrous oxide emissions,
associated with agricultural production.”).
323. * Analyses by Princeton’s REPEAT Project, Energy Innovation, and the Rhodium Group confirm the 40% GHG
reductions capability of the 2022 Inflation Reduction Act. See Jenkins J. D., Mayfield E. N., Farbes J., Jones R.,
Patankar N., Xu Q., & Schivley G. (2022) Preliminary Report: The Climate and Energy Impacts of the Inflation
Reduction Act of 2022, REPEAT Project, Princeton University ZERO Lab, 6 (Table. Historical and Modeled Net
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U.S. Greenhouse Gas Emissions (Including Land Sinks); Mahajan M., Ashmoore O., Rissman J., Orvis R., & Gopal
A. (2022) Modeling the Inflation Reduction Act Using the Energy Policy Simulator, Energy Innovation, 1 (“We find
that the IRA is the most significant federal climate and clean energy legislation in U.S. history, and its provisions
could cut greenhouse gas (GHG) emissions 37-41 percent below 2005 levels. If the IRA passes, additional executive
and state actions can realistically achieve the U.S. nationally determined commitments (NDCs) under the Paris
Agreement.”); and Larsen J., King B., Kolus H., Dasari N., Hiltbrand G., & Herndon W. (12 August 2022) A Turning
Point for US Climate Progress: Assessing the Climate and Clean Energy Provisions in the Inflation Reduction Act,
The Rhodium Group (“The IRA is a game changer for US decarbonization. We find that the package as a whole
drives US net GHG emissions down to 32-42% below 2005 levels in 2030, compared to 24-35% without it. The longterm, robust incentives and programs provide a decade of policy certainty for the clean energy industry to scale up
across all corners of the US energy system to levels that the US has never seen before. The IRA also targets incentives
toward emerging clean technologies that have seen little support to date. These incentives help reduce the green
premium on clean fuels, clean hydrogen, carbon capture, direct air capture, and other technologies, potentially
creating the market conditions to expand these nascent industries to the level needed to maintain momentum on
decarbonization into the 2030s and beyond.”); discussed in Hirji Z. (4 August 2022) How the Senate’s Big Climate
Bill Eliminates 4 Billion Tons of Emissions, BLOOMBERG.
324. * CHIPS and Science Act of 2022, Pub. L. No. 117-167 (2022) § 10221 (“The Director, in collaboration with the
Administrator of the National Oceanic and Atmospheric Administration, the Administrator of the Environmental
Protection Agency, and the heads of other Federal agencies, as appropriate, shall establish a Center for Greenhouse
Gas Measurements, Standards, and Information….”); discussed in Meyer R. (10 August 2022) Congress Just Passed
a Big Climate Bill. No, Not That One., ATLANTIC (“The CHIPS Act is not a comprehensive climate bill in the same
way that the Inflation Reduction Act, or IRA, is. Unlike the IRA, the CHIPS bill isn’t supposed to drive immediate
reductions in carbon pollution or subsidize the replacement of fossil fuels with cleaner alternatives. It probably won’t
help the United States get closer to achieving its 2030 target under the Paris Agreement. Instead, the bill’s programs
focus on the bleeding edge of the decarbonization problem, investing money in technology that should lower
emissions in the 2030s and beyond. That’s an important role in its own right. The International Energy Association
has estimated that almost half of global emissions reductions by 2050 will come from technologies that exist only as
prototypes or demonstration projects today.”).
325. * S.B. 1383, 2016 Leg. (Cal. 2016) (“The California Global Warming Solutions Act of 2006 designates the State Air
Resources Board as the state agency charged with monitoring and regulating sources of emissions of greenhouse
gases. The state board is required to approve a statewide greenhouse gas emissions limit equivalent to the statewide
greenhouse gas emissions level in 1990 to be achieved by 2020. The state board is also required to complete a
comprehensive strategy to reduce emissions of short-lived climate pollutants, as defined, in the state. This bill would
require the state board, no later than January 1, 2018, to approve and begin implementing that comprehensive strategy
to reduce emissions of short-lived climate pollutants to achieve a reduction in methane by 40%, hydrofluorocarbon
gases by 40%, and anthropogenic black carbon by 50% below 2013 levels by 2030, as specified. The bill also would
establish specified targets for reducing organic waste in landfills.”).
326. * Venting or Flaring Natural Gas, 2 COLO. CODE REGS. § 404–1-903 (2022) (“Venting and Flaring of natural gas
represent waste of an important energy resource and pose safety and environmental risks. Venting and Flaring, except
as specifically allowed in this Rule 903, are prohibited.”).
327. * Office of Governor Gavin Newsom (8 June 2022) At Summit of the Americas, Governor Newsom Outlines
California’s World-Leading Efforts to Cut Methane Pollution (last visited 31 August 2022) (“The
Governor’s California Climate Commitment, a historic $47.1 billion proposal, includes $200 million for remediating
idle oil wells and $100 million for the methane-detecting satellites. These satellites will be critical for California
regulators to hold polluters accountable, and the rest of the world will benefit as well from transparent and timely
access to data on leaks when they occur. The $200 million would allow the State to quickly get to work plugging idle
oil wells, especially orphaned idle wells, in anticipation of additional Federal support. The funding would also give
the State the ability to expeditiously remediate wells owned by delinquent operators while regulators pursue
reimbursement.”).
328. * Control of Ozone via Ozone Precursors and Control of Hydrocarbons via Oil and Gas Emissions (Emissions of
Volatile Organic Compounds and Nitrogen Oxides), 5 COLO. CODE REGS. § 1001–1009 (2022) (“Natural GasActuated Pneumatic Controllers Associated with Oil and Gas Operations”).
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329. * Venting and flaring of natural gas, N.M. CODE R. Pt. 19.15.27 (2022). See also YCC Team (31 May 2021) New
Mexico imposes strict rule to prevent venting, flaring of natural gas, YALE CLIMATE CONNECTIONS (“The state
recently passed a new rule that requires oil producers to capture waste natural gas. ‘The rule will lead to a 98% gas
capture in the oil and gas sector by 2026,’ says Sarah Cottrell Propst, cabinet secretary of the New Mexico Energy,
Minerals, and Natural Resources Department.”); New Mexico Environment Department (14 April 2022) New Mexico
adopts nationally leading oil and gas emissions rule, Press Release (“After two and half years of collaborative public
and stakeholder engagement, the Environmental Improvement Board (EIB) adopted new air quality rules that will
eliminate hundreds of millions of pounds of harmful emissions annually from oil and gas operations in New Mexico.
The new rule will improve air quality for New Mexicans by establishing innovative and actionable regulations to
curb the formation of ground-level ozone. The new rule will reduce harmful emissions of ozone precursor pollutants
– volatile organic compounds and oxides of nitrogen – by approximately 260 million pounds annually, and will have
the co-benefit of reducing methane emissions by over 851 million pounds annually. Starting this summer, compliance
obligations for new and existing oil and gas operations in New Mexico counties with high ozone levels will begin to
take effect. These counties are Chaves, Doña Ana, Eddy, Lea, Rio Arriba, Sandoval, San Juan, and Valencia
counties.”); and State of New Mexico Environmental Improvement Board (2022) Hearing Officer’s Report, In the
Matter of Proposed New Regulation, 20.2.50 NMAC – Oil and Gas Sector – Ozone Precursor Pollutants (discussing
the methane emissions reduction co-benefit of adopting mitigation measures for volatile organic compounds (VOCs)
and nitrogen oxides (NOx) in the oil and gas sector). Compare with McDevitt, R. (14 June 2022) Pennsylvania drops
a major source of methane from new rule to limit emissions, STATE IMPACT PENNSYLVANIA (“Pennsylvania’s
environmental regulator is moving forward with a pared-down version of its rule to curb harmful emissions from
existing oil and gas sites as it faces a federal deadline. The Environmental Protection Agency does not distinguish
between shallower conventional oil and gas wells and deeper, fracked unconventional wells. Pennsylvania does. The
Department of Environmental Protection had been developing a rule to limit emissions of volatile organic compounds
and methane from both types of wells. But it dropped the conventional wells from the final rule before presenting it
to the Environmental Quality Board Tuesday. . . . In December, DEP projected that the rule for both types of well
sites would prevent more than 11,000 tons of VOCs per year and more than 213,000 tons of methane annually. The
rule for only unconventional sites projects reductions of 2,864 tons of VOCs per year and more than 45,000 tons per
year of methane. That’s about an 80 percent difference.”).
330. * Oil and Gas Sector – Ozone Precursor Pollutants, N.M. CODE R. Pt. 20.2.50 (2022). See also Office of the Governor
(28 July 2022) New Mexico’s nationally leading oil and gas emissions rule becomes law, Press Release (“A nationally
leading rule over the oil and gas industry that will cut harmful air emissions by 260 million pounds is now state law
– a fulfillment of one of Gov. Michelle Lujan Grisham’s first commitments made in office. The rule, which was
developed with input from over 520 stakeholders representing industry, environmental groups and the public, was
published in the state register this week.”).
331. * There are currently 24 states, plus Puerto Rico, who have joined the U.S. Climate Alliance. See United States
Climate Alliance (2018) FROM SLCP CHALLENGE TO ACTION: A ROADMAP FOR REDUCING SHORT-LIVED CLIMATE
POLLUTANTS TO MEET THE GOALS OF THE PARIS AGREEMENT, 11 (“Significant additional opportunities exist to cut
methane emissions quickly and cost effectively across the U.S. Capturing the full potential of expected reduction
opportunities, as described in Appendix A, could reduce methane emissions by 40-50 percent below current levels in
the U.S. Climate Alliance. Existing and emerging strategies and technologies can achieve these reductions by 2030.”).
332. * United States Climate Alliance (2018) FROM SLCP CHALLENGE TO ACTION: A ROADMAP FOR REDUCING SHORTLIVED CLIMATE POLLUTANTS TO MEET THE GOALS OF THE PARIS AGREEMENT, 11 (“There is an opportunity for the U.S.
Climate Alliance to help fulfill the commitment by the U.S., Canada, and Mexico to implement federal regulations
on new and existing sources in the oil and gas sector to reduce methane emissions by 40-45 percent below 2012 levels
by 2025.”). In 2016, the U.S., Canada, and Mexico committed to reducing methane emissions in the oil and gas sector
by 40–45% by 2025 (compared to 2012 levels).
333. * United States Climate Alliance (2018) FROM SLCP CHALLENGE TO ACTION: A ROADMAP FOR REDUCING SHORTLIVED CLIMATE POLLUTANTS TO MEET THE GOALS OF THE PARIS AGREEMENT, 15 (“Significant opportunities for reducing
methane emissions from landfills and capturing value can be seized by reducing food loss and waste, diverting organic
waste to beneficial uses, and improving landfill management. These and other actions collectively could reduce
methane emissions from waste by an estimated 40-50 percent by 2030 (Appendix A). Such efforts could add value
in our states by reducing emissions of volatile organic compounds and toxic air contaminants from landfills,
recovering healthy food for human consumption in food insecure communities, supporting healthy soils and
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agriculture, generating clean energy and displacing fossil fuel consumption, and providing economic opportunities
across these diverse sectors. Many of these benefits will accrue in low-income and disadvantaged communities.”).
334. * United States Climate Alliance (2018) FROM SLCP CHALLENGE TO ACTION: A ROADMAP FOR REDUCING SHORTLIVED CLIMATE POLLUTANTS TO MEET THE GOALS OF THE PARIS AGREEMENT, 13 (“Actions to improve manure
management and to reduce methane from enteric fermentation have the potential to significantly reduce agricultural
methane emissions across U.S. Climate Alliance states. . . . Promising technologies are also emerging that may cut
methane emissions from enteric fermentation by 30 percent or more (Appendix A). Developing strategies that work
for farmers and surrounding communities can significantly reduce methane emissions, increase and diversify farm
revenues, and support water quality and other environmental benefits.”). See also Ross E. G., Peterson C. B., Carrazco
A. V., Werth S. J., Zhao Y., Pan Y., DePeters E. J., Fadel J. G., Chiodini M. E., Poggianella L., & Mitloehner F. M.
(2020) Effect of SOP “STAR COW” on Enteric Gaseous Emissions and Dairy Cattle Performance, SUSTAINABILITY
12(24): 10250, 1–12, 1 ( “The aim of this study was to investigate the efficacy of the commercial feed additive SOP
STAR COW (SOP) to reduce enteric emissions from dairy cows and to assess potential impacts on milk production.
... SOP-treated cows over time showed a reduction in CH4 of 20.4% from day 14 to day 42 (p = 0.014), while protein
% of the milk was increased (+4.9% from day 0 to day 14 (p = 0.036) and +6.5% from day 0 to day 42 (p = 0.002)).”).
335. * United States Climate Alliance (2018) FROM SLCP CHALLENGE TO ACTION: A ROADMAP FOR REDUCING SHORTLIVED CLIMATE POLLUTANTS TO MEET THE GOALS OF THE PARIS AGREEMENT, 13 (“Actions to improve manure
management and to reduce methane from enteric fermentation have the potential to significantly reduce agricultural
methane emissions across U.S. Climate Alliance states. Improving manure storage and handling, composting manure,
utilizing pasture-based systems, or installing anaerobic digesters significantly reduces methane from manure
management on dairy, swine, and other livestock operations. These practices may reduce methane from manure
management by as much as 70 percent in U.S. Climate Alliance states (Appendix A) and can help improve soil quality
and fertility, reduce water use and increase water quality, reduce odors, and decrease the need for synthetic fertilizers
and associated greenhouse gas emissions... Developing strategies that work for farmers and surrounding communities
can significantly reduce methane emissions, increase and diversify farm revenues, and support water quality and
other environmental benefits.”). See also Borgonovo F., Conti C., Lovarelli D., Ferrante V., & Guarino M.
(2019) Improving the Sustainability of Dairy Slurry with a Commercial Additive Treatment, SUSTAINABILITY 11(18):
1–14, 8 (claiming that additives treating liquid manure of dairy cows, made from agricultural gypsum processed with
proprietary technology [SOP LAGOON], showed significant reductions of climate emissions from waste slurry,
eliminating ammonia and N2O, and significantly reducing CH4 and CO2. “N2O, CO2, and CH4 emissions, from the
treated slurry, were respectively 100%, 22.9% and 21.5% lower than the control at T4 [Day 4] when the emission
peaks were recorded.”).
336. * United States Composting Council, State Regulations (last visited 29 July 2022) (States with yard debris bans:
Arkansas, Connecticut, Delaware, Florida, Georgia, Illinois, Indiana, Iowa, Maryland, Massachusetts, Michigan,
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as the European Investment Bank (EIB), the European Bank for Reconstruction and Development (EBRD) and the
World Bank to create incentives for the rapid collection of wasted fossil gases, including methane, bundling those
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135

References
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decades or longer. When assessing the relative climate impacts of replacing fossil fuel technologies with their
hydrogen alternatives (based on a unit of clean H2 deployed relative to the avoided CO2 emissions for a generic case),
we found that there are vastly different climate outcomes depending on emission rates, time horizons, and production
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timescales. On the other hand, the best-case blue hydrogen alternative (1 % for both hydrogen and methane) can
show roughly the same climate benefits as the worst-case green hydrogen alternative (10 % emissions) – far from
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the change in radiative forcing is -0.29 W m-2 (a cooling tendency). Assuming an equilibrium climate sensitivity of
0.86 K W-1 m2, this level of radiative forcing if sustained would lead to global-mean temperature changes of 0.12,
0.43 and -0.26 ̊C (without accounting for the reduced emissions of carbon dioxide that would result).”).
397. * Government of Canada (2021) Canada’s 2021 Nationally Determined Contribution under the Paris Agreement, 1,
26 (“Through this submission, the Government of Canada is pleased to update its nationally determined contribution
(NDC) under the Paris Agreement. Canada’s updated NDC is to reduce emissions by 40-45% below 2005 levels by
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 بإستخدام التكنولوجيا٪80 وتقدر وكالة الطاقة الدولية أن تسربات غاز الميثان )المكون األساسي للغاز الطبيعي( في العراق يمكن خفضها بنسبة تزيد عن
 باإلضافة إلى الفوائد. مليون دوالر والتي تم ثل خسارة إقتصادية كبيرة600  وتقدر القيمة المالية إلنبعاثات الميثان في العراق بأكثر من.الموجودة حاليًا
اإلقتصادية التي ستجلبها للعراق عملية استثمار هذا الغاز فإن تقليل إنبعاثات الميثان يحمي صحة اإلنسان من خالل تحسين جودة الهواء على المستوي
…المحلي. “-  اإلستثمار في الصناعات البترولية وتطويرها لتقليل إستنزاف الموارد وخفض- ... :(قطاع الطاقة )النفط والغاز والكهرباء والنقل
 وباألخص تحسين تكنولوجيا حرق الغاز ا لمصاحب ومراقبتها لتقليل إنبعاثات الميثان وتجنب "تنفيس" الغاز،آن واحد
ٍ ( اإلنبعاثات فيventing)عن
 إجراء برامج للكشف الدوري لتسربات غاز الميثان في منشآت النفط- . بما في ذلك عن طريق إسترجاع الغاز وإعادة تدويره،طريق التصميم الجيد
( والغاز لغرض القيام بإصالحهاLDAR) التحالف العالمي للميثان( بالتعاون مع الشركاء الدوليينGMA-) وشركات النفط والغاز العاملة في العراق.
-  تغيير نوع الوقود السائل الى الوقود الغازي في محطات انتاج الطاقة الكهربائية ) الغازية- استخدام الدورات المركبة في زيادة انتاج الطاقة الكهربائية
) - .  تقليل االنبعاثات باعتماد اليات تحسين كفاءة الطاقة وترشيد استهالكها- .وتحسين نوعية الوقود المستخدم بما يساهم في خفض االنبعاثات الكاربونية
تحويل محطات الطاقة الكهربائ ية التي تعمل بالوقود الثقيل إلى إستخدام وقود الغاز البترولي المسال الـLPG والغاز الجاف والذي باإلمكان توفيرهما عن
 السيطرة على زراعة المحاصيل التي تنتج كمية كبيرة من غاز الميثان مثل زراعة.…طريق اصطياد الغاز المصاحب وتخفيف إنبعاثات غاز الميثان
 إستثمار الميثان:  قطاع النفايات.…الرز وكذلك ال حد من إستهالكه كمية كبيرة من المياه و محاربة إنجراف التربة وإعادة تأهيل أراضيها المتدهورة
 تحفيز شركات النفط والغاز العاملة في العراق على اإلبالغ عن: الرصد واإلبالغ والتحقق.…الناجم عن مواقع طمر النفايات في إنتاج الطاقة الكهربائية
 مثل إطار شراكة النفط والغاز والميثان، إنبعاثات غاز الميثان ضمن أطر شفافة معروفةOGMP)). - التعاون في حمالت للقياس المباشر لكميات
الميثان المنبعثة من ُمنشئات النفط والغاز وإستخدام بيانات األقمار الصناعية لتحديد خط أساس مرجعي لإلنبعاثات.”) (“International support and
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economic wealth if invested, in addition to achieving a significant reduction in greenhouse gas emissions. The
International Energy Agency estimates that leaks of methane (the main component of natural gas) in Iraq could be
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at more than 600 million dollars, which represents a great economic loss. In addition to the economic benefits that
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in particular improving and monitoring associated gas flaring technology to reduce methane emissions and avoiding
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of methane gas, such as rice cultivation, as well as reducing its consumption of a large amount of water as well as
combating soil erosion and rehabilitating its degraded lands. Waste sector: - Investing methane from landfill sites in
the production of electric power.” “Monitoring, reporting and verification: - Incentivizing oil and gas companies
operating in Iraq to report methane emissions within well-known transparent frameworks, such as the Oil, Gas and
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