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Abstract
Methane is the second most important greenhouse gas after carbon dioxide contributing to humanmade global warming. Keeping to the Paris Agreement of staying well below two degrees warming will
require a concerted effort to curb methane emissions in addition to necessary decarbonization of the
energy systems. The fastest way to achieve emission reductions in the 2050 timeframe is likely through
implementation of various technical options. The focus of this study is to explore the technical
abatement and cost pathways for reducing global methane emissions, breaking reductions down to
regional and sector levels using the most recent version of IIASA’s Greenhouse gas and Air pollution
Interactions and Synergies (GAINS) model. The diverse human activities that contribute to methane
emissions make detailed information on potential global impacts of actions at the regional and sectoral
levels particularly valuable for policy-makers. With a global annual inventory for 1990–2015 as
starting point for projections, we produce a baseline emission scenario to 2050 against which future
technical abatement potentials and costs are assessed at a country and sector/technology level. We
ﬁnd it technically feasible in year 2050 to remove 54 percent of global methane emissions below
baseline, however, due to locked in capital in the short run, the cumulative removal potential over the
period 2020–2050 is estimated at 38 percent below baseline. This leaves 7.7 Pg methane released
globally between today and 2050 that will likely be difﬁcult to remove through technical solutions.
There are extensive technical opportunities at low costs to control emissions from waste and
wastewater handling and from fossil fuel production and use. A considerably more limited technical
abatement potential is found for agricultural emissions, in particular from extensive livestock rearing
in developing countries. This calls for widespread implementation in the 2050 timeframe of
institutional and behavioural options in addition to technical solutions.

1. Introduction
Methane (CH4) is the second most important greenhouse gas after carbon dioxide (CO2) contributing to
human-made global warming. Keeping to the Paris Agreement of staying well below two degrees warming above
the pre-industrial average, will require a concerted effort to curb CH4 emissions in addition to necessary
decarbonization and efﬁciency enhancements of the energy systems. In the long-term, any remaining
anthropogenic CH4 emissions, e.g., linked to food production, must be offset through negative emission options
(IPCC 2018). Compared to CO2, CH4 contributes 28 times more per ton to global warming over 100 years when
excluding climate-carbon feedbacks (IPCC 2013). Because of its shorter lifetime in the atmosphere of 12 years,
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CH4’s warming potential over twenty years is 84 times that of CO2 per ton. This means CH4 accounts for about
40 percent of greenhouse gases’ contribution to short-term global warming, which makes it an obvious
candidate to target for fast climate change mitigation in the 2050 timeframe (Shindell et al 2012). Human
activities contribute more to CH4 emissions than natural sources (Saunois et al 2016) and a swift reduction in
anthropogenic CH4 can even offset climate change impacts of a massive release of natural CH4 from smelting
Arctic permafrost (Christensen et al 2019).
The fastest way to achieve CH4 emission reductions in the 2050 timeframe is likely through implementation
of various technical options (Pacala and Socolow 2004). Further abatement potential from institutional changes
(Evans and Steven 2009) and behavioural changes (Abrahamse and Steg 2013, Camilleri et al 2019) will be
necessary but may take longer to realize. Therefore, the focus of this study is to explore the technical abatement
and cost pathways for reducing global CH4 emissions in the 2020–2050 timeframe, breaking reductions down to
regional and sector levels using the most recent version of IIASA’s Greenhouse gas and Air pollution Interactions
and Synergies (GAINS) model (Amann et al 2011), denoted GAINSv4 (2019). The diverse human activities that
contribute to CH4 emissions make it particularly valuable with detailed information to inform policy-makers
about the potential global impacts of fast actions at the regional and sectoral levels. In addition, we provide
insights on sensitivities related to the time and opportunity cost perspectives of the social planner versus private
investors.
This study builds on Höglund-Isaksson (2012) by extending the timeframe from 2030 to 2050, updating
statistics for historical years to 2015, reﬂecting recent ﬁndings from the literature, and including several
methodological improvements of emission estimations, e.g., for the oil and gas sectors (Höglund-Isaksson 2017,
Dalsøren et al 2018) and waste and wastewater sectors (Gómez-Sanabria et al 2018). The extended timeframes of
this study, to 2015 for historical emissions and to 2050 for future projections, allow for two important insights.
First, our bottom-up emission inventory to 2015 attributes a strong increase in atmospheric CH4 emissions after
2007 (Nisbet et al 2014, 2019) to a combination of factors; rapid growth in extraction of unconventional gas in
North America, extended coal mining in Indonesia, and accentuated growth in waste and wastewater emissions
in rapidly developing world regions. Second, the technical mitigation potential of global CH4 emissions will not
be enough for meeting the targets in 2050 of the Paris Agreement. In addition, institutional and behavioural
changes will be needed. The GAINSv4 model results add to a limited number of independently developed
bottom-up estimates of technical abatement potentials and costs to reduce global CH4 emissions in the 2050
timeframe (Lucas et al 2007, Harmsen et al 2019). Similar efforts have been presented for the 2030 timeframe,
e.g., Höglund-Isaksson (2012) estimated marginal abatement cost curves using an earlier version of the GAINS
model and USEPA (2006, 2012) presented corresponding cost curves for all non-CO2 greenhouse gases with
(Beach et al 2015, Beach et al 2008) and Frank et al (2018) presenting results speciﬁcally for the agricultural
sector.

2. Methodology
2.1. Emission estimation
The GAINS model estimates emissions bottom-up, i.e., quantiﬁcations of human activities contributing to
emissions are multiplied by an emission factor representing the average emissions per unit of activity. Such
estimates rely on a wealth of publicly available information to develop internally consistent emission factors
across countries, sectors and technologies. The starting point for estimations of anthropogenic CH4 is the
methodology recommended in the IPCC (2006) guidelines, for most source sectors using country-speciﬁc
information to allow for deriving country- and sector/technology- speciﬁc emission factors at a Tier 2 level.
For some source sectors consistent methodologies were further developed, e.g., for oil and gas systems
(Höglund-Isaksson 2017) and solid waste sectors (Gómez-Sanabria et al 2018). The resulting emission
estimates are thereby well comparable across geographic and temporal scales and with a possibility to provide
plausible explanations for deviations in past emissions. CH4 emissions are estimated for 174 countries/
regions, with the possibility to aggregate to a global emission estimate, and spanning a timeframe from 1990
to 2050 in ﬁve-year intervals. For the purpose of better evaluating historical CH4 emissions, annual estimates
for 1990–2015 were produced for this study. Following the general GAINS methodology (Amann et al 2011),
emissions from source s in region i and year t are calculated as the activity data Aits times an emission factor
efism. If emissions are controlled through implementation of technology m, the fraction of the activity
controlled is speciﬁed by Applitsm, i.e.,
E its =

å [A its * efism * Appl itsm] ,
m

2

(1)
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Figure 1. Global projections for population (panel 1a), Gross Domestic Product GDP (panel 1b) and average GDP per capita (panel 1c)
1970–2050. Sources: World Bank (2018) for historical years and projections consistent with IEA-WEO 2018.

Figure 2. Global energy consumption by fuel in the IEA-WEO2018 New Policies Scenario.

where

å Appl its = 1,

(2)

m

and where Aits is the activity (e.g., number of animals, tons of waste, PJ gas produced),
efism is the emission factor for the fraction of the activity subject to control by technology m,
Applitsmis the application rate of technology m to activity s.
Hence, for each emission source sector, country-and year- speciﬁc sets of application rates for all the possible
technologies (including no control) are deﬁned such that application rates always sum to unity.
2.2. Activity data
The GAINSv4 model structure covers all relevant source sectors for anthropogenic CH4 emissions, for details see
tables S1–1 in the supplement information (SI) is available online at stacks.iop.org/ERC/2/025004/mmedia.
Activity drivers for macroeconomic development, energy supply and demand, and agricultural activities are
entered externally in GAINS. For the baseline scenario presented here, the macroeconomic and energy sector
activity drivers are consistent with the IEA World Energy Outlook 2018 New Policies Scenario (IEA-WEO 2018).
Growth in global population, Gross Domestic Product (GDP) and GDP per capita are illustrated in ﬁgure 1. This
energy scenario assumes that countries comply with the Intended National Determined Contributions (INDCs)
to climate change mitigation they pledged in the lead-up to the UNFCCC’s COP21 in Paris in 2015, however, it
should be noted that these pledges fall short of the Paris Agreement of keeping the Earth’s warming well below
2 °C above the pre-industrial average. How this energy scenario translates into global consumption of different
types of fuels is illustrated in ﬁgure 2. Note that for the purpose of this study of improving the understanding of
the technical mitigation potentials at the sectoral and regional level, only one baseline has been developed against
which future emission reductions are assessed. To provide a full range of possible future developments of global
anthropogenic methane emissions, a set of alternative activity scenarios would be required. This is however
considered out of scope of this paper, as the relative technical mitigation potentials at the sector and regional
level will be comparable irrespective of the baseline emission level.
3
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Table 1. Principal sources of information for CH4 emission factors in the GAINSv4 model.
Major source
sector
Agriculture

Rice cultivation

Energy

Source sector

Emission factors -prinicpal sources of information

Beef cattle, Dairy cows, Pigs, Poultry, Sheep and
other livestock

Livestock emission factors consistent with national reporting
to UNFCCC 2016, 2018, complemented with national
sources e.g., Xue et al 2014, FAO 2017a, 2017b, Yu et al
2018, Hansen et al 2018. For details, see Section S6.4 in SI.
IPCC (2006) guidelines Section 5.4.2.

Agr waste burning
IPCC (2006) guidelines (Vol.4, pp 5.45–5.49),
complemented with national reporting to
(UNFCCC 2016, UNFCCC 2018) on water
regimes and ﬂooding days per year when
available.
Coal mining

Transport Road and Off-Road

Emission factors aligned with national reporting to UNFCCC
(2016) with revisions for China (Peng et al 2016, China BUR
to UNFCCC 2017, Miller et al 2019, Sheng et al 2019), see
Section 6.1 in SI and Section 2.6 in SI of Höglund-Isaksson
(2012) for details.
USEPA (2017) and emissions reported to UNFCCC (2018) for
Annex-1 countries, complemented with the assumption of
10% of active hard coal mine emissions, as derived from
USEPA (2017), see Section S6.2 in SI for details.
For residential sources, emission factors speciﬁed by type of
boiler and fuel (Delmas 1994, Johansson et al 2004, Kjällstrand and Olsson 2004, Olsson and Kjällstrand 2006). For
non-residential stationary sources and mobile sources,
default emission factors from IPCC 2006, (Vol.2,
pp.2.16–2.23 and p.3.24).
Emission factors for long-distance gas transmission and gas
distribution networks (residential and non-residential,
respectively) have been aligned with national reporting to
UNFCCC (2016) when available, complemented with
default factors from IPCC 2006, (Vol 2, pp4.48–4.62, Tables
4.2.4 and 4.2.5).
Emission factors from Höglund-Isaksson (2017); US emission
factors updated (Zavala-Araiza et al 2015, Omara et al 2016,
Alvarez et al 2018), corresponding to average leakage rates
of 1% for conventional natural gas, 2.66% for shale gas,
0.58% for coal bed methane (CBM), and 1.65% for tight
gas, see Section S6.3 in SI for detials.
Emission factors from Höglund-Isaksson (2017) in consistency with Dalsøren et al (2018), but with updates for
Russian associated gas composition (Huang et al 2015) and
ﬂared gas volumes in 2015 (Elvidge et al 2016), see Section
S6.3 in SI for details.
Default emission factors from IPCC (2006, Vol.2, p.4.34,
pp.4.52–4.61). For details see section 2.2. in SI of HöglundIsaksson (2012)
COPERT (EMISIA 2013)

Industry

Industry Brick kilns

AIT (2003)

Waste

Industrial solid waste, , Municipal solid waste,
Industrial wastewater, Domestic wastewater

Emission factors are speciﬁed by waste ﬂow for fourteen different waste treatment options, see Gomez-Sanabria et al
(2018) and Höglund-Isaksson et al (2018) for details on
references.

Abandoned coal mines

Domestic energy use-ﬁrewood, Domestic energy
use -other non-gas fuels, Industry energy use
-non-gas fuels, Power plant energy use -nongas fuels

Domestic energy use-gas fuel, Industry energy
use -gas fuel, Power plant energy use -gas fuel,
Long-distance gas transmission

Gas production

Oil production

Oil reﬁnery

Agricultural activity data are taken from FAOSTAT (2018) with projections aligned to the most recent
forecast of FAO (Alexandratos and Bruisma 2012) and complemented with data from national sources e.g.,
reporting to UNFCCC (2018) and EUROSTAT (2016) for information about manure management practices,
farm sizes etc. The historical and projected changes in global livestock numbers are illustrated in ﬁgure 3.
Activity data for the waste and wastewater sectors are derived in GAINSv4 using the methodology described
in the Supplement of Gómez-Sanabria et al (2018). Drivers for the generation of municipal solid waste (MSW)
are GDP per capita and urbanization rate, here in consistency with macroeconomic assumptions of the
4
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Figure 3. Changes in global livestock numbers relative year 2015 (=100) (FAOSTAT 2018 and Alexandratos and Bruisma 2012).

Figure 4. Global generation of solid waste 1970–2050 from municipal and manufacturing industry sources (gross, i.e., before recycling
or treatment). Estimated in GAINSv4 in consistency with population and macroeconomic projections of the IEA-WEO2018 following
the methodology described in Gómez-Sanabria et al (2018).

IEA-WEO2018 (see ﬁgure 1). Elasticities for MSW generation by income group are estimated from historical
data and reﬂect the relative increase in average per capita waste generated in response to a relative increase in the
average per capita income and urbanization rate. As shown in Gómez-Sanabria et al higher waste generation
elasticity estimates are found for countries with higher incomes. At lower income levels, households primarily
generate food waste, while at higher average income levels it is primarily the generation of non-food waste that
increase with income. Figure 3 illustrates the global gross generation of waste (i.e., before disposal through
scattering, landﬁll, recycling, incineration or other treatment) for the period 1970–2050 as estimated within the
GAINSv4 model. Because of slow decomposition of organic waste in landﬁlls, we account for a time-lag of up to
20 years between disposal of waste to a landﬁll and the release of CH4 emissions. To estimate emissions from the
year 1990 onwards, it is therefore necessary to estimate waste generation already from the year 1970. As shown in
ﬁgure 4, the growth rate for the generation of global municipal solid waste is estimated to increase after 2010,
with global amounts growing by 4.5 percent between 2005–2010 and by 14 percent between 2010–2015. Note
that for the waste sector the baseyear for projections is 2010 and the 2015 estimate is a model result. The strong
increase in global MSW generation between 2010 and 2015 is mainly driven by an expected 20 percent increase
in MSW generation in China and India, which follows from the application of a higher MSW generation
elasticity as several provinces move into higher average income segments between 2010 and 2015. Although a
model result in GAINSv4, the higher growth rate for China after 2010 is conﬁrmed empirically by Chayy et al
(2018) who ﬁnd that collected and transported MSW in China increased by 1.5 percent between 2005 and 2010
and by 21 percent between 2010 and 2015.
5

Environ. Res. Commun. 2 (2020) 025004

L Höglund-Isaksson et al

2.3. Emission factors and current control legislation
Sector-speciﬁc emission factors are identiﬁed both for a no control case and for each control technology
applicable to the speciﬁc sector in a country. Emission factors are adopted from country-speciﬁc information
and/or derived in a consistent manner across countries from information on factors determining the countryspeciﬁc emission factors. Table 2 presents a selection of the most important information sources for CH4
emission factors in GAINSv4 with a focus on updates made after the publication of Höglund-Isaksson (2012). In
addition, a wealth of national information has been fed into individual emission factor estimates, as documented
in Höglund-Isaksson (2012, 2017), Höglund-Isaksson et al (2015, 2018), and Gómez-Sanabria et al (2018). More
sector details are available in section S6 of the SI.
An implicit assumption in the development of the baseline scenario is that it considers effects on current and
future CH4 emissions from regulations and legislation already adopted as of Dec 2018. Tables S4–1 in the SI
presents a list of implemented national and regional legislation with direct or indirect impacts on CH4 emissions
that have been considered in the GAINSv4 baseline scenario. Note that future mitigation potentials and
associated costs are always assessed as additive to the baseline. Emission reductions and costs incurred by
abatement options adopted already in the baseline are not reﬂected in the estimation of future mitigation
potentials and costs.
2.4. Technical mitigation potential and costs
The mitigation potential assessed in the marginal abatement cost curves of the GAINSv4 model refers to feasible
reductions in emissions through adoption of technologies deﬁned as installations or applications of physical
equipment or material, or modiﬁcations in physical parameters affecting emissions. In the short-run,
immediate adoption of control technology is assumed constrained by lock-in of investments into existing
technology, with successive phase in of new technology modelled by sector over the period 2020–2035 and with
full effect on emissions from implementation of maximum technically feasible reductions (MFR) only
achievable from 2040 onwards. The GAINSv4 baseline scenario assumes no effects on costs and removal
efﬁciencies from technological development as it is assumed that any incentives to adopt (and therefore further
develop) emission control technology rely heavily on the existence and stringency of policies directly addressing
CH4 emissions. Hence, without further policy incentives, there are assumed to be no further driver for
technological development, which means emission factors for a given technology remain constant over time in
the baseline. An exception could be technologies that simultaneously reduce CH4 emissions and recover/save
gas that can be utilized for energy purposes. Adoption of such technologies may arise spontaneously if the future
price of gas become high enough to make gas recovery proﬁtable. As the development in future fuel prices is
highly uncertain, such technology uptake is not reﬂected in the baseline scenario, but treated as a future
mitigation potential available at a negative cost. In contrast to the baseline scenario, GAINSv4 mitigation
scenarios for CH4 assume additional policy incentives are indeed put in place to stimulate both uptake and
further development of CH4 abatement technology. Assumptions in GAINSv4 about the effects of technological
development on removal efﬁciency and costs for CH4 mitigation options are presented in tables S5–1 of the SI.
Justiﬁcations for these assumptions are based on empirical ﬁndings of observed developments in control
technology following introductions of NOx and SO2 regulations in the US (Popp 2003), Japan (Matsuno et al
2010) and Sweden (Höglund-Isaksson and Sterner 2010) in the 1990s, as presented in section 2.5.1 of HöglundIsaksson et al (2018).
Unit costs for mitigation of CH4 per unit of activity are in GAINSv4 calculated as the sum of investment
costs, labour costs, non-labour operation and maintenance costs, cost-savings due to recovery or saving of
electricity, heat or gas, and non-energy cost savings like avoidance of landﬁll fees. Unit costs are expressed in
constant 2010 Euros per unit of activity. Country and sector speciﬁc annual average wages for the agricultural
and manufacturing industry sectors are taken from LABORSTA (ILO 2010) for historical years. Growth in
average future wages is proportional to the expected future development in GDP per capita with sector
adjustments consistent with growth in sector value added as provided by IEA-WEO (2018). The cost-saving of
energy recovery from biogas production or reduced leakage of natural gas during production, transmission and
distribution is set equal to the expected future electricity or gas consumer price in industry as taken from the
IEA-WEO (2018) New Policies Scenario. Gas recovery refers to the recovery of gas of an upgraded quality of 97
percent CH4. For some mitigation options, e.g., when biogas is recovered from large-scale anaerobic digestion of
food and organic waste, upgrading from 60 to 97 percent CH4 is necessary for supplying the gas to the grid
(Persson 2003). Costs for upgrading gas have in these cases been included in investment costs.
The total mitigation cost in sector s, country i and year t is deﬁned for sets of application combinations of the
possible technologies applicable to the sector. For a given country, year and sector, a technology setting is deﬁned
such that the sum of all application rates Applitsm of possible technologies m (including the no control option) is
always unity. The total cost of each technology setting is deﬁned as:
6

Emission source sector

Dairy cows

Non-dairy beef cattle

7
Pigs
Sheep & other livestock

Rice cultivation
Agricultural waste
burning
Combustion of biomass
fuels
Combustion of fossil
fuels
Coal mining

Oil reﬁnery & storage
Natural gas production

Baseline
2015

Baseline
2050

Emissions in 2050 after Max
technically feasible reduction (MFR)

Cumulative emissions 2020–2050

Tg CH4

Tg CH4

Tg CH4

Technical abatement
in % below 2050
Baseline

23.4

27.9

24.8

−11%

804

696

−14%

55.0

64.0

53.5

−16%

1857

1561

−16%

5.3

5.5

3.2

−42%

165

112

−32%

26.7

34.3

34.1

-1%

967

881

−9%

32.0

32.1

16.3

-49%

994

659

−34%

3.5

3.5

0.0

-100%

110

37

−66%

8.5

8.0

8.0

0%

246

220

−10%

No technical abatement option identiﬁed.

3.4

5.3

5.3

0%

130

120

−8%

Pre-mining degasiﬁcation. Ventilation air
methane oxidation with improved ventilation.
Flooding.
Extended recovery of associated gas. Leakage
detection and repair programs (LDAR) for unintended leakage.
Leakage detection and repair programs (LDAR)
for unintended leakage.

37.1

36.2

15.3

-58%

1145

666

−42%

3.5
43.5

3.8
51.9

0.3
6.1

−92%
−88%

118
1460

46
612

−61%
−58%

0.2

0.2

0.1

−66%

6

3

−46%

9.4

13.8

2.2

−84%

370

162

−56%

Enteric fermentation: feed changes and breeding
to improve productivity and animal health/fertility. Manure management: treatment in biogas
digester. Applicable to large farms>100 LSU.
Enteric fermentation: feed changes and breeding
to improve productivity and animal health/fertility. Manure management: treatment in biogas
digester. Applicable to large farms>100 LSU.
Manure management: treatment in biogas
digester.
Enteric fermentation: feed changes and breeding
to improve productivity and animal health/
fertility.
Improved water management, use of alternative
hybrids and soil amendments
Ban and enforcement of existing bans on agricultural wasre burning.
No technical abatement option identiﬁed.

Baseline Tg
CH4

MFR Tg
CH4

Technical abatement
in % below cumulative
Baseline

L Höglund-Isaksson et al

Abandoned coal mines
Oil production

Technical abatement options implemented
in MFR

Environ. Res. Commun. 2 (2020) 025004

Table 2. Global baseline and MFR CH4 emissions in years 2015 and 2050 and cumulative emissions 2020–2050 by source sector.

Technical abatement options implemented
in MFR

Emission source sector

8

Unconventional gas
production
Gas transmission
Gas distribution

Municipal solid waste
Industrial solid waste
Domestic wastewater

Industrial wastewater

Leakage detection and repair programs (LDAR)
for unintended leakage.
Leakage detection and repair programs (LDAR)
for unintended leakage.
Leakage detection and repair programs (LDAR)
for unintended leakage.
Replacement of grey cast iron pipes and doubling
of control frequency. Leak Detection and Repair
(LDAR) programs.
Source separation with recycling or treatment
with energy recovery. No landﬁll of organic waste.
Recycling or treatment with energy recovery. No
landﬁll of organic waste.
Upgrade of primary treatment to secondary/tertiary anaerobic treatment with biogas recovery
and utilization.
Upgrade of treatment to two-stage treatment, i.e.,
anaerobic with biogas recovery followed by aerobic treatment.

Baseline
2050

Emissions in 2050 after Max
technically feasible reduction (MFR)

Cumulative emissions 2020–2050

Tg CH4

Tg CH4

Tg CH4

Technical abatement
in % below 2050
Baseline

Baseline Tg
CH4

MFR Tg
CH4

Technical abatement
in % below cumulative
Baseline

10.8

22.3

6.6

-70%

592

320

−46%

9.1

10.3

3.8

−63%

305

174

−43%

11.2

17.3

0.4

−98%

461

161

−65%

31.9

60.4

10.9

−82%

1431

653

−54%

11.3

23.8

6.2

−74%

533

271

−49%

8.0

10.6

7.9

-26%

294

224

−24%

10.0

18.8

0.2

−99%

464

159

−66%

344
204
133
7

450
277
164
9

205
157
43
5

−54%
−43%
−74%
−40%

12451
7511
4700
240

7736
5215
2364
157

−38%
−31%
−50%
−35%

L Höglund-Isaksson et al

Total
whereof biogenic sources
whereof fossil sources
whereof biomass burning sources

Baseline
2015
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TC its =

å [A its * Citm * Appl itsm] ,

(3)

m

where Aits is the activity level, Citm is the cost per unit of activity and å m Appl itsm = 1.
The country- and year- speciﬁc average cost per unit of reduced emissions is ﬁrst calculated for each
technology available by dividing the unit cost with the difference between the technology emission factor and the
no control emission factor, such that:
AC itm =

ef itNo

C itm
_ control

- efitm

.

(4)

Within a sector, the available technologies are ﬁrst sorted by increasing average cost. The technology with the
lowest average cost is ranked the ﬁrst-best technology and assumed adopted to its maximum applicability in a
given sector. The second-best technology has the second lowest average cost and is assumed available for
adoption provided it can achieve an emission factor that is lower than the ﬁrst-best technology. The marginal
cost of the second-best technology when implemented in the marginal abatement cost curve (MACC) is the unit
cost divided by the additional emission reduction still available for a given sector, i.e.
MC it 2 =

C it 2 - C it1
.
efit1 - efit 2

(5)

In a similar manner, each additional technology available in a sector is added on top of the next best available
technology. The result is a MACC built up technology-wise by sector, country and year. Note that if most of the
technical abatement potential is exhausted with the ﬁrst-bejst technology, the marginal cost of subsequent
technologies becomes very high due to the limited additional emission reduction potential. Note also that a
technology with both a higher average cost and a higher emission factor than another technology available to a
sector will not be adopted at all, since it is both less effective in reducing emissions and comes at a higher cost
than other available technologies. Finally, abatement technologies are not always additive, but can also be partly
complementary. This is the case e.g., for measures addressing emissions from rice cultivation and enteric
fermentation in cattle. For these sectors, we have constructed ‘combined technologies’, which reﬂect the overall
effect on emissions and costs when more than one measure are implemented simultaneously. For rice
cultivation, the ﬁrst-best technology is improved water management by extending the periods ﬁelds are dried
out. The second-best technology is improved water management combined with low-CH4 hybrids and use of
soil enhancing amendments. For enteric fermentation in cattle, the ﬁrst-best technology is breeding for
enhanced productivity and animal health and fertility, while the second-best option is to combine breeding with
different animal feed changes.
2.5. Uncertainty
Uncertainty is prevalent along many different dimensions both in the estimations of emissions, abatement
potentials and costs. When constructing global bottom-up emission inventories at a detailed country and source
level, it is inevitable that some information gaps will be bridged using default assumptions. As it is difﬁcult to
speculate about how such sources of uncertainty affect resulting historical and future emission estimates, we
instead address uncertainty in historical emissions by making comparisons to estimates by other publicly
available and independently developed bottom-up inventories, i.e., EDGARv4.3.2 (2018) and CEDS-CMIP6
(2017), and various top-down estimates consistent with atmospheric measurements and inverse model results
(e.g., Saunois et al 2016). Comparisons of global historical CH4 emission estimates are presented in section 3.1
and by World region in section S2 of the SI. The bottom-up inventories adhere to the recommended guidelines
of the IPCC (2006), however the ﬂexibility in the recommended methodologies is large as it depends on the
availability and quality of the gathered source information. There is accordingly a wide range of possible sources
of uncertainty built into estimations in these comprehensive efforts. Having a pool of independently developed
inventories, each with its own strengths and weaknesses, can improve the understanding of the scope for
uncertainty in these estimates.
Regarding uncertainty in emission projections and as already discussed in section 2.2, we only produce one
baseline scenario, which is consistent with the economic and energy sector developments of the IEA-WEO
(2018) New Policies Scenario. Providing a range of baselines describing different future developments in the
activity drivers is out of scope of this study as the intention here is to focus on the relative technical mitigation
potentials and costs for reducing emissions at the region, sector and technology level.
Uncertainty in cost estimations is generally high. This is partly a feature of the many dimensions along which
uncertainty enters into cost estimates and partly a general lack of detailed information on abatement costs in the
literature. There are some uncertainty features that are more systematic than other as they derive from more
general assumptions about how investors make decisions about adoption of control technologies. To account
for the uncertainty range caused by these particular assumptions, we estimate a range for the marginal
abatement cost curves (MACCs). The upper range limit represents the most pessimistic case in the sense that we
9
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assume no further technological development and that marginal abatement costs reﬂect a private investor
perspective. Private investors are assumed to operate with a ten percent interest rate on ﬁxed investments, a
maximum investment perspective limited to ten years, and no speculation about an expected future increase in
energy prices but only considering current (here referring to projected 2020) energy prices when deciding on
investments. The lower range limit of the MACC represents the most optimistic case assuming the cost
perspective of a social planner and with improving removal efﬁciencies and declining abatement costs over time
due to technological development. A social planner is assumed to take decisions based on a four percent interest
rate for ﬁxed investments, considering the entire expected lifetime of the technology, and a future increase in
energy prices as expected in the projections of the IEA-WEO (2018) New Energy Policies scenario. Why is it of
interest from a climate policy point of view to consider both private investor and social planner perspectives on
future abatement costs?The reason is that a social planner, when looking to balance the costs and beneﬁts of
climate change mitigation against those of other areas of public spending, e.g., health and education, will need to
make such trade-offs on the basis of a low discounting of future values in order to secure opportunities for
decent lives also for coming generations. Hence, the social planner’s MACCs are suitable for taking decisions
about targets for emission reductions that will optimize social welfare. When considering implementation of
policies that will actually achieve the socially optimal emission reduction targets, policy maker ought to rely on
MACCs estimated from the private investor perspective. These reﬂect better the higher marginal abatement
costs (and higher carbon price levels) needed for private investors to ﬁnd it proﬁtable to invest in abatement at a
level that meets the desired emission reduction targets (Baumol and Oates 1971).

3. Results
3.1. Historical anthropogenic CH4 emissions 1990–2015 in GAINSv4
For a good understanding of future emissions, we must ﬁrst understand the current level and source attribution
of emissions. We therefore develop a global inventory of annual CH4 emissions 1990–2015 and compare it to
other global bottom-up inventories as well as to top-down inverse model results. GAINSv4 bottom-up estimates
of global anthropogenic CH4 emissions 1990–2015 are presented in ﬁgure 5. GAINSv4 does not include
estimates of emissions from forest ﬁres and savannah burning due to a lack of detailed country-speciﬁc
information. For the purpose of illustrating total anthropogenic CH4 emissions in ﬁgure 5, the GAINSv4
estimate of all other CH4 sources has been complemented with the global estimates of emissions from forest ﬁres
and savannah burning from the GFEDv4.0 database (Randerson et al 2018).
GAINSv4 estimates a decline in global CH4 emissions in the ﬁrst half of the 1990s, primarily a consequence
of the collapse of the Soviet Union and the associated general decline in production levels in agriculture and
fossil fuels (see Regional emission illustrations in ﬁgures S2–1 of the SI). In addition, as described by Evans and
Roshchanka (2014) and assumed in Höglund-Isaksson (2017), venting of associated petroleum gas declined
signiﬁcantly in Russia due to an increase in ﬂaring. It is unclear why this happened, but a possible explanation
could be that the privatization of oil production in this period meant that the new private owners were less
willing to take the security risks of venting and invested in ﬂaring devices to avoid potential production
disruptions. This hypothesis is however yet to be conﬁrmed. Global CH4 emissions are estimated to remain
relatively constant in the second half of the 1990s, but then start to increase in the ﬁrst few years of the new
millennia. This time the primary drivers for growth in emissions are a mix of sources; increased coal mining in
China, increased oil and/or gas production in Russia and Africa, rapidly expanding cattle rearing in Latin
America, and increased generation of waste and wastewater in China, India and the rest of South-East Asia. The
latter driven by population and rapid economic growth. Between 2008 and 2010 there is a brief downturn in
emissions following a general decline in economic activity in response to the global ﬁnancial crisis. After 2010
emissions increase again with principal drivers being; rapidly growing extraction of unconventional gas in North
America, increased coal mining in Indonesia, and accentuated growth in waste and wastewater emissions in all
rapidly developing regions of the world, including China, India, the rest of South-East Asia, Latin America, and
Africa. The latter development would offer a possible explanation to observed increases in atmospheric CH4
from biogenic sources in tropical regions (Nisbet et al 2014, 2019). It should however be noted that there is also a
small but steady increase in global emissions from livestock, in particular beef and dairy. Emissions from pigs
have however seen a slight decline in the last decade due to an expansion in the use of biogas digesters in Europe
for treatment of pig manure.
In ﬁgure 5, the GAINSv4 bottom-up estimates are compared with the average top-down estimates of
anthropogenic emissions following from inverse model results reconciling bottom-up with top-down
measurements of the CH4 concentration in the atmosphere. Saunois et al (2016) provide such estimates for three
time periods: 2000–2009, 2003–2012, and 2012. As shown, these estimates align quite well with the GAINSv4
bottom-up estimates. Figure 6 illustrates the average and full uncertainty ranges for top-down estimates of
10
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Figure 5. Annual bottom-up estimates of global anthropogenic CH4 emissions 1990–2015 in GAINSv4 and in comparison to topdown average estimates from Saunois et al 2016. Note that global CH4 emissions from forest ﬁres and savannah burning are taken
from GFEDv4 (Randerson et al 2018).

emissions by groups of CH4 isotopic signatures identiﬁable in the atmosphere and mentioned e.g., in Saunois
et al (2016) and Dlugokencky et al (2011). The isotopic signatures make it possible to distinguish between
atmospheric CH4 from biogenic (agriculture and waste) sources, fossil fuel sources, and burning of biomass
sources. GAINSv4 estimates fall within the uncertainty ranges of the atmospheric measurements for all three
CH4 isotopic signature groups. For the biogenic sources presented in ﬁgure 6(a), GAINSv4 estimates are close to
those by CEDS-CMIP6 (2017) and lower than those by EDGARv4.3.2 (2018). The higher CH4 emissions from
biogenic sources in EDGARv4.3.2 can primarily be attributed to higher annual emissions from wastewater
sources than in GAINSv4 (see table 5.3 in Höglund-Isaksson et al 2015), in particular for Africa and South-East
Asia where GAINSv4 assumes poor conditions for CH4 formation in areas lacking proper infrastructure for
centralized wastewater collection. For fossil fuel sources presented in ﬁgure 6(b), the average top-down estimate
of CH4 by Saunois et al is somewhat lower than the GAINSv4 estimate from year 2000 onwards and considerably
lower than the CEDS-CMIP6 estimate for the later years, as discussed in detail below. For emissions from
burning of biomass and biofuels presented in ﬁgure 6(c), the sum of the GAINSv4 estimate of CH4 emissions
from burning of agricultural waste residuals and the GFEDv4.0 estimate of global CH4 emissions from forest
ﬁres and savannah burning, reveals that the GAINSv4 estimate for these sources falls somewhat short of the
average top-down estimate.
Figure 7 displays the estimates of CH4 emissions from fossil fuel sources by hydrocarbon source and global
bottom-up inventory (for further details see section S3.3 of the SI). In panel 7a, GAINSv4 shows fairly constant
estimates of annual emissions of about 80 Tg CH4 from global oil and gas systems between 1995–2015. Looking
closer we see that this seemingly stable emission level is the result of steadily increasing emissions from natural
gas extraction, driven by increased gas production in general and shale gas production in particular, and a
simultaneous steady decline in emissions from oil extraction. The latter is referred to increased recovery rates for
associated petroleum gas, particularly in Russia and parts of Africa (Höglund-Isaksson 2017). Emissions from oil
and gas systems are in the CEDS-CMIP6 and EDGAR v4.3.2 inventories reported as aggregates and it is therefore
difﬁcult to know whether the same developments in oil and gas production emissions, respectively, are prevalent
11
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Figure 6. GAINSv4, CMIP6 and EDGARv4.3.2 bottom-up estimates of global anthropogenic CH4 emissions by CH4 isotopic
signatures and in comparison to the uncertainty ranges (depicted as boxes) and average estimates (depicted as dots) for top-down
atmospheric measurements as reported in Saunois et al 2016.

Figure 7. Global fossil fuel CH4 emissions by source and bottom-up inventory. Global emissions from oil and natural gas systems in
Panel 7a and from coal mining activities in Panel 7b.

also in these inventories. Panel 7b shows how global emissions from coal mining (including from abandoned
coalmines) develop over time in the different bottom-up inventories. While GAINSv4 and EDGARv4.3.2 agree
quite well, CEDS-CMIP6 estimates considerably higher emissions from this source, in particular for China in
the period post-2005. The basis for the higher emissions from coal mining in China in CEDS-CMIP6 is not clear,
however, consistent with higher emissions from this source in previous versions of EDGAR (see table 5.3 in
Höglund-Isaksson et al 2015). Recent results of inverse models (Miller et al 2019, Sheng et al 2019) ﬁnd
considerably lower CH4 emissions from coal mining in China, indicating that also estimates by GAINSv4 and
EDGAR 4.3.2 may be on the higher side.
3.2. Baseline scenario for global anthropogenic CH4 emissions 1990–2050
A global projection of baseline anthropogenic CH4 emissions to 2050 consistent with the energy sector
developments of the IEA-WEO (2018) New Policies Scenario, is presented in the left panel in ﬁgure 8 in ﬁve-year
intervals. Baseline emissions are expected to increase close to linearly by about 3 Tg CH4 per year or 30 percent
between 2015 and 2050. Global emission increases are primarily driven by an expected increase in solid waste
generation as population grows and countries become richer and by an expected increased extraction of
unconventional natural gas. The latter is partly a reﬂection of a substitution of coal with natural gas and
renewables projected in the IEA-WEO (2018) New Policies Scenario and goes together with a decline in
emissions from coal mining in the period post-2030 in that particular energy scenario.
Baseline emission developments at a regional level are presented in ﬁgures S3–1 in the SI. For China, baseline
CH4 emissions are expected to continue growing to 2040, but then level off at an annual emission level of about
65 Tg CH4 due to a decline in coal mining. A strong increase in CH4 emissions from shale gas production in
North America is expected to continue until 2045, when emissions decline due to a projected drop in gas
demand in the IEA-WEO2018 New Policies scenario. Due to already adopted climate policy strategies, the
European Union is expected to be on track for a decline in CH4 emissions by about 20 percent between 2015 and
12
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Figure 8. Global anthropogenic CH4 emissions 1990–2050 in the Baseline scenario (left panel) and with Maximum technically feasible
reduction (MFR) including effects of technological development (right panel).

2030, however, further reductions will need implementation of additional policy incentives. Continued growth
in population and income are expected to drive increases in waste and wastewater CH4 emissions in Africa, India
& South-East Asia. A continued increase in demand for beef is expected to be the prime driver for increased CH4
emissions in Latin & Central America, while a continued demand for oil drives emission increases in the Middle
East. An expected rapid growth in natural gas production in Australia coupled with no phase-out of coal mining,
translate into a steady increase in emissions in Oceanian OECD (Australia, New Zealand and Japan) in the
period leading up to 2050.
3.3. Technical mitigation potentials in the 2050 timeframe
The maximum technically feasible reduction (MFR) of global anthropogenic CH4 in year 2050 is estimated at
54 percent below baseline emissions of that year. This corresponds to a global emission level that is 40 percent
below the 2015 level and reﬂects that baseline emissions are expected to grow by 30 percent between 2015 and
2050 (see right panel of ﬁgure 8). The MFR for fossil fuel sources is assessed at 74 percent below baseline in 2050
(see table 3), assuming full implementation worldwide of at least 98 percent recovery of associated petroleum gas
and, in addition, leakage detection and repair (LDAR) programs to reduce unintended leakage during
extraction, transmission and distribution of natural gas. Investments into control of fossil fuel emissions would
of course become redundant should the World decide on a massive phase-out of fossil fuel use in the next few
decades. High technical abatement potentials at about 80 percent below baseline emissions in 2050 are
considered feasible for CH4 emissions from solid waste management. This assumes it possible in a twenty years
perspective to extend the infrastructure for source separation, recycling and energy recovery schemes globally,
including a ban on all landﬁll of organic waste and allowing for useful utilization of the carbon content of the
waste (Gómez-Sanabria et al 2018).
The technical abatement potential for agricultural sources is assessed at 21 percent below baseline emissions
in year 2050. This includes relatively limited abatement potentials for livestock of 12 percent due to applicability
limitations (see section S3.4. in the SI for details). Large farms with more than 100 LSU contribute about a third
of global CH4 emissions from livestock and for this group we ﬁnd it technically feasible to reduce emissions by
just over 30 percent below baseline emissions in year 2050 (see ﬁgures S6–2 in the SI). The available options
include reduction of enteric fermentation emissions through animal feed changes (Gerber et al 2013, Hristov
et al 2013) combined with implementation of breeding schemes that simultaneously target genetic traits for
improved productivity and enhanced animal health/longevity and fertility. Increased productivity reduces
system emissions by enabling the production of the same amount of milk using fewer animals. The dual
objective in breeding schemes is important as a one-eyed focus on increased productivity leads to deteriorating
animal health and fertility and a risk that system emissions increase due to a need to keep a larger fraction of
unproductive replacement animals in the stock (Lovett et al 2006, Berglund 2008, Bell et al 2011). The enteric
fermentation options are considered economically feasible for commercial/industrial farms with more than 100
LSU but not for smaller- and medium- sized farms. Breeding schemes are assumed to deliver impacts on
emissions only after 20 years and feed changes are assumed applicable only while animals are housed indoor.
Emissions from manure management can be reduced through treatment of manure in anaerobic digesters (ADs)
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Table 3. Absolute MFR emission reduction potentials below baseline in 2030 and 2050 for global CH4 from the agricultural sector, as
estimated in GAINSv4 and by Beach et al (2015), Frank et al (2018) and Harmsen et al (2019).
Maximum technical mitigation potential for CH4 from global agricultural sources
2030

CH4 sources
Rice cultivation
Manure management
Enteric fermentation
Agric. waste burning
Total agriculture

2050

Beach et al 2015
Pg CO2eq

Frank et al 2018
Pg CO2eq

GAINSv4
Pg CO2eq

Harmsen et al 2019
Pg CO2eq

Frank et al 2018
Pg CO2eq

GAINSv4
Pg CO2eq

0.2
0.27

0.2–0.35
0.04–0.1
0.03–0.1
0
0.27–0.55

0.17
0.034
0.086
0.05
0.34

0.37
0.13
1.2
0
1.7

0.27
0.15
0.09
0
0.52

0.44
0.074
0.37
0.10
0.99

0
0.47

with biogas recovery. To be efﬁcient from both an economic and environmental point of view, a certain scale is
needed to accommodate both the ﬁxed investment of the AD plant and the time farmers spend carefully
attending to and maintaining the process (for details see section 3.3.1.3 in Höglund-Isaksson et al 2018). About a
third of global livestock CH4 emissions can be attributed to smallholder farmers particularly prevalent in Africa
and South-East Asia. These livestock typically have low productivity and emissions per head and are well adapted
genetically to local conditions. We do not consider any technical abatement potential for this group of farmers,
because enhanced productivity may not be of primary interest when considering that livestock often ﬁlls a dual
purpose; beside providing milk and meat it also functions as a mean to store assets and manage risks over time
(FAO 2008, Udo et al 2011). In absence of access to credit markets and publicly provided health care, the
robustness of indigenous breeds may become more important than the increased production that can be
achieved by introducing highly productive breeds from abroad. Hence, control of these emissions are closely
linked to more general institutional and economic reforms. For CH4 emissions from rice cultivation, a halving
of global emissions is considered possible through improved water management that shorten the period of
continuous ﬂooding of ﬁelds, combined with a use of low-CH4 generating hybrids and different soil
amendments (see section S6.5 of the SI for details).
Due to locked in capital of existing technology in the short-run, the cumulative emissions in the MFR
scenario is assessed at 38 percent below baseline between 2020 and 2050 (see table 3). This leaves 7.7 Pg CH4 or
216 Pg CO2eq using GWP100 from AR5 (IPCC 2013) released globally between today and 2050 that will likely be
difﬁcult to remove through technical solutions. In 2050, MFR leaves 5.7 Pg CO2eq of CH4 still released. This is a
lot if we consider that to stay at 1.5 degrees warming, IPCC (2018) estimates we must not exceed 10 Pg CO2eq for
all greenhouse gases in 2050 (and be at zero net emissions around 2075). In addition to technical solutions, this
calls for widespread implementation in the 2050 timeframe of behavioural options, e.g., human diet changes
that reduce meat and milk consumption (e.g, Springmann et al 2016, Clune et al 2017, Willett et al 2019) and
general institutional and social reforms indirectly mitigating greenhouse gas emissions in developing countries
(Evans and Steven 2009).
Figure 9 illustrates the technical CH4 abatement potentials 2020–2050 by major World region. As expected,
the technical abatement potentials are highly region-speciﬁc with the largest relative reduction potentials
possible in major fossil fuel supplying regions like Russia and the Middle East. Signiﬁcantly lower reduction
potentials are found for regions where agricultural sources dominate CH4 emissions, i.e., India, Latin America,
Oceanian OECD and South-East Asia.
3.4. Marginal abatement cost curves for global CH4 abatement in the 2050 timeframe
The estimated range for the global MACC for CH4 in year 2050 is presented in ﬁgure 10. The lower range limit of
the MACC corresponds to a social planner’s perspective and include impacts of technological development,
while the upper range limit corresponds to a private investor’s perspective and excluding impacts from
technological development (see section 2.5). Starting from a baseline emission level of 450 Tg CH4 in 2050, a 35
percent reduction is estimated as possible at a zero or negative marginal cost (i.e., at a net proﬁt) at the lower
range limit of the MACC, while the same relative reduction would only be possible with the introduction of an
additional policy incentive equivalent to 82 €/t CO2eq at the upper range limit of the MACC. At the lower range
limit it is considered possible to almost halve baseline emissions in 2050 at a marginal cost below 20 €/t CO2eq,
while at the upper range limit three quarters of the full baseline emissions are expected to remain at the same
marginal cost level. Hence, the marginal abatement costs are highly sensitive to the time and opportunity cost
perspective of the investor and to the potential impact from technological development on costs and removal
efﬁciencies. Although policy makers must have a social planner’s perspective when determining the optimal
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Figure 9. Technical CH4 abatement pathways to 2050 by major world region and source sector.

allocation of resources to emission abatement in relation to other public goods, they must let a higher MACC
guide the setting of carbon price levels to provide enough incentives for private investors to achieve the desired
emission reductions in various sectors and regions.
The ranges for the MACCs differ signiﬁcantly between major source sectors both at a global scale (see
ﬁgure 11) and across World regions (see ﬁgure 12). At the lower range limit, more than 85 percent of the global
15
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Figure 10. Range of global marginal abatement cost curve (MACC) for CH4 in year 2050.

Figure 11. Ranges for global marginal abatement cost curves for reducing CH4 emissions in 2050 by major source sector.

MFR is found attainable at a marginal cost below 20 €/t CO2eq for all three major source sectors Energy,
Agriculture and Waste. At the upper range limit, however, a policy incentive equivalent to the same carbon price
level achieves the more modest emission reductions of 57, 71 and 50 percent, respectively. It is evident from the
regional analysis that extensive potentials to reduce CH4 emissions at low costs exist in the fossil fuel production
sectors in Russia and the Middle East. Targeting these two sources alone could remove more than 10 percent of
global baseline emissions in 2050. An additional almost 10 percent of baseline emissions in 2050 could be
16
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Figure 12. Ranges for marginal abatement cost curves (MACCs) in 2050 by major source sector and world region.

removed at a marginal cost below 20 €/t CO2eq by implementing proper waste and wastewater handling in
China, India and the rest of South-East Asia. This would likely come with considerable co-beneﬁts in the form of
reduced air and water pollution.
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Figure 13. Relative MFR potentials below baseline in year 2050 for global CH4 emissions in total and by source sector as estimated in
GAINSv4 and by Harmsen et al (2019) and Lucas et al (2007).

3.5. Comparison to other studies
The long-run technical abatement potential for global CH4 emissions in year 2050 has been assessed by Lucas
et al (2007) and Harmsen et al (2019). Figure 13 illustrates the MFR in total and by sector as estimated in these
two studies in comparison to GAINSv4. The different assessments agree fairly well on the long-run technical
abatement potential in non-agricultural sectors. Lucas et al appears generally to be more optimistic than both
Harmsen et al and GAINSv4. The most notable difference is in the assessment of the technical abatement
potential for the agricultural sector. Table 3 presents recent estimates from four different studies of global CH4
mitigation potentials in 2030 and 2050 for this sector. GAINSv4 is slightly more conservative than Beach et al
(2015) in the estimate for 2030, but well within the range estimated in Frank et al (2018). In the 2050 timeframe,
the maximum technically feasible reduction of about 1 Pg CO2eq in GAINS v4 appears as a middle estimate
between the Frank et al estimate of 0.52 and the Harmsen et al estimate of 1.7 Pg CO2eq. The discrepancy can
mainly be referred to differences in livestock sector mitigation potentials, where GAINSv4 estimates maximum
12 percent reductions in global manure management and enteric fermentation emissions, respectively.
Harmsen et al estimates 55 and 41 percent reductions for the respective sources and Lucas et al 50 percent for
both sources. This difference can be referred to the applicability limitations introduced in GAINSv4 on the basis
of farm size and intensive/extensive systems as discussed in section 3.3 and sections S6–4 in the SI. Harmsen et al
and Lucas et al assume almost the same applicability rates for livestock mitigation options across different World
regions and no applicability constraints for implementation of enteric fermentation (breeding and animal feed
changes) options to the about one third of livestock emissions attributable to smallholder farmers in developing
countries. Such applicability constraints apply in GAINSv4 due to the important role livestock herds play in the
management of risks for smallholder farmers in Africa and South-East Asia (see section S6.4 in the SI). GAINSv4
is however considerably more optimistic than Frank et al about the mitigation potentials of breeding and animal
feed changes in year 2050.

4. Conclusions
Keeping to the Paris Agreement of staying well below two degrees global warming will require a concerted effort
to curb methane (CH4) emissions in the period leading up to 2050. The many diverse sources of CH4 makes it
particularly challenging to design policy instruments that effectively achieve deep emission reductions. A key
piece of information for policy-makers is the potential and costs for lowering emissions relatively fast through
implementation of technical solutions in various source sectors and world regions. The purpose of this study is
to provide such information by exploring future technical abatement pathways for CH4 using the most recent
version of IIASA’s Greenhouse gas and Air pollution Interactions and Synergies (GAINS) model.
With a global annual inventory for 1990–2015 as starting point for future projections, a baseline emission
scenario to 2050 is developed against which the technical abatement potentials and costs are assessed at a
country, sector and technology level. Globally, we ﬁnd extensive technical opportunities at low costs to control
fugitive emissions from fossil fuel production and use. E.g., addressing fossil fuel extraction sources in Russia
18

Environ. Res. Commun. 2 (2020) 025004

L Höglund-Isaksson et al

and the Middle East would remove more than 10 percent of baseline emissions in 2050. An almost as large
reduction is expected below 20 €/t CO2eq from implementing infrastructure for source separation and
treatment of solid waste and proper wastewater treatment in China, India and the rest of South-East Asia. The
technical abatement potential is considerably more limited for agricultural sources, due in particular to
difﬁculties addressing CH4 emissions from extensive livestock rearing in developing countries, where the
keeping of large herds of robust but relatively unproductive animals often ﬁlls a vital function in farmers’ risk
management.
Overall, we ﬁnd it technically feasible in year 2050 to remove 54 percent of CH4 emissions below baseline,
thereby leaving 5.7 Pg CO2eq still released in 2050. This is cause for concern, considering that to stay at 1.5
degrees warming, IPCC estimates we must not exceed 10 Pg CO2eq for all greenhouse gases in 2050. In addition
to technical solutions, this calls for widespread implementation in the 2050 timeframe of institutional reforms
e.g., to improve smallholder farmers’ access to credit markets and public health services, and behavioural
options, e.g., human diet changes that reduce milk and beef consumption.
Finally, we ﬁnd the marginal abatement costs highly sensitive to the time and opportunity cost perspectives
of investors and to the impacts of technological development. Policy makers will need to consider this when
setting future reduction targets and carbon price levels to address CH4 emission reductions. In general, a higher
carbon price level than the one found optimal from a social planner’s perspective will be needed to stimulate
private investors to make market decisions that achieve the desired emission reductions.

Acknowledgment
Authors gratefully acknowledge ﬁnancial support from the Swedish Environmental Protection Agency
(Naturvårdsverket) under Grant contracts NV-00168-18 and NV-00220-19.

Author contributions
LHI developed the model code, performed emission and cost simulations, and prepared the manuscript with
contributions from all co-authors. AGS developed waste and wastewater sector emission estimates and
projections. ZK prepared and implemented FAO activity data projections for the agricultural sectors, PR
prepared and implemented the IEA-WEO activity data projections for the energy sectors, and WS provided
input to methodological discussions and model structure developments throughout the study.

ORCID iDs
Lena Höglund-Isaksson https://orcid.org/0000-0001-7514-3135
Adriana Gómez-Sanabria https://orcid.org/0000-0002-2317-3946
Peter Rafaj https://orcid.org/0000-0003-1000-5617

References
Abrahamse W and Steg L 2013 Social inﬂuence approaches to encourage resource conservation: A meta-analysis Global Environ. Change 23
1773–85
AIT 2003 Small and Medium scale Industries in Asia: Energy and Environment -Brick and Ceramic Sectors, Regional Energy Resources
Information Center (RERIC) (Pathumthani, Thailand: Asian Institute of Technology (AIT)) (https://doi.org/10.13140/
RG.2.1.1024.2648)
Alexandratos N and Bruisma J 2012 World Agriculture Towards 2030/2050 –The 2012 Revision, ESA Working Papers 288998 (Rome:
Agricultural Development Economics Unit, Food and Agricultural Organization of the United Nations) (https://doi.org/10.22004/
ag.econ.288998)
Alvarez R A et al 2018 Assessment of methane emissions from the US oil and gas supply chain Science (https://doi.org/10.1126/science.
aar7204)
Amann M et al 2011 Cost-effective control of air quality and greenhouse gases inEurope: Modelling and policy applications, Environmental
Modeling and Software 26 1489–501
Baumol W J and Oates W E 1971 The use of standards and prices for the protection of the environment, The Swedish Journal of Economics 73
42–54
Beach R H, DeAngelo B J, Rose R, Li C, Salas W and DelGrosso S J 2008 Mitigation potential and costs for global agricultural greenhouse gas
emissions Agricultural Economics 38 109–15
Beach R H, Creason J, Bushey Ohrel S, Ragnauth S, Ogle S, Li C, Ingraham P and Salas W 2015 Global mitigation potential and cost of
reducing agricultural non-CO2 greenhouse gas emissions through 2030 Journal of integrative environmental studies 12 87–105
Bell M J, Wall E, Simm G and Russell G 2011 Effects of genetic line and feeding system on methane emissions from dairy systems Anim. Feed
Sci. Technol. 166-167 699–707
Berglund B 2008 Genetic improvement of dairy cow reproductive performance Reprod. Dom. Anim. 43 89–95

19

Environ. Res. Commun. 2 (2020) 025004

L Höglund-Isaksson et al

Camilleri A R, Larrick R P, Hossain S and Patino-Echeverri D 2019 Consumers underestimate the emissions associated with food but are
aided by labels Nat. Clim. Change 9 53–8
CEDS-CMIP6 2017 CEDS Emissions Data for CMIP6, Joint Global Change Institute (USA: Paciﬁc Northwest National Laboratory and
University of Maryland) (http://globalchange.umd.edu/ceds/ceds-cmip6-data/)
Chayy L, Reyad M A H, Suy R, Islam M R and Mian M M 2018 Municipal solid waste generation in China: inﬂuencing factor analysis and
multi-model forecasting J. Mater. Cycles Waste Manage. 20 1761–70
Christensen T R, Arora V K, Gauss M, Höglund-Isaksson L and Parmentier F-J W 2019 Tracing the climate signal: mitigation of
anthropogenic methane emissions can outweigh a large Arctic natural emission increase Sci. Rep. 9 1146
Clune S, Crossin E and Verghese K 2017 Systematic review of greenhouse gas emissions for different fresh food categories J. Clean. Prod. 140
766–83
Dalsøren S B et al 2018 Discrepancy between simulated and observed ethane and propane levels explained by underestimated fossil fuel
emissions Nat. Geosci. 11 178–84
Delmas R 1994 An overview of present knowledge on methane emission from biomass burning Fertilizer Research 37 181–90
Dlugokencky E J, Nisbet E G, Fischer R and Lowry D 2011 Global atmospheric methane: budget, changes and dangers Phil. Trans. R. Soc. 369
2058–71
EDGARv4.3.2 2018 Emissions Database for Global Atmospheric Research (Joint Research Centre of the European Commission) (https://data.
europa.eu/doi/10.2904/JRC_DATASET_EDGAR)
Elvidge C D, Zhizhin M, Baugh K, Hsu F-C and Ghosh T 2016 Methods for global survey of natural gas ﬂaring from visible infrared imaging
radiometer suite data Energies 9 14
EMISIA 2013 COPERT Database on Emission Factors (Thessaloniki, Greece: Aristotle University of Thessaloniki, Laboratory of Applied
Thermodynamics) (https://emisia.com)
EUROSTAT 2016 European Commission (Brussels) (http://epp.eurostat.ec.europa.eu/)
Evans M and Roshchanka V 2014 Russian policy on methane emissions in the oil and gas sector: a case study in opportunities and challenges
in reducing short-lived forcers Atmos. Environ. 92 199–206
Evans A and Steven D 2009 An institutional architecture for climate change–a concept paper Report commissioned by the Department for
International Development and produced by Center on International Cooperation (New York: New York University) (http://envirosecurity.
org/gpc/publications/Institutional_architecture_climate_change.pdf)
FAO 2008 Managing Risk in Farming (Farm Management Extension Guides 03) (Rome: Food and Agricultural Organization of the United
Nations) 978-92-5-107543-2
FAO 2017a Low-emissions Development of the Beef Cattle sector in Argentina–Reducing Enteric Methane for Food Security and Livelihoods
(Rome: Food and Agricultural Organization of the United Nations and New Zealand Agricultural Greenhouse Gas Research Centre)
978-92-5-109880-6
FAO 2017b Low-emissions development of the beef cattle sector Uruguay –Reducing enteric methane for food security and livelihoods. (Rome:
Food and Agricultural Organization of the United Nations and New Zealand Agricultural Greenhouse Gas Research Centre) 978-925-109610-9
FAOSTAT 2018 Database of the Food and Agricultural Organization of the United Nations (Rome) (http://fao.org/faostat/en/#home)
Frank S, Beach R, Havlik P, Valin H, Herrero M, Mosnier A, Hasegawa T, Creason J, Ragnauth S and Obersteiner M 2018 Structural change
as a key component for agricultural non-CO2 mitigation efforts Nat. Commun. 9 1060
GAINSv4 2019 Greenhouse gas –Air pollution Interaction and Synergies Model (http://gains.iiasa.ac.at/) (Laxenburg, Austria: International
Institute for Applied Systems Analysis)
Gerber P J, Steinfeld H, Henderson B, Mottet A, Opio C, Dijkman J, Falcucci A and Tempio G 2013 Tackling Climate Change Through
Livestock—A Global Assessment of Emissions and Mitigation Opportunities (Rome: Food and Agriculture Organization of the United
Nations) 978-92-5-107920-1
Gómez-Sanabria A, Höglund-Isaksson L, Rafaj P and Schöpp W 2018 Carbon in global waste and wastewater ﬂows –its potential as energy
source under alternative future waste management regimes Advances in Geosciences 45 105–13
Hansen K K, Sundset M A, Folkow L P, Nilsen M and Mathiesen S D 2018 Methane emissions are lower from reindeer fed lichens compared
to a concentrate feed Polar Res. 37 1505296
Harmsen M J H M, van Vuuren D P, Nayak D R, Hof A F, Höglund-Isaksson L, Lucas P L, Nielsen J B, Smith P and Stehfest E 2019 Longterm marginal abatement cost curves of non-CO2 greenhouse gases Environmental Science & Policy 99 136–49
Höglund-Isaksson L and Sterner T 2010 Innovation effects of the Swedish NOx charge Taxation, Innovation and the Environment, COM/
ENV/EPOC/CTPA/CFA(2009)8/FINAL (Paris: OECD) (https://oecd.org/env/consumption-innovation/43211635.pdf)
Höglund-Isaksson L 2012 Global anthropogenic methane emissions 2005-2030: technical mitigation potentials and costs Atmos. Chem.
Phys. 12 9079–96
Höglund-Isaksson L, Thomson A, Kupiainen K, Rao S and Janssens-Maenhout G 2015 Chapter 5: Anthropogenic methane sources,
emissions and future projections AMAP Assessment 2015: Methane as an Arctic Climate Forcer (Oslo: Arctic Monitoring and
Assessment Programme (AMAP) of the Arctic Council) 978-82-7971-091-2
Höglund-Isaksson L 2017 Bottom-up simulations of methane and ethane from global oil and gas systems Environ. Res. Lett. 12 024007
Höglund-Isaksson L, Winiwarter W, Purohit P, Gómez-Sanabria A, Rafaj P, Schöpp W and Borken-Kleefeld J 2018 Non-CO2 greenhouse
gas emissions in the EU-28 from 2005 to 2070: GAINS model methodology Report produced for the European Commission DG-CLIMA
under Service Contract for Modelling of European Climate Policies No. 340201/2017/766154/SER/CLIMA.C1. (Laxenburg: International
Institute for Applied Systems Analysis) (https://ec.europa.eu/clima/sites/clima/ﬁles/strategies/analysis/models/docs/non_co2_
methodology_report_en.pdf)
Hristov A N et al 2013 Mitigation of greenhouse gas emissions in livestock production -A review of technical options for non-CO2 emissions
FAO Animal Production and Health (No. 177) (Rome: Food and Agricultural Organization of the United Nations) 978-92-5-107658-3
Huang K, Fu J S, Prikhodko V Y, Storey J M, Romanov A, Hodson E L, Cresko J, Morozova I, Ignatieva Y and Cabaniss J 2015 Russian
anthropogenic black carbon: Emission reconstruction and Arctic black carbon simulation Journal of Geophysical Research:
Atmospheres (https://doi.org/10.1002/2015JD023358)
IEA-WEO 2018 International Energy Agency –World Energy Outlook 2018 (Paris: International Energy Agency) 978-92-64-30677-6
ILO 2010 LABORSTA Database (Geneva: International Labour Ofﬁce) (http://laborsta.ilo.org/)
IPCC 2006 IPCC Guidelines for National Greenhouse Gas Inventories (Japan: Intergovernmental Panel on Climate Change) 4-88788-032-4
IPCC 2013 Climate change: the physical science basis. Contribution of working group I to the Fifth assessment report of the
intergovernmental panel on climate change Intergovernmental Panel on Climate Change ed T F Stocker, D Qin, G-K Plattner,

20

Environ. Res. Commun. 2 (2020) 025004

L Höglund-Isaksson et al

M Tignor, S K Allen, J Boschung, A Nauels, Y Xia, V Bex, P M Midgley et al (Cambridge, United Kingdom and New York, NY, USA:
Cambridge University Press) 2013978-1-107-05799-1
IPCC 2018 Global warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty Intergovernmental Panel on Climate Change ed V Masson-Delmotte et al
(Geneva: Intergovernmental Panel on Climate Change) (https://ipcc.ch/sr15/download/#chapter)
Johansson L S, Leckner B, Gustavsson L, Cooper D, Tullin C and Potter A 2004 Emission characteristics of modern and old-type residential
boilers ﬁred with wood logs and wood pellets Atmospheric pollution 38 4183–95
Kjällstrand J and Olsson M 2004 Chimney emissions from small-scale burning of pellets and fuelwood –examples referring to different
combustion appliances Biomass&Bioenergy 27 557–61
Lovett D K, Shalloo L, Dillon P and O’Mara F P 2006 A systems approach to quantify greenhouse gas ﬂuxes from pastoral dairy production as
affected by management regime Agric. Syst. 88 156–79
Lucas P L, van Vuuren D P, Olivier J G J and den Elzen M G J 2007 Long-term reduction potential of non-CO2 greenhouse gases
Environmental Science & Policy 10 85–103
Matsuno Y, Terao T, Ito Y and Ueta K 2010 The impacts of the SOx charge and related policy instruments on technological innovation in
Japan Taxation, Innovation and the Environment, (COM/ENV/EPOC/CTPA/CFA(2009)38/FINAL) (Paris: OECD)
Miller S M, Michalak A M, Detmers R G, Hasekamp O P, Bruhwiler L M P and Schwietzke S 2019 China’s coal mine methane regulations
have not curbed growing emissions Nat. Commun. 10 303
Nisbet E G, Dlugokencky E J and Bousquet P 2014 Methane on the rise–again Science 343 493–5
Nisbet E G et al 2019 Very strong atmospheric methane growth in the 4 years 2014-2017: Implications for the Paris Agreement Global
Biogeochem. Cycles 33 318–42
Olsson M and Kjällstrand J 2006 Low emissions from wood burning in an ecolabelled residential boiler’ Atmos. Environ. 40 1148–58
Omara M, Sullivan M R, Li X, Subramanian R, Robinson A L and Presto A A 2016 Methane emissions from conventional and
unconventional natural gas production sites in the marcellus Shale Basin Environmental Science & Technology 50 2099–117
Pacala S and Socolow R 2004 Stabilization wedges: solving the climate problem for the next 50 years with current technologies Science 305
Peng S, Piao S, Bousquet P, Ciais P, Li B, Lin X, Tao S, Wang Z, Zhang Y and Zhou F 2016 Inventory of anthropogenic methane emissions in
mainland China from 1980 to 2010 Atmos. Chem. Phys. 16 14545–62
Persson M 2003 Utvärdering av uppgraderingstekniker för biogas (in Swedish), Evaluation of upgrading techniques for biogas SGC Rapport
142 (Malmö: Swedish Centre for Gas Technology) (http://sgc.se/ckﬁnder/userﬁles/ﬁles/SGC142.pdf)
Popp D 2003 Pollution control innovations and the clean Air Act of 1990 Journal of Policy Analysis and Management 22 641–60
Randerson J T, van der Werf G R, Giglio L, Collatz G J and Kasibhatla P S 2018 Global Fire Emissions Database, Version 4, (GFEDv4). (Oak
Ridge, Tennessee, USA: ORNL DAAC) (https://doi.org/10.3334/ORNLDAAC/1293)
Saunois M et al 2016 The global methane budget 2000-2012 Earth Systems Science Data 8 697–751
Sheng J, Song S, Zhang Y, Prinn R G and Janssens-Maenhout G 2019 Bottom-up estimates of coal mine methane emissions in China: a
gridded inventory, emission factors, and trends Environ. Sci. Technol. 6 473–8
Shindell D et al 2012 Simultaneously mitigating near-term climate change and improving human health and food security Science 335 183–9
Springmann M, Godfray H C J, Rayner M and Scarborough P 2016 Analysis and valuation of the health and climate change cobeneﬁts of
dietary change Proc. Natl Acad. Sci. 113 4146–51
Udo H M J, Aklilu H A, Phong L T, Bosma R H, Budisatria I G S, Patil B R, Samdup T and Bebe B O 2011 Impact of intensiﬁcation of different
types of livestock production in smallholder crop-livestock systems Livestock Science 139 22–9
UNFCCC 2016 Common Reporting Formats (CRFs) of the National Inventory Reports Unpublished to the UNFCCC by various Annex-1
countries (Bonn: United Nations Framework Convention on Climate Change) (https://unfccc.int/process-and-meetings/
transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/nationalinventory-submissions-2019)
UNFCCC 2017 China Biannual Update Report (Bonn: United Nations Framework Convention on Climate Change) https://unfccc.
int/BURs
UNFCCC 2018 Common Reporting Formats (CRFs) of the National Inventory Reports Unpublished to the UNFCCC by various Annex-1
countries (Bonn: United Nations Framework Convention on Climate Change) (https://unfccc.int/process-and-meetings/
transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/nationalinventory-submissions-2019)
USEPA 2006 Global Anthropogenic Non-CO2 Greenhouse gas Emissions: 1990–2020 (Washington DC: United States Environmental
Protection Agency) (https://epa.gov/ghgemissions/us-greenhouse-gas-inventory-report-archive)
USEPA 2012 Global anthropogenic non-CO2 greenhouse gas emissions: 1990–2030 EPA 430-R-12-006 (Washington DC: US
Environmental Protection Agency) (https://epa.gov/ghgemissions/us-greenhouse-gas-inventory-report-archive)
USEPA 2017 Abandoned coal mine methane opportunities database USEPA Coalbed Methane Outreach Program (Washington DC: United
States Environmental Protection Agency) (https://epa.gov/sites/production/ﬁles/2016-03/documents/amm_opportunities_
database.pdf)
Willett W et al 2019 Food in the Athropocene: the EAT-Lancet Commission on health diets from sustainable food systems The Lancet
(https://doi.org/10.1016/S0140-6736(18)33179-9)
World Bank 2018 Database on World Development Indicators (Washington DC: The World Bank) (https://databank.worldbank.org/
source/world-development-indicators)
Xue B, Wang L Z and Yan T 2014 Methane emission inventories for enteric fermentation and manure management of yak, buffalo and dairy
and beef cattle in China from 1988 to 2009 Agriculture, Ecosystems and Environment 195 202–10
Yu J, Peng S, Chang J, Ciais P, Dumas P, Lin X and Piao S 2018 Inventory of methane emissions from livestock in China from 1980 to 2013
Atmos. Environ. 184 69–76
Zavala-Araiza D, Lyon D R, Alvarez R A, Davis K J, Harriss R et al 2015 Reconciling divergent estimates of oil and gas methane emissions
Proc. Natl Acad. Sci. 112 15597–602

21

