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Reduction of methane emissions (CH,4) plays an important role in addressing global climate change. Most pre-
vious studies have focused on the direct CH, emissions of economies, but overlooked the upstream CH, emis-
sions along global supply chains induced by the final consumption of economies. Using a global multi-regional
input-output analysis, this study aims to explore the evolution of CH, emissions embodied in international trade
and final consumption in major economies during 2000-2012. The results show that China, the EU, USA, India
and Brazil were the top five economies with high volumes of consumption-based CH4 emissions from 2000 to
2012. In particular, China’s consumption-based CH4 emissions showed an observable growth trend, while the
EU, the USA and Japan showed a downward trend. It’s estimated that growing amounts of CH4 emissions (i.e.,
the volume increase from 77.1 Mt in 2000 to 95.9 Mt in 2012) were transferred globally via international trade,
primarily as exports from China, Russia and other large developing economies to consumers in major developed
economies. Russia—-EU, China-USA and China-EU formed the main bilateral trading pairs of embodied emission
flows. Further analysis found that per capita consumption-based CH, emissions was closely related to their per
capita GDP. Quantifying the CH, emissions embodied in trade and final demand of major economies can provide
important basis for understanding economy-wide emission drivers to design global and regional CH, reduction

scheme from a consumer perspective.

1. Introduction

Over the past few decades, global greenhouse gas (GHG) emissions
have been growing rapidly. The total GHG emissions reached 50.9 Gt
CO,, eq (gigatonnes of CO, equivalent) in 2017 with an annual growth
rate of 1.3% (Olivier, 2018). Olivier (2018) found that global anthro-
pogenic non—CO, GHG emissions have exceeded CO, emissions in
recent years, with CH, contributing significantly to the overall radiative
forces (Montzka et al., 2011; Saunois et al., 2016). CH, is widely ac-
knowledged as the second largest source of GHG emissions, which is
responsible for about 18% of the global total GHG emissions (Olivier,
2018). The global warming potential (GWP) of CH, is 28 times higher
than that of CO, over one hundred years (IPCC, 2014), and the atmo-
spheric CH, concentration has tripled since 1750 (Peng et al., 2016).
CH, emission growth is highly related to increasing emissions from
human activities, such as agriculture, fossil fuel production and waste/
waste water (Du et al., 2018; Ghosh et al., 2015b; Hausmann et al.,
2016; Kirschke et al., 2013; Nisbet et al., 2016). Therefore, achieving
the Paris Agreement’s target to limit global warming to well below 2 °C

above pre-industrial levels and to pursue efforts to 1.5 °C requires not
only significant efforts in CO, emission mitigation, but also more at-
tentions to the CH, emissions reduction.

Compiling the national CH, emission inventory is the prerequisite to
design proper global CH, mitigation policy. Regarding the national
emissions accounting, the United Nations Framework Convention on
Climate Change (UNFCCC) requests the States Parties to report their
annual territorial-based national emission inventories in accordance
with the IPCC guidelines (IPCC, 2006). The territorial-based national
emission inventories preferred by the UNFCCC are considered to be
equivalent to the production-based emissions, except for the allocation
of international transportation (Peters, 2008). Consequently, many
previous studies have compiled global CH, emission inventories from
direct sources at multiple scales, such as global (Dlugokencky et al.,
2011; Ghosh et al., 2015a; Kirschke et al., 2013), national (Zhang and
Chen, 2014; Zhang et al., 2014), regional (Janssens-Maenhout et al.,
2017; Zhang et al., 2016) as well as inventories for specific sources or
sectors, e.g., fossil fuel production (Hoglund-Isaksson, 2017; Zhang
et al., 2014), agriculture production (Caro et al., 2014), wastewater (Du
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et al., 2018). Such production-based inventories provide basic in-
formation for decision making to control and reduce CH, emissions
from a producer perspective, e.g., strict implementation of CH, re-
covery from municipal solid waste (MSW), organic wastewater and
sewage treatment plants, effective utilization of coalbed methane, and
technologies upgrades for these key emitters.

It’'s widely acknowledged that the intensifying globalization in-
creases the spatial separation between production and consumption,
leading to the reallocation of resource use and pollutant emissions via
international trade (Chen et al., 2018a, b; Li et al., 2017; Meng et al.,
2018; Mi et al., 2017). Consequently, the conventional production-
based accounting cannot allocate emissions embodied in international
trade and ignore the potential for “carbon leakage” (Chen and Chen,
2016; Lenzen et al.,, 2004; Munksgaard et al.,, 2005; Peters and
Hertwich, 2008a). In order to give a more conprehensive picture of the
relation between anthropogenic emissions and economic activities,
many scholars believe that the total emission induced to meet a coun-
try’s final consumption should be taken into account(Barrett et al.,
2013; Davis and Caldeira, 2010; Kan et al., 2019; Peters, 2008; Zhang
et al., 2018), irrespective of where those emissions are actually gener-
ated (i.e., consumption-based accounting). The consumption-based ac-
counting (CBA) method reattributes the emissions from pruducers to
the final demand from consumers as embodied emissions.

Consumption-based GHG inventories are more advantageous for
reducing carbon leakage because the main motive for consumption-
based GHG inventories is to reduce carbon leakage associated with
international trade. Many authors have argued that GHG inventories
obtained by CBA method are “fairer” than PBA method (Bastianoni
et al., 2004; Ferng, 2019; Jesper, 2001; Kondo et al., 2019; Peters and
Hertwich, 2006, 2008b). (Peters and Hertwich, 2008b) also argued that
consumption-based GHG inventories have greater flexibility towards
pollution intensive resource endowments, and encourage different ap-
proaches to GHG mitigation. Moreover, consumption-based inventories
can also protect clean domestic industries and encourage environ-
mental performance while addressing competitiveness issues. For ex-
ample, if multiple economies are competing for the same export market,
then these exporters can use good environmental performance as a
marketing tool.

The global multi-regional input-output (MRIO) model is widely
employed to account the emissions embodied in global supply chains,
including production, consumption and international trade. At present,
the environmentally-extended input-output analysis (EEIOA) has be-
come a popular approach to measure and assess consumption-based
emissions, such as CO, (Andreoni and Galmarini, 2016; Davis and Ken,
2010; Fan et al., 2016b), atmospheric mercury (Chen et al., 2019a; Li
et al., 2017; Liang et al., 2015), PM, 5 (Meng et al., 2016), and nitrogen
pollution (Oita et al., 2016). However, most of these consumption-
based studies focus on carbon (Davis and Ken, 2010; Fan et al., 2016a,
b) or GHG emissions (Arto and Dietzenbacher, 2014; Caro et al., 2017),
while only a few has paid special attention to tracking CH4 emissions
along global supply chains. For example, (Han et al., 2019) conducted a
single year analysis of consumption-based agricultural CH4 and N»O
emissions from a bilateral trade perspective, but failed to integrate a
comprehensive trade relationships into the global MRIO modeling.
(Zhang et al., 2018) analyzed the impact of intermediate and final trade
activities on the global spatial distribution of CH4 emissions for one
year, and also compared the changes of consumption-based CH, in-
ventories between 2000 and 2012, without systematically revealing
both the spatial and temporal evolution features of CH, emissions in
global supply chains. Due to the difficulty of data acquisition, research
on CH,4 emissions has rarely addressed both long-term temporal mea-
surement and high space resolutions. An in-depth comparative analysis
of the evolution characteristics of the CH4 emissions among major
economies under a continuous time series is in urgent need. Moreover,
previous consumption-based studies have focused on the CH, emissions
from either specific source (e.g., agriculture) or all sources, without a
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comparison between different CH, sources (e.g., agriculture and en-
ergy) when conducting the consumption-based accountings. A com-
parision between different sources could provide specific demand-side
insights for regulating the CH4 emissions.

Therefore, to fill the gaps in the existing research, this paper at-
tempts to quantify the CH4 emission embodied in trade and final de-
mand of major economies by linking production-side emissions to their
final consumers, based on the latest global CH, emission inventories
from the Emissions Database for Global Atmospheric Research
(EDGAR-4.3.2) and the global MRIO table from the WIOD database
during 2000-2012. We analyze the temporal and spatial evolution
features of CH, emissions in global supply chains among major
economies by constructing a time series inventories with multiple na-
tionals and industries details. Moreover, this study further elaborate the
results by distinguishing different CH4 sources (e.g., agricultural av-
tivities and energy exploitation).

The rest of this paper is organized as follows: Section 2 describes the
methodology and data used to estimate the embodied emission in trade
and final demand of major economies, wherein a EEIOA model is de-
picted in detail. Results from Section 3.1 provides an overall trend for
consumption-based CH,4 emissions. The structure of consumption-based
CH, emissions are discussed in Section 3.2, followed by the impact of
trade on the consumption-based CH4 emissions in Section 3.3. Con-
clusions and policy implications are finally proposed in the ending
section.

2. Methodology and data sources
2.1. Environmentally-extended input-output analysis

The input-output analysis was first proposed and developed by
Wassily Leontief in the late 1930s, in which observed economic data for
a particular economic area (nation, province, city, etc.) were used for
building up a basic input-output model. This paper explores the con-
sumption-based CH, emissions of major economies by applying a fully
integrated Environmentally-Extended-Input-Output Analysis (EEIOA),
which is an extension of a basic input-output model. Based on the core
idea of input-output theory, the total output of an economy X can be
broken down into intermediate and final demand, as indicated in Eq.

1):
X=AX+F (€9)]

where, column vector X denotes the total output, matrix A is the
technology coefficients to describe the relationship between all sectors
of the economy, and the column vector of F denotes final demand with
its elements being the sum of all items of final demands, including
household consumption, non-profit organization consumption, gov-
ernment consumption, gross fixed capital formation and inventory
changes.

Considering that Eq. (1) under multiple regions can be further ex-
pressed as Eq. (2):

Zflr
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where X1 is a column vector of the total output in region q, where each
element x/ indicates the total output of sector i (i =1, 2, ---, 56) in

region q. And Each block matrix A is a 56 x 56 matrix for the inter-
regional intermediate input coefficients between two regions, where its
element a/Fdenotes the ratio of the intermediate demand of sector j
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G=1,2, -, 56) in region p supplied by the sector i in region q to the
total input of the sector j in region p. More simply to say, each diagonal
matrix blocks refers to the requirement in the same region between
different sectors and each off-diagonal matrix blocks represents the
trading patterns between different regions. In addition, the column
vector of 3 f9 denotes final demand in region r provided by region g,
and its elementf;”"shows the final demand of sector i in region g. To
better understand the national consumption-based emissions, the con-
sumption-based emissions in region r (E") can be further expressed in
Eq. (3):

Elr
EZr
E3r
E.q’
M- 0 0 O O

100 -0 Al A2 A3 L. 4l -1 fir
0100 A A2 43 A =
001 S0 — ] A3 432 43 ... Ak f3r
0000 I R :
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whereE%represents the consumption-based emissions which provided
by region q to region r ; Mfs a diagonal matrix containing domestic
CH, coefficients for each industry in region q. I is the identity matrix;
andL = (I — A)7'is the total Leontief inverse matrix. A region’s con-
sumption-based emissions can be calculated by summing up the em-
bodied emissions in final demand drawn from various countries for use
in this region. For instance, the consumption-based emission of the
region r is the sum of the vectors E'"to E7".

When the consumption-based emission inventory is extended to
multi-regions, it can be further described by Eq. (4):

Ell E12 Elq
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The production-based accounting emissions (PBE) is defined as the
direct CH,4 emission emitted within the territory of a region, and con-
sumption-based accounting emissions (CBE) as the CH, emission em-
bodied in local final demand. Based on Eq. (4), the PBE in region r and
CBE in region s can be readily obtained by Eq. (5):

q
PBEr = Z Ers
s=1
q
CBEs = ) Ers
r=1 (5)

whereE ;efers to the CH, emissions of region r that are embodied in the
final consumption of region s, we have defined it as the CH4 export from
region r to region s.

The emissions embodied in imports (EEI) and exports (EEE) of re-
gion r can be expressed as Eq. (6):
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q
EEIr = )’ Esr
r#s
q
EEEr = )" Ers
ré#s (6)

where EEI, is the emissions embodied in international import of region r
from other regions, while EEE, denotes the emissions embodied in in-
ternational exports of region r to all other regions.

2.2. Data sources

In this study, the anthropogenic CH, emissions are derived from the
latest EDGAR-4.3.2 emission database, which have been widely
adopted for related environmental and climate research (Madrazo et al.,
2018; Zhang et al., 2018). The database reports detailed CH, emissions
for more than 80 sources, such as enteric fermentation, manure man-
agement, rice cultivation, fugitive emissions from solid fuels, fugitive
emissions from oil and gas, solid waste disposal on land, wastewater
handling, fossil fuel combustion, and others. This database has updated
the bottom-up inventories of anthropogenic GHG emissions of nations
to the year of 2012 (Janssens-Maenhout et al., 2017). Therefore, we can
obtain a time series CH4 emission inventories at the national level from
the EDGAR 4.3.2 emission database and then adopt a hybrid approach
to redistribute emissions data to 56 sectors in each economy of WIOD.
This makes it possible for a more systematic study on time-series con-
sumption-based accountings of global CH, emissions via the methods of
EEIOA. If we use other national GHG inventories with limited data
(especially for developing economies), the uncertainty of input-output
analysis will be greatly affected.

We adopt the global input-output tables from the WIOD database,
which includes 44 economies (43 countries or regions plus a Rest of
World) and 56 sectors (see supporting information Table S2). Due to the
availability of CH4 emission account, this paper selects the global MRIO
data during 2000-2012 in order to keep consistency. The EU in this
article includes 28 countries (see Table S1). In addition, due to the
complexity of the data and the inter-departmental correlation, some
small emission sources such as public services, fuel combustion of
commercial and non-specified industrial sectors are ignored. The po-
pulation and GDP of the major economies are obtained from the World
Bank (World Bank, 2017). However, since the World Bank data does not
include Taiwan Province of China, we use United Nations Conference
On Trade And Development (UNCTAD) data when calculating demo-
graphic and economic-related indicators for Taiwan Province of China.

3. Results and discussions
3.1. Overall trend of consumption-based CH,4 emissions of major economies

The evolution features about consumption-based CH4 emissions in
major economies are shown in Fig. 1. During the period 2000-2012,
there were 12 economies showing an upward trend in their consump-
tion-based CH,4 emissions (see Table S3 for details). The economy with
the highest average annual growth rate of consumption-based CH4
emissions was China (4.2%), followed by Russia (4.1%) and Indonesia
(4.1%). In particular, during the period 2006-2012, the consumption-
based CH,4 emissions of China, India and Indonesia experienced rapid
annual growth rates of 6.0, 5.4 and 4.0%, respectively. On the contrary,
the consumption-based CH, emissions of the EU, the USA, Taiwan of
China and Japan showed a slightly decreasing trend. For example, the
EU reduced from a historical peak at 47.7 Mt in 2006 to 38.6 Mt in
2012, the USA decreased from a historical peak at 41.1 Mt in 2005 to
35.5Mt in 2012. In detail, EU was the economy with the largest con-
sumption-based CH, emissions (43.6 Mt) in 2000, followed by China
(39.5Mt) and the USA (39.2Mt). Since 2007, however, China has
surpassed the EU and the USA to become the largest driver of global
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CH, emissions. China's total consumption-based CH, emissions reached
64.5 Mt in 2012, which was 1.8 and 1.7 times that of the US and the EU,
respectively.

As illustrated in Fig. 2, the total consumption-based CH4 emissions
of the 16 major economies accounted for more than 70% of the global
total. The EU, China and the USA were the only three economies which
were responsible for more than 10% of global CH, emissions. The next
major economies were India and Brazil, accounting for about 8% and
5%, respectively. For other economies, their contributions were less
than 5%. The share of China maintained an obvious increasing trend in
the accounting period, climbing up from 14.1% in 2000 to 19.0% in
2012. The shares of India, Indonesia, Russia and Canada also increased
in varying degrees. In contrast, the EU, the USA, Brazil, Japan, Mexico,
South Korea and Taiwan of China have all experienced a decline,
among which the EU, the USA and Japan decreased most significantly.

To shed light on the relationship between economic growth and CH,
emissions, per capita consumption-based CH,4 emissions and per capita
GDP for the major economies in 2000 and 2012 are showed in Fig. 3
(see Table S4). Results show a positive correlation between per capita
GDP and per capita consumption-based CH, emissions in general. For
example, India, Indonesia and China demonstrated a type of economies
with low GDP and low per capita CH4 emissions, while Australia, Ca-
nada, Norway and the USA belonged to a different type of economies
with high per capita GDP and high per capita emissions. Likewise, a
positive correlation also exists in the changes of per capita GDP and the
changes of per capita consumption-based CH,4 emissions. For instance,
the per capita consumption-based CH, emissions of Russia (65.1%) and
China (52.9%) increased significantly comparing to 2000, and their
corresponding per capita GDP increased by 201.2% and 79.0%, re-
spectively. However, exceptions do exist. For example, the per capita

GDP of the USA, Japan, the EU and Mexico changed relatively little
from 2000 to 2012, and their corresponding per capita embodied
emissions revealed an overall downward trend.

3.2. Consumption-based CH4 emission structures of major economies

From the global perspective, approximately 70% of the global
consumption-based CH, emissions were induced by household con-
sumption, followed by gross fixed capital formation (about 15%) and
government consumption (about 6%). The contributions of changes in
inventories and non-profit organization consumptions were negligible
in most economies. The share of household consumption declined from
76.1% in 2000 to 68.0% in 2012, while the share of fixed capital for-
mation increased steadily from 13.3% in 2000 to 18.7% in 2012. This
can be partly attributed to the decrease in the share of household
consumption and the simultaneous increase in the share of fixed capital
formation in China, Australia and India.

In terms of the final demand structure in each economy, household
consumption accounted for the highest share of consumption-based
CH, emissions in India (see Fig. 4a), reaching 89.7% in 2000. However,
its share saw annual decline trend since then, falling continuously from
86.6% in 2004 to 81.8% in 2012. The contribution of household con-
sumption in China experienced a similar continuous decline from
68.9% in 2000 to 48.5% in 2012, making China the economy with the
lowest proportion of household consumption among these economies in
2012. Comparing to 2000, the contribution of household consumption
declined in most economies, with China, Indonesia and Australia falling
the most significantly, at 20.3%, 12.9% and 10.9%, respectively. Fixed
capital formation generally exerted its ever-increasing impact on con-
sumption-based CH, emissions in China during the whole period,
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reaching up to the maximum of 38.1% in 2012. It is also worth noting
that the composition in final demand categories of the EU and the USA
have not changed much overall.

With regard to emission source category, agriculture-, waste-, and
oil and gas-related emission sources were the main contributors to the
global CH, emissions (see Fig. 4b). In term of agriculture-related CH4
emissions, they constituted more than 60% of total consumption-based
CH, emissions in India and Brazil, the two largest consumers of global
agriculture-related CH4 emissions. The contribution of agriculture-re-
lated emissions in Russia, China, Switzerland, Indonesia, Norway and
Brazil all showed a slight downward trend during 2000-2012. As for
the embodied oil and gas-related emissions in each economy, oil and
gas-related emissions accounted for the highest share of consumption-
based CH, emissions in Japan, followed by the USA, Taiwan of China,
Canada and the EU. The contribution of waste-related emissions driven
by final demand in Turkey is more than 40% of its total embodied CH,4
emissions, followed by Russia (more than 35%).

3.3. Impacts of trade on embodied CH4 emissions

Fig. 5 depicts the trend of CH4 emissions embodied in international
trade of major economies during 2000-2012, which vary within a
narrow range between 77.1 and 95.5 Mt. Total CH4 emissions embodied
in imports of the 16 economies increased from 77.1 Mt in 2000 to
95.1 Mt in 2007, followed by a consecutive two years decrease due to
the global financial crisis and fell to 85.9 Mt in 2009. After that, the
embodied emissions begin to soar again, reaching a historical peak at
95.9 Mt in 2012. This shows that CH, flows of an economy are con-
strained by external economic situations. Furthermore, this also sug-
gests that the continuous time series analysis could offer more in-
formative insights than the analysis in individual years. Among the 16
major economies, the EU consistently ranked the top in CH, emissions
embodied in imports during 2000-2012 (see Table S5 for details). Its
imports volume experienced a steady increase trend from 23.9 Mt in
2000 to its highest point of 30.7 Mt in 2007, and then reduced to
24.3Mt in 2012. The CH, imports of the EU accounted for
25.3%-33.3% of the total global CH, imports in 2000-2012, indicating
that more than a quarter of the world’s CH, trade came from the con-
sumption of the EU. The USA ranked second in general, its import vo-
lume increased from 15.7 Mt in 2002 to 19.3 Mt in 2005, followed by a
continuous decline to 14.0 Mt in 2012. Imports from China have more
than quadrupled from 2000 to 2012 and grew steadily at 12.5% per
year over the whole period. Contrary to this, the shares of the EU and
the USA in the global CH, imports declined during 2006-2012, with the
shares of the EU decreasing from 32.3% to 25.3% and that of Japan
from 20.2% to 14.6% over the same time period.

With regard to export (see Table S6 for details), emissions increased
by 24.3% from 2000 to 2012. Exported emissions from Russia and the
EU were the largest in 1990, with 10.5% and 8.7%, respectively, before
exports from China started to grow rapidly from 2002 following the
accession of China to the World Trade Organization. Meanwhile, it
indicates that China’s accession to the World Trade Organization not
only promoted world economic trade, but also triggered China's CH,4
emissions for other economies. Since 2004, China has surpassed Russia
as the largest exporter. Its exports volume grew rapidly from 6.2 Mt in
2000 to 13.4 Mt in 2012 with an average annual growth rate of 11.6%.
However, a fluctuation has also been witnessed in the period of
2008-2012 potentially due to the shock of global financial crisis. In
addition to China, Brazil, Russia, the USA, India and the EU also ex-
perienced a slight growth trend from 2000 to 2012. For the remaining
economies, their CH4 exports maintained stable trends and the volumes
were relatively low, with an annual volume of 2 million tons and below.

To further present regional tele-connection among major econo-
mies, Table 1 describes the evolution of embodied CH, emissions
transfer network. As shown in Table 1, the EU, the USA, China and
Japan were the major destinations for trading embodied emission flows.
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Obviously, China reinforces its position as the dominant contributor of
interregional transfers of embodied CH, emissions from 1.1 Mt in 2000
to 5.2 Mt in 2012.

The largest bilateral trading flows took place from Russia to the EU
among the major economies. This trading flows increased from 3.5 Mt
in 2000 to 5.5 Mt in 2004, followed by a long-term decrease due to the
global financial crisis, and fell to 4.3 Mt in 2012. China, as the largest
exporter of embodied CH, emissions, also exported substantial embo-
died emissions to the USA and the EU. The trading flows from Canada
and Mexico to the USA, and from Brazil and Russia to China were also
essential ties in the embodied emission transfer network. In sum, the
most important trade flows were related to China, the USA, the EU,
Japan, and Brazil.

Agriculture and energy-related CH, emissions transfers among
major economies are portrayed in Fig. 6. In these chord figures, the 16
economies are arranged in a circle, and the embodied CH4 emissions in
exports of each economy are consistent with the size of the sector oc-
cupied by the economy. The curve connecting any two economies in the
chord figure represents the embodied CH, emissions in trade between
the two economies. The amount of embodied CH,4 emissions exported to
each other by the connected economies is represented by different line
widths at both ends of the curve, respectively. And the color of the
curve is consistent with the economies with larger exports in the two
connected economies.

Presented in Fig. 6(a)(c)(e)(g) are major inter-regional trade flows
in terms of agriculture-related CH4 emissions. The EU was the economy
with the largest embodied agricultural CH, emissions inflows during
2000-2012. It experienced an overall increase trend, increasing from
62.1 Mt in 2000 to 81.5 Mt in 2004, followed by a long-term decline to
58.2 Mt in 2012. In addition, China gradually ranked the second place
in embodied agricultural CH4 emissions inflows, i.e. from 8.3 Mt in
2000 to 56.3 Mt in 2012. In contrast, as the global CH, emissions trade
increased, the agriculture-related CH4 import of the EU and Japan ex-
perienced an overall decreasing trend over time. Brazil had the biggest
outflows of agricultural-related CH4 emissions. Its CH4 outflows in
agricultural exports increased from 43.8 Mt in 2000 to 86.7 Mt in 2004,
which was subsequently reduced by the global financial crisis and fell to
68.6 Mt in 2008. After that, the embodied emissions began to rise again,
reaching 81.1 Mt in 2012. And the largest receiver was the EU, ac-
counting for an overwhelming 56.1% of Brazil’s total exports in 2000.
The agriculture-related CH4 export of China also increased significantly
with time. Indeed, it grew from 38.8 Mt in 2000 to 60.3 Mt in 2012,
reaching the highest point of 75.9 Mt in 2008. Additionally, the cor-
responding CH,4 export of Australia experienced an overall decreasing
trend during 2000-2012 (i.e. from 28.0 Mt in 2000 to 19.4 Mt in 2012).
Major export-import pairs supporting the large flows were Brazil-EU,
China—-Japan, China-USA, India-EU in 2000, and Brazil-China, Bra-
zil-EU, China-USA, China-EU in 2012. Remarkably, for the USA, the
agriculture-related CH, exports was relatively stable, which varied
within a narrow range between 4.0 Mt to 4.5 Mt.

Energy-related emissions are presented in Fig. 6(b)(d)(f)(h), the
export volume of the Russia consistently ranked top during the whole
period. It experienced an overall increasing trend, from 129.9 Mt in
2000 to 189.6 Mt in 2008, followed by a slight decline to 184.9 Mt in
2012. Russia had the biggest embodied energy-related emission out-
flows, more than 56% of which flowed into EU. Total outflows of en-
ergy-related emissions from China have experienced a continuous rise
(i.e. from 45.9 Mt in 2000 to 94.6 Mt in 2008), followed by a short-term
sharp fall due to the global financial crisis (i.e. from 94.6 Mt in 2008 to
84.2 Mt in 2012). It mainly flow into EU (more than 23%), the USA
(more than 15%) and Japan (more than 14%). In comparison, the EU
and the USA were the two leading economies with the biggest inflows.
The difference is that the inflow of the EU increased significantly in
general, while the USA experienced an overall decreasing trend. Over
time, China’s energy demand has been growing at a high rate, ranking
third in 2012. Major inflow-outflow couples of energy-related emissions
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Table 1
Interregional transfers of embodied CH,4 emissions via international trade among major economies. (a) 2000; (b) 2004; (c) 2008; (d) 2012.
(a) 2000
Economy Australia Brazil Canada Switzerland China EU Indonesia India Japan South Mexico Norway Russian Turkey Taiwan, United Total
Korea China States
Australia 0 17 35 8 190 350 107 50 561 145 20 3 8 15 84 256 1850
Brazil 30 0 33 20 94 1084 16 31 197 31 40 32 52 14 17 411 2100
Canada 12 15 0 6 40 260 9 9 200 36 48 3 4 13 12 1915 2580
Switzerland 0 0 1 0 1 31 0 1 2 0 0 0 0 1 0 4 43
China 115 36 124 28 0 1072 91 49 1062 276 42 20 67 21 80 1144 4227
EU 36 41 79 149 137 0 22 50 187 40 38 54 84 58 31 581 1588
Indonesia 61 20 61 6 177 368 0 51 679 197 17 3 8 10 58 371 2087
India 23 33 44 15 174 1064 25 0 238 26 16 7 69 62 20 428 2243
Japan 2 1 1 1 6 12 1 1 0 4 1 0 0 0 5 20 55
South Korea 2 2 3 0 21 19 4 2 48 0 2 0 2 1 6 36 151
Mexico 3 8 23 2 9 95 3 4 42 7 0 1 2 2 4 663 868
Norway 2 4 36 3 8 319 1 2 15 5 2 0 3 2 2 92 495
Russian 41 75 41 82 226 3481 54 72 392 97 35 21 0 214 50 771 5649
Turkey 2 3 3 5 5 170 1 31 11 2 1 1 11 0 1 35 280
Taiwan, China 1 0 1 0 5 7 0 2 8 1 1 0 0 1 0 10 38
United States 30 37 311 15 65 496 24 17 448 93 344 6 17 21 71 0 1994
Total 361 291 794 339 1158 8828 359 372 4090 960 607 152 325 436 440 6736
(b) 2004
Economy Australia Brazil Canada Switzerland China EU Indonesia India Japan South Mexico Norway Russian Turkey Taiwan, United Total
Korea China States
Australia 0 12 36 6 275 304 99 97 537 139 14 3 11 11 69 208 1819
Brazil 30 0 61 30 452 1831 50 68 316 107 94 36 186 28 78 597 3965
Canada 11 9 0 4 50 213 8 11 115 18 52 3 5 6 10 1855 2372
Switzerland 0 0 1 0 1 31 0 1 2 0 0 0 1 0 0 4 43
China 237 78 252 42 0 1981 182 187 1460 448 97 39 192 54 177 1975 7400
EU 42 28 77 131 158 0 17 112 135 36 29 61 106 68 25 517 1542
Indonesia 91 17 24 5 263 301 0 112 697 188 15 3 12 11 109 300 2149
India 41 44 60 17 711 1253 67 0 547 58 22 10 34 52 41 491 3447
Japan 2 1 2 1 11 14 1 1 0 5 1 0 1 0 7 17 65
South Korea 2 1 3 0 22 18 2 4 31 0 1 0 2 1 4 25 117
Mexico 3 4 30 5 12 86 2 11 27 4 0 1 1 1 2 811 1001
Norway 2 3 28 4 10 430 1 3 9 4 2 0 6 3 1 92 598
Russian 44 39 71 67 402 5488 36 148 297 107 30 35 0 310 43 756 7872
Turkey 2 2 3 3 7 165 2 35 6 1 1 2 13 0 1 26 269
Taiwan, China 1 0 1 0 8 7 0 3 7 1 1 0 0 0 9 41
United States 29 28 335 11 158 429 26 27 309 79 289 6 16 24 55 0 1822
Total 537 265 983 326 2539 12551 493 820 4496 1197 649 200 585 569 623 7686
(c) 2008
Economy Australia Brazil Canada Switzerland China EU Indonesia India Japan South Mexico Norway Russian Turkey Taiwan, United Total
Korea China States
Australia 0 19 28 5 357 241 88 86 503 111 12 3 24 11 47 165 1699
Brazil 33 0 48 32 616 1332 41 50 234 89 33 27 173 29 28 398 3163
Canada 14 20 0 5 75 239 14 17 144 28 63 4 11 15 9 1847 2507
Switzerland 1 1 4 0 3 57 1 4 2 1 1 1 1 1 1 8 86
China 273 179 345 49 0 2611 197 308 1207 499 140 47 452 100 140 2237 8784
EU 47 46 80 126 153 0 20 82 121 39 36 78 152 92 22 427 1521
Indonesia 92 35 27 6 384 365 0 29 692 175 19 4 27 20 41 293 2279
India 35 96 47 11 1107 1728 50 0 142 65 19 9 35 55 63 335 3799
Japan 3 1 2 1 15 15 2 1 0 6 1 0 3 1 7 17 75
South Korea 4 3 3 0 31 27 5 6 23 0 3 1 5 2 4 25 140
Mexico 6 10 43 3 23 128 3 14 37 6 0 1 4 3 3 985 1271
Norway 2 4 17 4 9 450 1 3 8 3 3 0 7 4 1 61 578
Russian 58 62 70 60 496 5279 47 108 326 156 51 43 0 414 32 704 7907
Turkey 2 4 3 3 13 139 5 33 6 2 1 2 22 0 1 18 254
Taiwan, China 1 1 2 0 9 7 1 5 5 1 1 0 1 1 7 41
United States 38 55 447 15 278 598 48 38 409 149 437 10 37 50 74 0 2683
Total 609 535 1164 320 3570 13218 520 855 3860 1330 821 229 954 799 475 7529
(d) 2012
Economy Australia Brazil Canada Switzerland China EU Indonesia India Japan South Mexico Norway Russian Turkey Taiwan, United Total
Korea China States
Australia 0 20 25 5 564 185 97 104 370 111 10 3 24 13 64 139 1733
Brazil 34 0 60 21 1245 994 73 63 310 151 32 25 122 49 102 394 3677
Canada 14 21 0 4 158 173 11 18 123 23 60 4 12 9 13 1353 1999

(continued on next page)



Y. Wang, et al.

Table 1 (continued)
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(d) 2012
Economy Australia Brazil Canada Switzerland China EU Indonesia India Japan South Mexico Norway Russian Turkey Taiwan, United Total
Korea China States
Switzerland 2 2 4 0 7 43 1 3 1 0 1 1 1 1 9 79
China 308 226 320 58 0 1740 229 989 391 140 30 427 103 129 1888 7300
EU 65 70 87 147 304 0 30 145 62 34 89 192 104 25 435 1887
Indonesia 88 45 30 6 642 292 0 496 156 18 4 35 26 128 273 2414
India 46 95 48 12 1031 872 78 137 70 23 11 49 54 45 402 2972
Japan 2 1 2 0 15 9 2 0 5 1 0 2 1 5 14 61
South Korea 6 4 4 1 47 23 9 35 0 3 0 6 2 6 30 180
Mexico 10 15 59 3 56 134 4 41 11 0 1 7 12 4 1011 1400
Norway 3 6 9 5 18 359 2 10 8 2 0 11 5 2 42 484
Russian 81 92 70 63 1060 4283 87 611 218 47 53 0 178 63 667 7717
Turkey 4 8 5 4 44 137 8 3 2 2 32 0 2 24 294
Taiwan, China 1 2 2 0 14 7 1 7 2 1 0 1 1 0 8 49
United States 51 95 554 14 523 598 51 369 117 481 10 39 56 54 0 3065
Total 716 703 1279 343 5726 9850 678 1037 3654 1331 854 233 960 612 644 6689
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Fig. 6. Embodied CH, emission via international trade transfers among major economies by source.

were Russia—EU, China-EU, and Canada-USA. The trading flows from
China to the USA and the EU were also important ties in the embodied
energy-related emission transfer network. This indicates that as the
largest economic entity in the world, the EU requires large amounts of
energy products imported from other economies.

4. Conclusions and policy implications

This study uses the environmentally-extended input-output analysis
(EEIOA) method to present the most comprehensive overview of CHy
emissions in global supply chains for major economies from 2000 to
2012, based on the most updated global CH4 emission inventories from
the Emissions Database for Global Atmospheric Research (EDGAR) and
the global MRIO table from the WIOD database. Furthermore, we ela-
borate the evolution features of embodied emissions from the per-
spective of final demand structure (i.e., household consumption, gross
fixed capital formation, government consumption, changes in in-
ventories and non-profit organization consumption) and source emis-
sion structure (i.e., agriculture, waste, and oil and gas). When tracking
the CH,4 emissions embodied in international trade, we also distinguish
the contributions from agriculture and energy-related CH4 emissions.
Based on the results, some CH, reduction policy recommendations are

proposed for major economies from both the regional and global per-
spectives.

With regard to consumption-based CH4 emissions, except for the
EU, the USA, Taiwan of China and Japan, the major economies main-
tained a growing trend from 2000 to 2012. The EU had the largest
consumption-based CH,4 emissions in 2000, which had been outpaced
by China since 2007. China (4.2%), Russia (4.1%) and Indonesia (4.1%)
had the highest average annual growth rate of consumption-based CH,4
emissions among major economies. Clearly, accounting for the embo-
died CH,4 emissions of major economies plays a significant role in re-
ducing consumption-induced CH,4 emissions and mitigation policy in-
struments in each economy. For example, encouraging green
consumption and increasing CH,4 label of products can be good prac-
tices. Especially in India and Brazil, agriculture-related CH, emissions
constituted more than 60% of their corresponding total consumption-
based CH, emissions. Encouraging agricultural products to develop CH4
labels is important in the context of reducing current and future global
warming. We expect CH,4 labeling to have a role in increased supply
chain pressures by manufacturers and large chain stores (e.g. food in-
dustry) to reduce the CH,4 emissions of products they carry. Meanwhile,
CH, labels can also promote transparency of related CH, emissions and
guide consumers to choose low CH, products (Chen et al., 2017; Li
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et al., 2018). While the methodological and legal challenges to the es-
tablishment of effective CH,4-labeling programs are significant, careful
analysis and selection of product categories to be labeled could ulti-
mately bring about significant reductions in CH, emissions in a manner
that is cost-effective and consistent with the international trade stan-
dards (Cohen and Vandenbergh, 2012). Moreover, proper adjustment of
diet habits (e.g. reducing red beet intake) and reductions of food waste
can greatly help to ensure a healthy diet and reduce embodied agri-
cultural emissions (Bajzelj et al., 2014).

From our results, it seems clearly that the consumer side presents
the greatest mitigation potentiality. It was found that household con-
sumption accounts for about 70% of the total emissions embodied in
final consumption. The scope of CHy4 reduction efforts can be further
narrowed to residential consumption, such as improving thermal in-
sulation and more efficient heating equipment (Long et al., 2018). In
contrast to the decreasing contribution from household consumption,
the share of consumption-based CH4 emissions caused by investment
activity increased by 7.6% during the 2000-2012 period. Investment
activities generally exerted its ever-increasing impact on consumption-
based CH,4 emissions in China, Australia and India with time. Espe-
cially, investment activities are of great importance for China, a nation
experiencing both rapid urbanization and industrialization processes. It
reflected that China were shifting from a society that struggled to sa-
tisfying basic household needs to responding to higher standard life
styles and demand for advanced investment (Tian et al., 2014). Con-
sequently, further exploring how to determine the energy-saving and
emission-reduction potentials of improving investment-driven energy
consumption practices (especially for energy industry) is a vital ap-
proach to curb the rapid growth of consumption-based CH, emissions
for investment-driven economies like China (Fu et al., 2014). For in-
stance, large projects should not be blindly invested. Instead, rational
planning processes in advance to encourage more investment in clean
and green projects should be advocated. Promoting low CH4 design,
using low CH,4 materials, and guiding the public sector towards a low
CH, investment direction are essential (Tian et al., 2014).

The total transfer of embodied CH4 emissions via international trade
showed a significant upward trend, suggesting that the globalized
world economy had generated adverse environmental impacts.
Developed countries and large economies played essential roles in
embodied CH,4 emission transfers. Therefore, when designing emission
reduction strategies for these major economies, attention should be
paid not only to local emission reduction, but also to consider emission
flows in external trade (Chen et al., 2019b; He and Hertwich, 2019;
Tian et al., 2018). From the consumption-based CH, imports, total
imported CH4 emissions in 2012 came primarily from the EU, the USA,
China and Japan. The CH, imports of the EU accounted for
25.3%-33.3% of the total global CH, imports in 2000-2012, indicating
that more than a quarter of the world's CH, trade comes from the
consumption of the EU. For important importing economies like the EU
(e.g. the USA, China and Japan), tax incentives can be offered for im-
ports with low CH, intensity, thereby encouraging upstream industries
to produce cleaner products. Meanwhile, encouraging the importing
economies to cooperate with the exporting economies to reduce emis-
sion intensity of exported commodities by providing financial and ad-
vanced technical support are also encouraged (Han et al., 2019). As for
the export volume of CH, emissions, total CH4 exports increased by
24.3% from 2000 to 2012, among which Russia, the EU and China
contributed the most. The consumption of agricultural commodities in
the EU and the USA caused large emissions which were released in
Brazil, China, and Mexico. For these large agricultural economies, their
national governments should coordinate design and implement effec-
tive mechanisms and channels to increase public agricultural R&D in-
vestments, thereby stimulating innovation and adopting agricultural
technologies and practices that reduce agricultural CH, emissions
(Lybbert and Sumner, 2012). For example, adopting advanced irriga-
tion management methods, planting hybrid rice with lower CH,4
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generation than common rice, and shifting towards more intensive
management in agricultural sector (Zhang et al., 2016). Russia, China
and Canada also released large CH, emissions due to energy-related
commodities consumed by the EU and the USA. These economies with
large energy-related exports (e.g. Russia, the EU and China) have
considerable potentials for climate change mitigation. Future policy
priorities are hence recommended to encourage research in low-me-
thane technology by increasing investments and subsidies for the en-
ergy-related industry. Furthermore, these economies can transform
their industrial structures and changing positions in the international
supply chain by developing technology-intensive and high-value-added
industries, thereby decreasing the exported emissions of products.
Moreover, an alternative direction to decrease energy-related emissions
is to encourage the use of energy-saving, clean energy and new energy
transportation tools (Ma et al., 2019).

Acknowledgements

This study has been supported by the National Natural Science
Foundation of China (Grant no. 71774161), and the Yue Qi Young
Scholar Project, China University of Mining & Technology (Beijing).

ReferencesUncategorized References

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.resconrec.2019.
104414.

References

Andreoni, V., Galmarini, S., 2016. Drivers in CO2 emissions variation: a decomposition
analysis for 33 world countries. Energy 103, 27-37.

Arto, L., Dietzenbacher, E., 2014. Drivers of the growth in global greenhouse gas emis-
sions. Environ. Sci. Technol. 48, 5388-5394.

Bajzelj, B., Richards, K.S., Allwood, J.M., Smith, P., Dennis, J.S., Curmi, E., et al., 2014.
Importance of food-demand management for climate mitigation. Nat. Clim. Chang. 4,
924-929.

Barrett, J., Peters, G., Wiedmann, T., Scott, K., Lenzen, M., Roelich, K., et al., 2013.
Consumption-based GHG emission accounting: a UK case study. Clim. Policy 13,
451-470.

Bastianoni, S., Pulselli, F.M., Tiezzi, E., 2004. The problem of assigning responsibility for
greenhouse gas emissions. Ecol. Econ. 49, 253-257.

Caro, D., Davis, S.J., Bastianoni, S., Caldeira, K., 2014. Global and regional trends in
greenhouse gas emissions from livestock. Clim. Change 126, 203-216.

Caro, D., Pulselli, F.M., Borghesi, S., Bastianoni, S., 2017. Mapping the international flows
of GHG emissions within a more feasible consumption-based framework. J. Clean.
Prod. 147, 142-151.

Chen, B., Han, M.Y., Peng, K., Zhou, S.L., Shao, L., Wu, X.F., et al., 2018a. Global land-
water nexus: agricultural land and freshwater use embodied in worldwide supply
chains. Sci. Total Environ. 613-614, 931-943.

Chen, B., Li, J.S., Wu, X.F., Han, M.Y., Zeng, L., Li, Z., et al., 2018b. Global energy flows
embodied in international trade: a combination of environmentally extended in-
put-output analysis and complex network analysis. Appl. Energy 210, 98-107.

Chen, B., Wang, X.B., Li, Y.L., Yang, Q., Li, J.S., 2019a. Energy-induced mercury emis-
sions in global supply chain networks: structural characteristics and policy implica-
tions. Sci. Total Environ. 670, 87-97.

Chen, B., Yang, Q., Zhou, S., Li, J.S., Chen, G.Q., 2017. Urban economy’s carbon flow
through external trade: spatial-temporal evolution for Macao. Energy Policy 110,
69-78.

Chen, S., 2016. Chen B. Tracking inter-regional carbon flows: a hybrid network model.
Environ. Sci. Technol. 50, 4731-4741.

Chen, S., Liu, Z., Chen, B., Zhu, F., Fath, B.D., Liang, S., et al., 2019b. Dynamic carbon
emission linkages across boundaries. Earths Future 7, 197-209.

Cohen, M.A., Vandenbergh, M.P., 2012. The potential role of carbon labeling in a green
economy. Energy Econ. 34, S53-S63.

Davis, S.J., Caldeira, K., 2010. Consumption-based accounting of CO2 emissions. Proc.
Natl. Acad. Sci. U. S. A. 107, 5687-5692.

Davis, S.J., Ken, C., 2010. Consumption-based accounting of CO2 emissions. Proc. Natl.
Acad. Sci. U.S.A. 107, 5687-5692.

Dlugokencky, E.J., Nisbet, E.G., Fisher, R., Lowry, D., 2011. Global atmospheric methane:
budget, changes and dangers. Philos.Trans. 369, 2058-2072.

Du, M., Zhu, Q., Wang, X., Peng, L., Yang, B., Chen, H,, et al., 2018. Estimates and
Predictions of Methane Emissions from Wastewater in China from 2000 to 2020.
Earths Future.

Fan, J.L., Hou, Y.B., Wang, Q., Wang, C., Wei, Y.M., 2016a. Exploring the characteristics


https://doi.org/10.1016/j.resconrec.2019.104414
https://doi.org/10.1016/j.resconrec.2019.104414
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0005
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0005
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0010
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0010
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0015
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0015
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0015
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0020
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0020
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0020
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0025
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0025
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0030
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0030
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0035
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0035
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0035
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0040
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0040
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0040
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0045
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0045
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0045
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0050
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0050
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0050
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0055
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0055
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0055
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0060
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0060
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0065
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0065
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0070
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0070
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0075
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0075
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0080
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0080
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0085
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0085
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0090
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0090
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0090
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0095

Y. Wang, et al.

of production-based and consumption-based carbon emissions of major economies: a
multiple-dimension comparison. Appl. Energy 184.

Fan, J.L., Hou, Y.B., Wang, Q., Wang, C., Wei, Y.M., 2016b. Exploring the characteristics
of production-based and consumption-based carbon emissions of major economies: a
multiple-dimension comparison. Appl. Energy 184, S0306261916308510.

Ferng JJ. Allocating the responsibility of CO2 over-emissions from the perspectives of
benefit principle and ecological deficit.

Fu, F., Ma, L., Li, Z., Polenske, K.R., 2014. The implications of China’s investment-driven
economy on its energy consumption and carbon emissions. Energy Convers. Manage.
85, 573-580.

Ghosh, A., Patra, P.K,, Ishijima, K., Umezawa, T., Ito, A., Etheridge, D.M., et al., 2015a.
Variations in global methane sources and sinks during 1910-2010. Atmos. Chem.
Phys. 15 (5), 2595-2612 (2015-03-09).

Ghosh, A., Patra, P.K., Ishijima, K., Umezawa, T., Ito, A., Etheridge, D.M., et al., 2015b.
Variations in global methane sources and sinks during 1910-2010. Atmos. Chem.
Phys. 15, 2595-2612.

Han, M., Zhang, B., Zhang, Y., Guan, C., 2019. Agricultural CH4 and N20 emissions of
major economies: consumption-vs. Production-based perspectives. J. Clean. Prod.
210, 276-286.

Hausmann, P., Sussmann, R., Dan, S., 2016. Contribution of oil and natural gas produc-
tion to renewed increase in atmospheric methane (2007-2014): top-down estimate
from ethane and methane column observations. Atmos. Chem. Phys. 15,
35991-36028.

He, K., Hertwich, E.G., 2019. The flow of embodied carbon through the economies of
China, the European Union, and the United States. Resour. Conserv. Recycl. 145,
190-198.

Hoglund-Isaksson, L., 2017. Bottom-up simulations of methane and ethane emissions
from global oil and gas systems 1980 to 2012. Environ. Res. Lett. 12.

IPCC, 2006. IPCC Guidelines for National Greenhouse Gas Inventories. Prepared by the
National Greenhouse Gas Inventories Programme, Japan.

IPCC, 2014. Contribution of Working Groups I, II and III to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. IPCC, Geneva, Switzerland.

Janssens-Maenhout, G., Crippa, M., Guizzardi, D., Muntean, M., Petrescu, A.M.R., 2017.
EDGAR v4.3.2 Global Atlas of the Three Major Greenhouse Gas Emissions for the
Period 1970-2012.

Jesper, M., 2001. CO2 accounts for open economies: producer or consumer responsi-
bility? Energy Policy 29, 327-334.

Kan, S., Chen, B., Chen, G., 2019. Worldwide energy use across global supply chains:
decoupled from economic growth? Appl. Energy 250, 1235-1245.

Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J.G., Dlugokencky, E.J., et al.,
2013. Three decades of global methane sources and sinks. Nat. Geosci. 6, 813-823.

Kondo, Y., Moriguchi, Y., Shimizu, H., 2019. CO2 Emissions in Japan: Influences of
Imports and Exports.

Lenzen, M., Pade, L.L., Munksgaard, J., 2004. COMultipliers in multi-region input-output
models. Econ. Syst. Res. 16, 391-412.

Li, J.S., Chen, B., Chen, G.Q., Wei, W.D., Wang, X.B., Ge, J.P., et al., 2017. Tracking
mercury emission flows in the global supply chains: a multi-regional input-output
analysis. J. Clean. Prod. 140, 1470-1492.

Li, J.S., Zhou, H.W., Meng, J., Yang, Q., Chen, B., Zhang, Y.Y., 2018. Carbon emissions
and their drivers for a typical urban economy from multiple perspectives: a case
analysis for Beijing city. Appl. Energy 226, 1076-1086.

Cinnirella, S., Liang, S., Wang, Y.F., Pirrone, N., 2015. Atmospheric mercury footprints of
nations. Environ. Sci. Technol. 49, 3566-3574.

Long, Y., Yoshida, Y., Zhang, R., Sun, L., Dou, Y., 2018. Policy implications from revealing
consumption-based carbon footprint of major economic sectors in Japan. Energy

11

Resources, Conservation & Recycling 150 (2019) 104414

Policy 119, 339-348.

Lybbert, T.J., Sumner, D.A., 2012. Agricultural technologies for climate change in de-
veloping countries: policy options for innovation and technology diffusion. Food
Policy 37, 114-123.

Ma, X., Wang, C., Dong, B., Gu, G., Chen, R., Li, Y., et al., 2019. Carbon emissions from
energy consumption in China: its measurement and driving factors. Sci. Total
Environ. 648, 1411-1420.

Madrazo, J., Clappier, A., Belalcazar, L.C., Cuesta, O., Contreras, H., Golay, F., 2018.
Screening differences between a local inventory and the Emissions Database for
Global Atmospheric Research (EDGAR). Sci. Total Environ. 631-632, 934-941.

Liu, J., Meng, J., Xu, Y., Guan, D., Liu, Z., Huang, Y., et al., 2016. Globalization and
pollution: tele-connecting local primary PM2.5 emissions to global consumption.
Proc. Math. Phys. Eng. Sci. 472, 20160380.

Meng, J., Mi, Z., Guan, D., Li, J., Tao, S., Li, Y., et al., 2018. The rise of South-South trade
and its effect on global CO 2 emissions. Nat. Commun. 9, 1871.

Mi, Z., Meng, J., Guan, D., Shan, Y., Song, M., Wei, Y.M,, et al., 2017. Chinese CO,
emission flows have reversed since the global financial crisis. Nat. Commun. 8, 1712.

Montzka, S.A., Dlugokencky, E.J., Butler, J.H., 2011. Non-CO2 greenhouse gases and
climate change. Nature 476, 43-50.

Munksgaard, J., Pade, L.L., Minx, J., Lenzen, M., 2005. Influence of trade on national CO
2 emissions. Hydrol. Process. 23, 324-336.

Nisbet, E.G., Dlugokencky, E.J., Manning, M.R., Lowry, D., Ganesan, A.L., 2016. Rising
atmospheric methane: 2007-2014 growth and isotopic shift. Global Biogeochem.
Cycles 30.

Malik, A., Oita, A., Kanemoto, K., Geschke, A., Nishijima, S., Lenzen, M., 2016.
Substantial nitrogen pollution embedded in international trade. Nat. Geosci. 9.
JAHWaPJGJ, 0., 2018. Trends in Global CO2 and Total Greenhouse Gas Emissions: 2018

Report. PBL Netherlands Environmental Assessment Agency, The Hague.

Peng, S.S., Piao, S.L., Bousquet, P., Ciais, P., Li, B.G., Lin, X., et al., 2016. Inventory of
anthropogenic methane emissions in Mainland China from 1980 to 2010. Atmos.
Chem. Phys. Discuss. 1-29.

Peters, G.P., 2008. From production-based to consumption-based national emission in-
ventories. Ecol. Econ. 65, 13-23.

Peters, G.P., Hertwich, E.G., 2006. Pollution embodied in trade: the Norwegian case.
Glob. Environ. Chang. Part A 16, 379-387.

Peters, G.P., Hertwich, E.G., 2008a. CO2 embodied in international trade with implica-
tions for global climate policy. Environ. Sci. Technol. 42, 1401.

Peters, G.P., Hertwich, E.G., 2008b. Post-Kyoto greenhouse gas inventories: production
versus consumption. Clim. Change 86, 51-66.

Saunois, M., Jackson, R.B., Bousquet, P., Poulter, B., Canadell, J.G., 2016. The growing
role of methane in anthropogenic climate change. Environ. Res. Lett. 11, 120207.

Tian, X., Chang, M., Lin, C., Tanikawa, H., 2014. China’s carbon footprint: a regional
perspective on the effect of transitions in consumption and production patterns. Appl.
Energy 123, 19-28.

Tian, X., Geng, Y., Sarkis, J., Zhong, S., 2018. Trends and features of embodied flows
associated with international trade based on bibliometric analysis. Resour. Conserv.
Recycl. 131, 148-157.

Zhang, B., Chen, G.Q., Li, J.S., Tao, L., 2014. Methane emissions of energy activities in
China 1980-2007. Renewable Sustainable Energy Rev. 29, 11-21.

Zhang, B., Yang, T.R., Chen, B., Sun, X.D., 2016. China’s regional CH4 emissions:
Characteristics, interregional transfer and mitigation policies. Appl. Energy 184,
1184-1195.

Zhang, B., Zhao, X.L., Wu, X.F., Han, M.Y., Guan, C.H., Song, S.J., 2018. Consumption-
based accounting of global anthropogenic CH4 emissions. Earths Future 6,
1349-1363.


http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0095
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0095
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0100
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0100
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0100
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0110
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0110
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0110
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0115
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0115
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0115
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0120
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0120
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0120
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0125
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0125
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0125
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0130
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0130
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0130
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0130
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0135
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0135
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0135
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0140
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0140
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0145
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0145
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0150
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0150
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0155
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0155
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0155
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0160
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0160
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0165
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0165
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0170
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0170
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0175
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0175
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0180
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0180
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0185
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0185
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0185
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0190
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0190
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0190
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0195
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0195
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0200
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0200
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0200
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0205
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0205
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0205
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0210
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0210
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0210
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0215
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0215
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0215
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0220
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0220
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0220
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0225
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0225
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0230
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0230
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0235
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0235
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0240
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0240
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0245
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0245
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0245
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0250
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0250
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0255
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0255
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0260
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0260
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0260
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0265
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0265
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0270
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0270
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0275
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0275
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0280
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0280
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0285
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0285
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0290
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0290
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0290
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0295
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0295
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0295
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0300
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0300
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0305
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0305
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0305
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0310
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0310
http://refhub.elsevier.com/S0921-3449(19)30309-X/sbref0310

	Evolution of methane emissions in global supply chains during 2000-2012
	Introduction
	Methodology and data sources
	Environmentally-extended input-output analysis
	Data sources

	Results and discussions
	Overall trend of consumption-based CH4 emissions of major economies
	Consumption-based CH4 emission structures of major economies
	Impacts of trade on embodied CH4 emissions

	Conclusions and policy implications
	Acknowledgements
	Supplementary data
	References




