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Methane has been identified as the second-largest contributor to climate
change, accounting for approximately 30% of global warming. Countries have
established targets and are implementing various measures to curb methane
emissions. However, our understanding of the trends in methane emissions
and their drivers remains limited, particularly from a consumption perspective
(i.e. accounting for all emissions along the entire global supply chain). This
study investigates the most recent dynamics of methane emissions across 120
sectors from both production and consumption viewpoints in 164 countries. It
also discusses the status of decoupling of production- and consumption-based
methane emissions from economic growth. Our results indicate that there is
no foreseeable slowdown in the momentum of global methane emissions
growth. Only a few developed countries have managed to reduce both pro-
duction- and consumption-based emissions while maintaining economic
growth (i.e., strong decoupling) during the observed period (1990-2023).
Global trade accounts for approximately 30% of global methane emissions, but
major trade patterns are shifting from North-North and North-South to South-
South countries, reflecting the increasing participating of developing coun-
tries in global supply chains. The study further reveals the changing drivers of
global methane emissions from 1998 to 2023 in five-year intervals. It identifies
that the reduction in emission coefficient (i.e., emissions per unit of output),
driven by advancements in improved energy efficiency and cleaner production
technologies, is the main determinant for reducing emissions over the
observation period, partly offsetting the increasing effects from growth of final
demand. Changes in demand structure have played a considerable role in the
increase of emissions since 2008. This study enhances our understanding of
the changes and drivers of methane emissions and supports countries in
incorporating methane emissions into their climate mitigation strategies.

Climate change is one of the most challenging threats we are facing in  carbon mitigation policies, methane has a much shorter lifetime in the
this century. Scientists have confirmed that anthropogenic Green- atmosphere? and has contributed about 30% to global warming since
house Gas (GHG) emissions are the main drivers of increasing global  pre-industrial times due to its high Global Warming Potential (GWP)>.
temperature and accelerated climate change since the industrial The GWP of methane is 80 times higher than that of CO, over the first
revolution'. In contrast to CO,, which has been the main focus of 20 years; thus, methane contributes to increasing temperature in the
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short term. This implies that effective mitigation of methane could
offer a quick path to slowing down global temperature rise in the
foreseeable future, which is not readily achievable by reducing CO,
emissions alone. In addition to the climate forcing effect, methane is an
indispensable precursor for hazardous air pollutants such as tropo-
spheric ozone, which is responsible for about one million premature
deaths per year, globally*. As a result, awareness of the important role
of methane emissions in climate change mitigation has been steadily
increasing, especially after the 26th United Nations Climate Change
Conference (COP26) in 2021. During the COP28 in 2023, the United
States and China released the “Sunnylands Statement on Enhancing
Cooperation to Address the Climate Crisis,” in which both countries
agreed to incorporate methane reduction commitments into their
NDCs by 2035. Additionally, the EU proposed monitoring and reducing
the methane emission intensity of imported energy starting in 2030,
with the aim of decreasing methane emissions and mitigating leaks.
Over 130 countries have committed to reducing methane emissions by
at least 30% by 2030, but more actions are needed”.

Global methane emissions have been rising for decades, with the
average (since 2001) annual growth rate reaching 1.22%, slightly below
the growth rate of CO, emissions (1.80%)°. Existing emission datasets
and studies have presented long-term methane trends®™°. For exam-
ple, He et al.! employed a top-down approach to match methane
emissions transported through a global chemical transport model with
observation data. Saunois et al.” combined multiple existing datasets
to compare methane estimated derived from both bottom-up and top-
down approaches. Some studies further looked into methane emission
patterns of selected countries (e.g., China®?, US®, UK") and several
major sectors, including agricultural activities®, such as livestock’®, the
food system"; wastewater treatment®*° and waste management in
landfills*; and energy sectors such as oil and gas production®, and coal
mining?. Sun et al.** and Ari and Sentiirk® also discussed the extent of
decoupling between methane emissions and economic growth.

However, these studies focused on production-based methane
emissions, ignoring consumption-based emissions. Production-based
emissions (PBE) refer to emissions emitted within a specific country or
region during the production of goods and services, encompassing all
economic activities and sectors of a country (to answer the question
of where emissions arise). Meanwhile, the consumption-based emis-
sions (CBE) allocate the emissions to the countries where the goods are
consumed (to answer why we have these emissions or the ultimate
drivers of emissions). It offers a different insight into understanding
countries’ emissions along the entire global supply chain. It is essential
to consider both PBE and CBE when designing policies to reduce
emissions to prevent emission leakage and the outsourcing of
emission-intensive production to other locations*, which would result
in a misleading decoupling of PBE from economic growth.

Previous studies have employed the input-output approach to
estimate methane CBE, emissions embodied in global supply chains, as
well as their drivers. However, research lacks comprehensive coverage
of a wide range of countries and high sectoral resolution. For example,
Zhang et al.”” accounted for methane CBE using the Eora Multi-Region
Input-Output (MRIO) database’® and Emissions Database for Global
Atmospheric Research (EDGAR). While their analysis covered a wide
range of sectors and economies (26 sectors across 181 economies), it
was limited to a narrow temporal scope, spanning 2000 to 2012. Liu
et al.”’ analyzed the trade embodied emissions of 56 sectors in 44
countries from 2000 to 2014 using the World Input-Output Dataset™.
Fernandez-Amador et al.” analyzed the consumption-based methane
emissions for 78 countries/regions in 1997, 2001, 2004, 2007, 2011 and
2014 using the Global Trade Analysis Project MRIO tables. Sun et al.*?
investigated the drivers of methane CBE in 43 countries from 2000 to
2014. Ma et al.** analyzed Chinese methane CBE and drivers for four
years (2005, 2007, 2010 and 2012) and 20 sectors. Similar studies
include Zhang et al.>* and Wang et al.”. In addition to the analysis of the

whole economic system and supply chains, some studies have speci-
fically focused on the Agriculture, Forestry and Other Land Use
activities®**” and food production®®, which constitute the major sour-
ces of methane emissions. Although sector-specific analyses offer
detailed insights into emission patterns, they fall short of presenting
the overall landscape of changes in emissions across the entire eco-
nomic system influenced by human activities and interactions with
other sectors.

Aiming to address the research gaps concerning the lack of up-to-
date analysis on methane emissions from a consumption-based per-
spective, covering a wide range of countries and with high sectoral
resolution, this study uses the latest GLORIA input-output dataset
(Global Resource Input-Output Assessment)®’ to examine methane
CBE of 164 countries/regions (accounting for 98% of global methane
emissions) for the long-term period 1990-2023°. We further compare
the degree of decoupling of both PBE and CBE from economic growth
in each country, reveal the recent changes in trade embodied emis-
sions, and investigate the drivers of changes in CBE with structure
decomposition analysis (SDA). We compare our methane emissions
results with CO, emissions and conclude the study with a discussion of
solutions to reduce methane emissions. For regional comparisons, we
follow the Intergovernmental Panel on Climate Change (IPCC) Sixth
Assessment Report (AR6)* classification and group countries into five
categories: Developed Countries, Eastern Europe and West-Central
Asia, Asia and Developing Pacific, Latin America and the Caribbean,
and Africa and the Middle East (see Supplementary Fig. 1 for details).
The latter four groups are considered developing countries. More
details about the input-output model, decoupling analysis, SDA, and
input data are described in the Methods section.

Results
Methane emission trends
Based on our calculations, global methane emissions have increased
slightly from 266.4 million tons/yr (equivalent to 7.5 gigatons of CO,
emissions/yr, Gt CO,-eq/yr) in 1990 to 292.3 million tons/yr (8.2 Gt
CO,-eq/yr) in2002°, with an annual growth rate of 0.8%/yr. Since 2002,
global emissions increased at a faster rate of 2.0%/yr, reaching 329.5
million tons/yr (9.2 Gt CO,-eq/yr) in 2008. Almost one third (or 32.5%)
of the global increase (i.e., 37.2 million tons) over the period can be
attributed to China, whose emissions increased by 12.1 million tons due
to increasing production for both domestic use and exports. Other
Asian and Developing Pacific countries (as classified by the Inter-
governmental Panel on Climate Change (IPCC) Sixth Assessment
Report (AR6)*, see details in Supplementary Fig. 1) contributed
another 27.1% of the global increase while Africa and Middle East
contributed 23.1%. After a decline in 2009 due to the global financial
crisis, global methane emission growth resumed at 1.1%/yr, reaching
383.5 million tons/yr (10.7 Gt CO,-eq/yr) in 2023. Compared to pre-
vious studies focusing on emission trends before 2014°"*, our result
further highlights a resurgence in methane emissions after 2015, par-
ticularly in Asia and rapidly developing countries, driven by ongoing
economic and population growth. That is to say, global methane
emissions have been growing faster in recent years*, albeit with some
fluctuations, which is in contrast with the recent slowdown observed in
CO, emission growth*’. We derive the robustness of our results by
comparing them with estimates from other methane inventories and
MRIO tables. GLORIA methane emissions are 0.9% lower than EDGAR
estimates in 2022 and 9.7% higher than IEA Methane Tracker in 2023.
For CBE, comparisons with estimates based on an alternative GTAP
MRIO and the above PBE sources yield Pearson R values of
0.952-0.998, confirming the reliability of our results (see the “Meth-
ods” and Supplementary Information for details).

Figure 1a shows the emission trends by country group in terms of
production (solid lines) and consumption (dashed lines). Since the
mid-1990s, Asia and the developing Pacific have been dominating
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Fig. 1| Methane emissions by country income group and the top ten countries.
aPBE (in solid lines) and CBE (in dashed lines) of country groups during 1990-2023;
b, ¢ PBE intensity (i.e., PBE per unit of GDP) and per capita CBE of country groups,
respectively; and d Sectoral PBE in the top ten countries in 2023. Data source: the
PBE and CBE of countries used in a are calculated based on GLORIA environmental
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accounts and MRIO tables*’; PBE intensity and per capita CBE in b are calculated
with the World Bank dataset; the sectoral emissions in d are collected from EDGAR®.
Detailed PBE and CBE of countries and aggregated groups are provided in Sup-
plementary Data 1. A global map for the five aggregated regions is shown in the
Supplementary Fig. 1.

global methane PBE, increasing from 96.9 million tons/yr (36.4% of
global emissions) in 1990 to 162.4 (42.4%) in 2023. Meanwhile, the PBE
of Developed Countries, globally the 2nd largest contributor,
decreased from 74.7 million tons/yr (28.0%) in 1990 to 60.4 (15.8%) in
2023. The PBE from other country groups kept slowly increasing over
the past decades and reached 79.7 million tons/yr (20.8% of global
emissions, Africa and Middle East), 53.5 (13.9%, Latin America and
Caribbean) and 27.5 (7.2%, Eastern Europe and West-Central Asia) in
2023. The top ten emitting countries shown in Fig. 1d) contributed
56.8% of global PBE in 2023, reflecting roughly their share on global
population (56.0%) and GDP (54.2%). In terms of CBE, Asia and the
developing Pacific surpassed the Developed Countries after 1999 and
became the world’s top CBE emitter. The CBE of Asia and developing
Pacific increased from 32.6% (86.9 million tons/yr) in 1990 to 44.1%
(169.2) in 2023. Developed Countries have declined CBE from 38.8%
(103.5 million tons/yr) to 21.5% (82.6) over the same period.

When comparing a country’s PBE and CBE, the gap between them
is known as net emissions embodied in trade. A larger PBE than CBE
implies that the country is a net exporter of emissions embodied in
goods and services, while a net emission importer (i.e., CBE higher than
PBE) causes more emissions embodied in goods and services than it

produces. Developed Countries are the only global net importers over
the whole observed period. Their net emissions embodied in trade
varied between 20.2 and 35.6 million tons/yr over the period, which
accounted for 24.4-34.0% of their CBE. Asia and the Developing Pacific
have seen a change in the role from a net exporter to an importer
between 2010 and 2014. After 2014, their imported embodied emis-
sions increased from 0.2 (0.1%) to 6.8 million tons/yr (4.0% of CBE). All
the other country groups are net emission exporters, with 12.1-65.7%
of their national PBE caused by export production. Our findings align
with prior research®?>**, underscoring the increasing complexity of
methane emissions driven by global supply chains. More details will be
discussed in the section below.

The trends of methane emissions are considerably different from
those of CO, emissions, for which the Developed Countries were the
major contributors until 2011 for PBE and 2015 for CBE**. The reason
could be that CO, is mainly emitted from fossil fuel consumption, in
particular the manufacturing and power sectors, while methane
emissions are mainly from agriculture and energy extraction. Devel-
oped countries are usually highly industrialized with more consump-
tion and production of industrial products. In contrast, developing
countries are at early industrialization stages with a higher share of

Nature Communications | (2025)16:8184


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63383-5

energy extraction, mining and agriculture in their economic structure
of the economy, and thus emit a huge amount of methane emissions.
Therefore, increasing attention to emission reduction of methane
should be paid to the developing countries, especially those in Asia
and developing Pacific.

Figure 1b, c presents the average PBE intensity (i.e., PBE per unit of
Gross Domestic Product (GDP) in USD 2015 constant prices) and per
capita CBE of country groups. All country groups show a decline in PBE
intensity over the past two decades. Developed Countries have the
lowest PBE intensity (1.1 tons/million US dollar (USD) 2015/yr) in 2023,
while Eastern Europe and West-Central Asia have the highest value
(13.5). Asian and developing Pacific countries had the most consider-
able drop in their PBE intensity from 17.3 tons/million USD2015/yr in
2000 to 6.2 in 2023. In contrast, when looking at the per capita CBE,
only Developed Countries show a continuous decline in their per
capita CBE, from 0.07 tons in 2000 to 0.05 tons in 2023. Asia, the
developing Pacific, Africa, and the Middle East have relatively low
levels of per capita CBE compared to the other three groups due to
lower levels of consumption per capita.

To illustrate the sectoral distribution of methane PBE, we aggre-
gated 120 sectors into seven categories, while the underlying calcula-
tions are done at the 120-sector resolution. These seven sectors are
shown in Fig. 1d for the ten nations with the highest PBE. Globally,
agriculture and food production are the largest contributors to
methane emissions, accounting for 47% in 2023, followed by waste and
recovery (17%), coal and electricity (14%), and oil and gas (13%). Over
time, the proportions of sectoral emissions have shifted. Agriculture
and food production decreased from 54% in 1990 to 47% in 2023, and
oil and gas declined from 18% in 2006 to 13% in 2023. In contrast,
emissions from coal and electricity production rose from 9% in 2000
to 14% in 2023, reflecting sectoral structure changes in global methane
emissions. Countries have huge differences in the sectoral structure of
methane emissions, as shown in Fig. 1d. For example, coal and elec-
tricity production, especially the extraction of hard coal, is the largest
emission source in China and Indonesia, contributing to 35% and 56%
of their PBE, respectively. The two countries account for 59.3% of
global coal production in 2023 and therefore emit a huge amount of
methane from coal mining®. In contrast, Russia and Iran have higher
emissions from oil and gas production (33% and 57%, respectively).
India and Brazil emit large shares of emissions from agriculture (67%
and 73%, respectively), e.g., pigs and cattle, due to livestock farming.

Decoupling of methane emissions and economic growth

The trends of methane emissions show that a number of countries
have reduced emissions in recent years. Between 2013 and 2023, 55
(33.5% of 164) countries reduced their PBE, 57 (34.8%) countries
reduced their CBE, and 30 (18.3%) countries reduced both. 17 of the 30
countries that reduced both PBE and CBE are high-income countries.
Among the five country groups (shown in solid dots in Fig. 2a, b),
Developed Countries is the only group that have achieved both PBE
and CBE decline and GDP growth. We also notice a decline in emissions
not only in Developed Countries, but also in some developing coun-
tries. Thirteen developing countries have reduced both PBE and CBE.
This implies that emission reduction can be achieved at any level of
economic development. However, such emission reductions might be
caused by economic recessions, as economic growth has been
recognized as a highly relevant indicator and an important driver of
GHG emissions*™*5,

We use the Tapio Decoupling Index to describe the dynamic
relationship between emissions (both PBE and CBE) and economic
growth (i.e., GDP) in each country and aggregated group during the
years 2013 to 2023. Strong decoupling occurs when a country’s emis-
sions decrease while its GDP continues to grow. Weak decoupling
happens when both emissions and GDP increase, but GDP grows at a

faster rate than emissions. In contrast, no decoupling indicates that
emissions are rising at a faster rate than GDP.

Figure 2c, d shows the results for the period 2013-2023. We find
that among the 55 countries that have reduced their PBE, 48 countries
have achieved strong decoupling of PBE and GDP, indicating that there
are 7 countries reducing PBE due to economic recessions (i.e.,
belonging to the group of recessive-no-decoupling or recessive-weak-
decoupling). Forty-seven countries have achieved strong decoupling
of CBE and GDP, among which 23 countries also achieved PBE
decoupling.

We find that Developed Countries are the only group that
achieved strong decoupling in both CBE and PBE from economic
growth. Asia and the developing Pacific show weak decoupling of
emissions and GDP over the period, implying a slower emission growth
than economic growth. For example, China’s PBE and CBE increased by
11.2% and 27.6% (2013-2023), respectively, meanwhile its GDP
increased by 74.6%. The Africa and Middle East group has a similar
trend to Asia and the developing Pacific. For example, Uganda
increased its PBE and CBE by 37.1% and 44.8% respectively, while its
GDP increased by 57.3% from 2013 to 2023. Latin America and the
Caribbean have achieved strong decoupling of CBE and GDP, but their
PBE is only weakly decoupled from GDP. For example, Colombia
reduced its CBE by 8.4% while PBE increased by 12.1% from 2013 to
2023. Eastern Europe and West-Central Asia show no evidence of
decoupling of PBE nor CBE versus GDP, which means this country
group has faster emission increase than economic growth. For exam-
ple, Russia had increased PBE by 18.7% and CBE by 14.7% while GDP
increased by only 4.3%. However, the group as a whole does not
necessarily reflect the individual decoupling status of each country
within it. Some developing countries have already achieved strong
decoupling in terms of both PBE and CBE. For example, Armenia has
decreased both PBE (by —10.4%) and CBE (-19.2%) from 2013 to 2023,
while GDP kept growing.

It is important to point out that the status of decoupling is tem-
porary and can change over time. Thirty countries have achieved
strong decoupling of both PBE and CBE from 2003 to 2013, but only 12
of them stayed strongly decoupled from 2013 to 2023. Thus, even if a
country has decoupled its emissions from economic growth over a
period, they should be wary of future rebounds. A full list of our
decoupling results of all countries from 1993 to 2023 at 10 year
intervals can be found in Supplementary Data 2.

There is no significant difference between strongly decoupled
countries (mostly developed) and non-decoupled countries (mostly
developing) in terms of per capita CBE (p-value=0.999 for a two-
sample ¢-test), as shown in Table 1. This suggests that people in dif-
ferent countries have a similar level of methane footprints to meet
their consumption needs across the entire supply chain. This find-
ing contrasts with CO, emissions, where the average per capita CBE of
strongly decoupled countries (10.27 tons/yr in 2018) is considerably
higher than that of non-decoupled countries (4.47 tons/yr)*. In con-
trast, the PBE intensities of strongly decoupled countries are sig-
nificantly lower than those of weakly or non-decoupled countries (p-
value = 0.000), mirroring the pattern seen in CO, emissions*’. Among
the top 10 emission-intensive sectors (e.g., agriculture, energy, mining,
and wastewater treatment), the average sectoral emission intensity in
weakly/non-decoupled countries is 35-460% higher across nine sec-
tors than in strongly decoupled countries.

Emissions embodied in trade and outsourcing

Although a number of developed countries have decoupled emissions
from economic growth, this might be achieved by outsourcing
emission-intensive industries to less developed regions®. Previous
studies have noted this trend in methane emissions, despite domestic
reductions being achieved®**. Such outsourcing will largely increase
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dots present the remaining countries. ¢, d The decoupling results of countries/
groups in coordinate systems. Delta GDP and emissions refer to the changes in GDP
and emissions over the given period. Detailed results of decoupling are shown in
Supplementary Data 2.

the emissions from less developed regions with lagging levels of
technology and lower production efficiency, which will lead to a pos-
sible rise in global emissions**. This is especially the case for countries
that have achieved strong decoupling of PBE and GDP, where no such
decoupling is observed between CBE and GDP. For example, the PBE of
New Zealand decreased by 2.8% from 2013 to 2023 while its CBE
increased by 49.3%. Sun et al.** also noted emissions transfer from
developed countries to emerging countries in agriculture and food
manufacturing sectors align with global trade. Therefore, we investi-
gate the emissions embodied in international trade flows, as shown in
Fig. 3a, b.

Methane emissions embodied in trade increased from 84.1 to
118.9 million tons/yr from 1998 (Fig. 3a) to 2023 (Fig. 3b) globally, but
as a proportion of global total emissions remained unchanged (29.4%
in 1998 and 31.0% in 2023). In 2023, Developed Countries were the
overwhelming largest emission importer, accounting for 42.6% (50.6
million tons/yr) of total emissions embodied in trade, followed by Asia
and Developing Pacific countries (35.0%, 41.6). In terms of export, Asia
and Developing Pacific are the world top manufacturing hubs with the
largest contribution of 29.3% (34.8 million tons/yr) of global export

related emissions. In comparison, Developed Countries accounted for
23.9% or 28.4 million tons/yr and Africa and Middle-East countries for
21.9% or 26.1 million tons/yr export emissions.

The patterns of emissions embodied in trade have changed con-
siderably from 1998 to 2023. With the rapid growth of developing
countries, trade within the Global South (encompassing four groups of
developing countries) has considerably increased, now playing a
dominant role in the world trade patterns. More and more developing
countries are now considerably participating in global supply chains
and importing larger shares of goods, rather than solely serving as
global manufacturing exporters. Emissions embodied in trade from
Global North (i.e., Developed Countries) to Global South, also known
as North-South trade, have declined from 49.4% (41.6 million tons/yr)
of global trade embodied emissions in 1998 to 39.6% (47.1) in 2023.
Meanwhile, emissions embodied in South-South trade have increased
from 21.2 million tons/yr (25.2%) to 55.8 (47.0%) over the same period.
The increase in trade-related emissions associated with the global
South is mainly allocated to Asia and the developing Pacific. Their
imported embodied emissions increased from 13.6 million tons/yr
(16.1% of the global total trade embodied emissions) in 1998 to
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Table 1| Average CBE per capita, PBE intensity, and GDP per capita of different decoupling groups in 2023

Country group No. Average CBE per capita Average PBE intensity (tons/million Average GDP per capita (thousand
(tons/yr) uUSD2015/yr) USD2015)

Strong decoupling (CBE) 47 0.0678 n/a 28.5

Strong decoupling (PBE) 48 n/a 5.5 26.2

Strong decoupling (CBE & PBE) 23 0.0655 25 35.7

No/week decoupling (CBE) 17 0.0678 n/a 10.3

No/week decoupling (PBE) 116 n/a 21.5 1.1

No/week decoupling (CBE & PBE) 141 0.0681 19.0 12.3
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Fig. 3 | Emissions embodied in trade 1998 and 2023. a, b Emission flows in 1998
and 2023. The figures include the emission flows from one country to another (i.e.,
emissions associated with production in one country which are then consumed in
another country), and exclude the emissions where production and consumption

b) emissions emboded in trade 2023
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happen in the same country. The country groups on the left y-axis are producers,
while country groups on the right y-axis are consumers. The flows between the
same country group present emissions embodied in trade between different
countries within the group.

41.6 million tons/yr (35.0%) in 2023. Similar trends have been found for
CO, emissions embodied in trade as well*.

When examining emission flows by sector, we observe
considerable differences across countries. For example, in 2023,
Developed Countries have the largest share of emissions embodied in
their agricultural and food-related exports (57.6%), while the major
sectors for Africa and the Middle East’s emissions embodied in exports
are oil and gas (27.2%). Agricultural and food products account for
20.5% of Africa and the Middle East’s exported emissions. Latin
America and the Caribbean export substantial amounts of agricultural
and food products, accounting for 73.4% of their exported embodied
methane emissions. In contrast, Asia and the Developing Pacific region
have 47.4% of their emissions embodied in exports associated with
coal and electricity production. Figure 4a, b shows detailed trade
embodied emissions by sectors in top-emitting countries in 1998
and 2023.

We observe that emissions embodied in North-to-South trade
primarily originate from agriculture (63.6% in 2023). In contrast,
South-to-North trade is predominantly focused on resource extraction
(i.e., coal, oil, gas and mineral mining), accounting for 45.4% of emis-
sions embodied in exports. A possible explanation of these patterns is
that the global North outsources mining industries to the global South,
with a flow of resources back through global supply chains®***". More
importantly, these trade patterns have intensified over the past dec-
ades. Detailed sectoral emissions embodied in the trade of countries
are provided in Supplementary Data 3.

Drivers of consumption-based methane emissions

We employed a structural decomposition analysis (SDA) to investigate
the contributions of five drivers behind the changes in global emis-
sions (as shown in Fig. 5a) and each country group (as shown in
Fig. 5b-f) at 5-year intervals from 1998 to 2023. We also presented the
contributions of drivers for the five top-emitting countries (i.e., China,
India, USA, Brazil, and Russia), as described in the Supplementary
Table 1.

The global results indicate that economic growth has been iden-
tified as a key driver of increased emissions, which has been discussed
previously®. In addition, we find that changes in the structure of final
demand play an important role in the increase of emissions, particu-
larly after 2008. Between 2008-2013 and 2018-2023, this factor con-
tributed to a staggering 155 and 234 million tons (or 47% and 64%) of
emission growth, respectively. This suggests that there is an increasing
share of methane-intensive products in the final demand. For example,
the share of red meats (beef, lamb, and pork), which are methane-
intensive products”, in total global demand has increased from 0.6%
to 0.8% between 2008 and 2023.

Changes in emission coefficients (i.e., emissions per unit of out-
put) are the main determinant to reduce emissions over the period,
offsetting the increasing effects from demand growth and structure
changes, which is consistent with previous studies®*>**. This driver
reflects considerable improvements in the emission efficiency, driven
by advancements in improved energy efficiency and cleaner produc-
tion technologies. Our results show that global average emission
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a) sectoral emissions emobodied in export 1998 (million tons/yr)
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b) sectoral emissions emobodied in export 2023 (million tons/yr)
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Fig. 4 | Sectoral emissions embodied in the export of countries 1998 and 2023. a, b The sectoral emissions by countries in 1998 and 2023, respectively. Sector
distributions in the figure are aggregated based on GLORIA sectors according to their emissions.

coefficients decreased by 66.7% between 1998 and 2023. Such
decreases in emission coefficients have been observed across sectors.
For example, between 2018 and 2023, 97 out of 120 sectors reduced
their emission coefficient. In particular, three sectors with the highest
emission coefficient—raising of animals and agricultural services; water
collection, treatment, and supply, sewerage; and raising of cattle—
reduced their emission coefficient by 42%, 32%, and 20%, respectively,
during this period. These reductions can be attributed to various
advances in production practices, such as new irrigation control sys-
tems and improved fertilization management in the agricultural
sector’*; enhanced livestock, manure management, and breeding
efficiency in animal husbandry***; the recycling and reuse of waste,
along with emerging anaerobic digestion technologies in sewage
treatment>®”’.

Changes in production technology reflect transformations in
global production structures, which encompass both domestic eco-
nomic structure and inter-country input-output industrial linkages.
Between 2003 and 2013, changes in production technology increased
global methane emissions by 208 million tons (31%), indicating an
increased reliance on intermediate inputs from methane-intensive
sectors. However, during 2018-2023, this trend reversed, with pro-
duction technology contributing to a reduction in emissions. This shift
suggests that global production is gradually transitioning to a cleaner
(in terms of methane emission) intermediate input structure. Never-
theless, progress remains slow, with emissions decreasing by only
56 million tons (15%). Population growth has a stable but limited
increasing effect on emissions, contributing to 13 (4%) to 19 million
tons (6%) every 5 years.

In addition to the global results, we observe high heterogeneity
across country groups, as illustrated in Fig. 5b—f. Although the influ-
encing directions (positive or negative) of drivers across regions and
periods are the same, the size of the contribution differs. We calculated
the standard deviation (SD) of every driver using their share of con-
tributions across countries. The results show that the population has
the least degree of dispersion compared to the other four drivers, with
a standard deviation (SD) of 0.06. The SD of contributing effects of
emission coefficient to total emission changes in each country is 1.02,
while for production technology the SD is 0.40, final demand structure
is 0.87, and the SD for the size of final demand is 0.43.

We further compared the heterogeneity of each driver between
country groups by calculating the SD of the average contribution of
the drivers in each group. We find that the emission coefficient, final
demand per capita, and demand structure show the greatest differ-
ences between groups; the SDs of these three drivers are 0.71, 0.56,
and 0.41, respectively, compared to 0.21 for production technology
and 0.04 for population. The wide range of SDs can be attributed to
the heterogeneity among country groups. Taking the emission coef-
ficient as an example, it increased emissions by 75% in Eastern Europe
and West-Central Asia from 1998 to 2003, while reducing emissions in
the other four regions (-57% to —38%). Similarly, the driver of demand
structure increased emissions by 242% in Eastern Europe and West-
Central Asia from 2018 to 2023, which is much higher than the other
four country groups (44-95%). This indicates that the dynamics of
emissions and drivers are fluctuating across regions and periods,
similar to the status of decoupling from GDP, as discussed above.
Achieving emission reduction in one region/period does not promise
long-lasting or stable reduction in the future.

Discussion

This study employs an environmentally extended global MRIO
approach, decoupling analysis, and SDA, to analyze methane emission
changes globally and for 164 countries’ from both production- and
consumption-based perspectives from 1990 to 2023.

We find that Developed Countries stand out as the sole group that
has consistently achieved emission reductions and strong decoupling
between emissions (both PBE and CBE) and GDP. Their decoupling is
mainly caused by a decline in their emission coefficient, and to a lesser
degree, due to outsourcing methane emissions to less developed
regions. One hundred and twenty sectors, 100 of which are from
Developed Countries, reduced their emission coefficient between
2003 and 2013. This is evident from the analysis of the drivers, where
the emission coefficient is the primary determinant in reducing emis-
sions. Therefore, many sectors in Developed Countries provide suc-
cessful examples in methane emission control for other countries
around the world.

Asia and developing countries, particularly due to the rapid
growth of China, have been major contributors to the increase in
methane emissions over the past decades, establishing themselves as
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a) global emission drivers

500 —
total emissions I cnission coefficient [ production technology
5 400 |- [ final demand structure demand per capita [l population
[2] |
E ] - 13
c | 19 19
& 300 - 18 I 24
= 16
= £ [ ] S £ 72 £ £
2200 @ 75 5o 1 53 = o« 11618 = <
o (==} (=3 < o (==}
b N © el o~ el
]
E 100 -56
g 237 '273.
oLl 1 ! L1 L1 [ I B R !
1998 2003 2013 2018 2023
100 -
b) emission coef. (%) c) prod. tech. (%) d) demand struc. (%) e) demand/capita (%) f) population (%)
a2
o
8 T
@ 53]
Q "
3 R
©
U
>
©
8 -100
N
& -150
o
o
N
5
o 250
[52]
S
N
o
o
o
N
®
N
-100
T 30
@ N —
s 20 :
N -
ﬁ' | |E| T 10 B
o _ o —
« . l E . [ =
3 [ : 0 =
> - @™ ! -
“ 1 -10
50 ~ 1 600 T
0 - 1 60
2 = W -] 20 -
< s -
o 200 T o 10 _ H
g g0 Bl Jglae”
& -400 2018 T - o T
2 _ H i
; o[ s Bl o -10
-600 4 +
y=0 [ Developed Countries [[."] Eastern Europe and West-Central Asia [______] Asia and developing Pacific

[ Latin America and Caribbean [[____] Africa and Middle East

@®  group average

Fig. 5| Emission drivers of consumption-based methane emissions at 5-year intervals. a The contributing effects of each driver to global emissions in absolute values,
b-f Contributing effects of each driver to five country groups in percentages relative to the group’s total emissions.

leading global methane emitters. Consequently, we recommend
directing our focus on addressing methane emissions in Asia and the
developing Pacific countries. While the joint announcement by the
United States and China at COP28 is a positive initiative, further efforts
are necessary to facilitate developed countries’ support for developing

countries in reducing emissions through financial and technical assis-
tance. It is essential to recognize that, although emerging and small
countries currently emit lower levels of methane, they may become
key methane emitters in the future due to economic growth. There-
fore, they should not be overlooked when designing global goals for
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GHG reduction, and policies need to be designed to prevent emissions
from increasing rapidly at this stage.

We find that global trade accounts for approximately 30% of
methane emissions, which underscores the key role of global trade in
influencing emission patterns, providing valuable insights for shaping
effective reduction policies. As sectors across countries differ in
technological endowment, production efficiency, and emission coef-
ficient of products produced in different countries vary. This provides
an opportunity to reduce a sector’s methane footprint by supply chain
management of upstream production through carefully selecting
import partners with lower emission coefficients. Taking the produc-
tion and trade of fertilizers as an example, the production of which is
one of the top methane sources, Russia is the world’s leading exporter
of fertilizers. It exported 18.7 billion USD worth in 2022, accounting for
13.1% of global total exports, followed by Canada (14.5 billion USD),
China (12.7), the US (8.19), and Morocco (7.92)*%. Our results show that
the emission coefficient for Russia’s fertilizer production is 0.07 tons/
million USD/yr in 2022. However, the emission coefficients of fertilizer
production in Morocco (with 0.002 tons/million USD/yr), Canada
(0.05), the US (0.04), and China (0.06) are lower than in Russia, indi-
cating these countries have more advanced production technologies
with higher efficiency or alternative inputs for fertilizer production,
reducing associated methane emissions. Countries that currently
import fertilizer from Russia can reduce their imported embodied
emissions by shifting to other exporting countries with lower emission
coefficients. However, it is important to consider that this shift could
lead to other environmental problems (e.g., in the case of Morocco,
which has a larger share of phosphate fertilizers with lower methane
emissions but higher local environmental impacts). It is encouraging to
see the EU making efforts to reduce the import of high-emitting pro-
ducts from non-European countries by setting up the Carbon Border
Adjustment Mechanism (CBAM), which will invite EU countries to
choose cleaner upstream trade partners to reduce their emissions to
stay competitive. CBAM includes fertilizers whose production is
emission-intensive and high risk of carbon leakage. The EU accounts
for 23% of global fertilizer imports. Future actions of CBAM should
focus on expanding to a larger range of products, including methane-
intensive ones*’.

Our analysis of driving forces identifies that a reduction in emis-
sion coefficients, via advancements in improved energy efficiency and
cleaner production technologies, is the main determinant for reducing
emissions and achieving strong decoupling over the observation per-
iod. Reducing methane emission coefficients requires targeted stra-
tegies across sectors. For example, the energy sector can apply
advanced detection technologies, such as infrared imaging and
drones, in oil and gas extraction, storage, and transportation to iden-
tify and repair emission leaks***’; replace coal and oil with clean energy
across the entire energy system®; improve ventilation systems in oil
and coal mines to reduce uncontrolled methane emissions®’; and
deploy equipment to capture associated methane emissions for recy-
cling rather than flaring. In the agricultural sector, we can improve feed
formulations to reduce methane production in ruminants by incor-
porating additives like oils, enzymes, or methane inhibitors into live-
stock diets™*; increase biogas recovery by processing manure and
organic waste into energy”’; and improve rice farming through irriga-
tion control (e.g., alternate wetting and drying methods) and better
fertilization management®. In the waste management sector, we can
enhance landfill management by sealing landfills and installing
methane recovery systems to recycle methane for power generation or
heating; promote composting technologies by replacing landfilling
with composting to effectively reduce methane emissions from
organic waste; and upgrade wastewater treatment by adopting
advanced anaerobic digestion technologies to capture methane from
wastewater and use it as an energy source®.

The measures above can reduce emission coefficients from a
production perspective. Unlike CO, emissions, which mainly stem
from fossil fuels, a major source of methane emissions is biological
activities, such as biodegradation in wastewater treatment, fertilizers
production, and effusion from coal mining, and livestock farming. We
further call for smart demand-side emission reduction strategies to
supplement the aforementioned reduction measures in mitigating
methane emissions, particularly from biological activities. For exam-
ple, we can promote a shift towards consuming less red meat in our
diets®***. Since methane has a relatively short lifespan of 7-12 years in
the atmosphere, our demand-side efforts today will have an immediate
impact on global warming.

Methods

Global multi-regional input-output (MRIO) analysis

This study adopts the widely used environmental extended Global
MRIO method to calculate the methane CBE and also emissions
embodied in trade, as shown in Eq. (1).

CBE, ; =diag(int; ;) x (I — Ay~ x FD; @

In Eq. (1), CBE;; is the CBE in sector i of country j, which are
generated by the final demand of country k; int; ; is the emission
coefficient in sector i of country j, which is PBE per unit of output in
each country sector; A is the direct input coefficient matrix, which
shows the sectoral inputs per unit of output; (/ — A)~* is known as
Leontief inverse matrix, which reflects the technical level of produc-
tion in a given economic system; FD, i is the final demand of country k.

In this study, we use the GLORIA dataset™ which is a global MRIO
dataset that integrates global economic flows with environmental data
to assess the impacts of consumption and production patterns across
industries and regions, relying on a range of input data including
sectoral economic accounts, international trade statistics, and envir-
onmental resource use data (e.g., energy, water, materials). GLORIA
includes 120 sectors, 164 countries/regions, and four final demand
categories (i.e., household final consumption, non-profit institutions
serving households, government final consumption, gross fixed capital
formation).

Decoupling analysis

Tapio decoupling index® is utilized to gauge the extent of decoupling
between methane emissions and economic growth in individual
countries, as shown in (2). Such relationships between emissions and
economic growth detected by the decoupling index are descriptive
and no causality can be extracted.

This index has previously been extensively employed for CO,
emissions***°%, Sun et al.** applied this method to assess the decou-
pling of methane PBE and GDP across 83 countries. However, there
have been no existing studies addressing the decoupling status of
methane CBE from GDP. This analysis can help identify the risk of
emissions outsourcing when compared to decoupling results based on
PBE.

Em; — Em,
Em,g

GDP, — GDP,

br=1- /—Gbp,

@

In Eq. (2), DI represents the decoupling index for a specific period
and country; Em denotes methane emissions, with consideration given
to both PBE and CBE; constant-price GDP (in 2015 USD) is used to
reflect the economic level of a country; the subscript O and 1 indicate
the base year and reporting year, respectively.

A degree of strong decoupling (DI 21& GDP; = GDP,) implies that
the country’s emissions decrease but the GDP keeps growing, weak
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decoupling (0<DI<1& GDP;=GDP,) has both emissions and GDP
increasing, but GDP is growing faster than emissions, while no
decoupling (DI <0 & GDP; = GDP,) means the country’s emissions are
growing faster than its GDP. Similarly, countries with a recessionary
economy (GDP; < GDP,) can be categories into three groups as well.

Structural decomposition analysis (SDA)

We employed the SDA to quantify the driving effects of certain
determinants of changes in methane emissions. Compared to Index
Decomposition Analysis, SDA has higher data requirements but can
better explain the contribution from structure change from both
production and consumption perspectives. SDA has been used in
research on CO, emissions®”*°, energy consumptions’®”, and material
footprints’. However, few studies have applied these methods to
methane CBE. Sun et al.** investigated the drivers of methane emis-
sions in 43 countries during 2001-2014, while Cheng et al.>* explored
the drivers of income-based methane emissions during the same per-
iod but using Ghosh MRIO and SDA models. There is still limited
knowledge regarding the drivers of methane CBE across a wide range
of countries in the most recent decade.

Based on the equation, we calculate the CBE, and the changes in
emissions can be decomposed as (3). Instead of using first-order
decompositions, which has 5!=120, we use the average of two polar
decompositions, which can adequately approximate the average of all
decompositions’, as shown in Eq. (4).

ACBE = Aint x L X FSx FDper x P+ int x AL X FS x FDper x P
+int xLx AFSx FDper x P +int x L x FS x AFDper 3)
xP+intx L x FSx FDper x AP

ACBE ;= %(Aint XLy X FSyx FDperyx Py + Aint XLy XFS;
x FDper, x P;)

ACBE, = %(z‘m‘1 X ALxFSqx FDpery x Po +intyx ALXFS;
x FDpery % Py)

ACBEs= %(int1 x L x AFSxFDperox Py +inty XLy x AFS
x FDper, % Py)

“4)

ACBE ppper = %(int1 XLy xFS; x AFDper x Py +intq*x Ly X FSq
x AFDper x Py)

ACBEp= %(z’nt1 x Ly xFS; xFDper; X AP +intyxLyxFSy
x FDperq % AP)

In Eq. (3), int and L represent sectoral methane emission coeffi-
cient and the Leontief inverse matrix, respectively, as described in
Eq. (1); FS represents the sectoral structure of final demand, calculated
as sectoral final demand divided by the total volume, and shows the
consumption structure; FDper represents the per capita final demand,
reflecting the economic level of a country; P represents the popula-
tion. The subscript O and 1 indicate the base year and reporting year,
respectively; variables with a A before them denote changes from the
base year to the reporting year.

The idea of an SDA is to consider the change in emissions due to
the change in each driver, assuming the other drivers remain
unchanged. Therefore, the five items in Eq. (4) give the respective
contribution of each driver to the change in CBE. ACBE;,, gives the
impact of the emission coefficient, often interpreted as the contribu-
tion of emission technology. As emission technology improves, emis-
sions per unit of output decrease directly. ACBE;, provides the
contribution of the changes in the global Leontief inverse, often
interpreted as changes in production technology. It reflects

transformations in global production structures which encompass
both domestic economic structure and inter-country input-output
industrial linkages’™. ACBE captures the impact of the final demand
structure. For instance, a shift in final demand towards emission-
intensive products will lead to an increase in overall emissions.
ACBEgp,, and ACBE, provide the contribution of final demand per
capita and population, respectively. Final demand per capita often
reflects a country’s economic level, as wealthier nations tend to
consume more.

Data source

We collect methane PBE from the environmental accounts of
GLORIA*, which provides emissions data by countries and products
consistent with the GLORIA MRIO table. The emission data includes
both biogenic methane, produced and released from living plants and
animals, and emissions from fossil fuel use. GLORIA environmental
accounts combine EDGAR, the Organization for Economic Coopera-
tion and Development, and Eurostat emission datasets.

The global MRIO tables used in this study are sourced from the
GLORIA dataset. In comparison to other MRIO datasets, GLORIA
stands out for providing the longest time-series MRIO table, covering
164 countries and 120 products from 1990 to 2027 in version 057.
Tables from 2022 to 2027 are forecasted based on GDP projections
from the International Monetary Fund. We specifically utilize the table
spanning from 1990 to 2023 to capture long-term changes and the
most up-to-date dynamics in global methane emissions.

The GDP and population data by countries are collected from the
World Bank dataset.

Uncertainties and limitations
We acknowledge that there are uncertainties in the accounting of
methane emissions, from both production- and consumption-based
approaches. The uncertainties of PBE come from emission factors and
activity data (e.g., energy consumption and industrial outputs)”. Top-
down approaches based on satellite and ground-based observations
can be used to enhance the accuracy of PBE accounts. For example,
Sadavarte et al.”® found that the methane emissions from coal mines
estimated using satellite observations are considerably higher than
those estimated by bottom-up approaches. Meanwhile, the uncer-
tainties of CBE arise from the PBE coefficients and also from
input-output data*®”".

We have performed uncertainty and robust analysis of countries’
PBE and CBE as shown in the Supplementary Information and Sup-
plementary Data 3. In brief, we compare our PBE (i.e., GLORIA envir-
onmental accounts) with emission data from EDGAR v8.0 GHG 1970-
2022 (CO,, CHy4, N,O, F-gases)® and IEA Methane Tracker’. Compar-
isons reveal that GLORIA methane emissions (379.5 million tons in
2022 and 383.5 in 2023) are 0.9% lower than EDGAR estimates in 2022
(388.3 million tons) and 9.7% higher than IEA Methane Tracker in 2023
(349.5 million tons). Regarding CBE, we compare our estimates with
countries” CBE calculated using an alternative GTAP MRIO dataset”
and abovementioned PBE sources. The Pearson R value ranges from
0.952 to 0.998 for different comparisons, indicating the robustness of
our calculations.

Data availability

All results data supporting the findings of this study are available in the
Supplementary Data 1-4. The source data underlying figures can be
extracted from the Supplementary Data files. Country group classifi-
cations are based on the regional definitions outlined in the Inter-
governmental Panel on Climate Change (IPCC) Sixth Assessment
Report (AR6)*. All the data generated in this study are available in our
open-access dataset “Carbon Emission Accounts and Datasets for
emerging economies (CEADs)” (https://www.ceads.net/data/) for free
download.
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Code availability
The MATLAB code for the GMRIO and SDA modeling can be provided
upon request.
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