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ABSTRACT: Shocks to international trade conditions, such as
imposing tariﬀs, not only aﬀects the global economy but also has
substantial implications for carbon emissions. However, it is
unclear whether the impact of changes in trade on carbon
emissions will be consistent or change over time, as both trade
patterns and emission intensity are dynamic in nature. Here, we
simulated the economy and carbon dioxide (CO2) emissions in
four representative years from 2004 to 2014 under a free trade
scenario and a trade restriction scenario. Our simulations show
that trade restrictions would have decreased global emissions by
6.0%, 5.7%, 5.2%, and 4.7% in 2004, 2007, 2011 and 2014;
however, restrictions also drove a relative increase in emission
intensity for all years. Although more pressure to emit was placed
on developing regions with trade development over the study period, the impacts of trade restrictions on CO2 emissions weakened
due to an absolute decrease in emission intensity across regions over time, especially for developing regions. Enabling continued
improvements in emission intensity in developing regions by enhancing ﬁnancial assistance, knowledge sharing, and technology
exchange with trade is therefore critical to ensure win-win situations for both economic development and global carbon mitigation.
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INTRODUCTION
Trade refers to the production of goods in one region that are
consumed in other regions, which has a signiﬁcant impact on
global greenhouse gases and air pollution.1−5 Recent studies
based on empirical trade data show that there are large
amounts of carbon dioxide (CO2), pollution, and premature
death associated with trade.6−12 Additionally, with trade
conditions becoming more liberalized or restricted, CO2
emissions and health impacts are also signiﬁcantly aﬀected at
both the global and regional levels.13,14 Our previous study14
based on the trade and emission structures in 2014 indicated
that trade restrictions led to a decrease in global CO2
emissions, if the emission intensity (emissions per monetary
output) in each country and each sector is held constant. As
trade patterns changed over the years with the emergence of
complex global value chains,15 emission transfers between
developed and developing regions increased substantially.3
Meanwhile, regional technologies, policies, investments, and
even ambitions to reduce emissions have continuously
changed.16−20 This has led to a variety of changes in each
country’s emission intensity,21,22 adding yet another complication to the relationship between trade and emissions in the
temporal dimension. Therefore, whether the impact of trade
restrictions on emissions will be diﬀerent or consistent over
© XXXX American Chemical Society

time considering the changes in both the trade pattern and
emission intensity is an important question. To answer this
question, we simulated the economic changes under a free
trade scenario and a trade restriction scenario through the
standard Global Trade Analysis Project (GTAP) model and
latest database.23 To further distinguish the relative contributions of both trade pattern and emission intensity, we
constructed a series of scenarios with either the trade pattern
or emission intensity ﬁxed, alongside the eﬀects of trade
restrictions. In this study, we uniquely conducted these
simulations across multiple years: 2004, 2007, 2011, and 2014.

■

MATERIALS AND METHODS
For each base year, the economic, trade, and CO2 emissions
data were obtained from the GTAP v 10a database.23 All
economic values are expressed in constant 2014 United States
(US) dollar ($) values. The impacts of trade restrictions are
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Figure 1. Impact of trade restrictions on CO2 emissions, economic output, and elasticity over multiple years. The four maps show the relative value
changes for each country in each of the four study years; the large dots in the ﬁgures on the right show the average global eﬀect for each year across
all regions (the smaller dots for each country). The numbers below each row provide the respective highest and lowest values in the maps for that
variable (e.g., for △ CO2, among the four maps, the darkest color corresponds to −40% and the lightest color to 0%).
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considered as the gap between the “global free trade” (GFT)
scenario and the “global trade barrier” (GTB) scenario, which
was set based on our previous study.13,14 The “actual” scenario
represents the real world situation according to the tariﬀ and
other economic data in the GTAP v10a database for each
corresponding year. Compared with the actual scenario, the
GFT scenario represents the whole world with a zero tariﬀ for
each commodity and each region, while under the GTB
scenario each region imposes an extra 25% tariﬀ on all
products imported from all other regions. The imposed tariﬀ
value (25%) is derived from the policy of economic sanctions
by the United States and China under the Sino-US trade war.
The impacts of trade restrictions on the global economy were
simulated by the standard GTAP model. The model is a
comparative static analysis model that assumes that the market
is completely competitive and that the returns to scale of
production remain unchanged.24
Here, we used all 65 original production sectors and 31
aggregated regions based on the 141 original regions from the
latest GTAP database (v10a).23 The regional aggregation was
based on their trade volume, economic volume, and proximity
following our previous studies.13,14 The CO2 emissions of each
sector and each region under the GFT and GTB scenarios
were calculated by the GTAP model as the products of
simulated changes in economic output and emission intensities
based on the emissions and sectoral output of the
corresponding base year. As this study focuses on trade
impacts, the CO2 emissions considered here are related to
economic production, which means that emissions from
noneconomic activities such as residential and private transport
are not included. See Table 1 of the Supporting Information
for detailed descriptions of the sectors and regions, Table 2 of
the Supporting Information for all estimated data, and Figure 1
and the text of the Supporting Information for a discussion of
uncertainty and limitations.

RESULTS AND DISCUSSION
Impacts of Trade Restrictions across Multiple Years.
On the basis of our results (Figure 1 and Table 3 of the
Supporting Information), the impacts of simulated trade
restrictions (diﬀerence between GTB and GFT) decreased
global economic output by 6.94% ($4.8 trillion), 6.75% ($6.8
trillion), 6.51% ($9.0 trillion), and 6.19% ($9.7 trillion) in
2004, 2007, 2011, and 2014, respectively, while trade
restriction impacts on global CO2 emissions decreased by
6.0% (996.7 Tg), 5.7% (1060.4 Tg), 5.2% (1018.2 Tg), and
4.7% (953.9 Tg), respectively. Comparing the changes in each
year, we can infer that the magnitude of trade eﬀects on both
global GDP and CO2 emissions increased over time, which is
associated with the rapid increase in the scale of trade; the
value of global trade increased from $9.9 trillion to $20.5
trillion over the study period. However, based on the relative
percentage changes over the period, the impacts decreased due
to the more rapid growth in global economic output; the share
of the trade value in economic output decreased from 14.4% to
13.2%.
The elasticity of emissions to changes in economic output in
response to trade restrictions can be used to evaluate the
relative impacts on the economy and emissions.9 On the basis
of our results (Figure 1 and Table 3 of the Supporting
Information), the ratio of elasticity (%△CO2/%△Output)
was 0.86, 0.84, 0.79, and 0.76 in 2004, 2007, 2011, and 2014,
respectively, and the value of elasticity (g△CO2/$△Output)
was 207 to 155, 114, and 98 g/$, respectively. This observation
was substantial for most regions in each year, not only at the
global scale. For developing regions like western Asia and subSahara Africa, they tend to have relatively higher elasticities,
and for developed regions like European Union and Japan,
they tend to have relatively lower elasticities. These characteristics among regions were mainly caused by the following two
reasons: diﬀerent eﬀects of emission intensity gaps between
regions on global emissions under trade shocks and diﬀerent
changes in economic output under trade restrictions due to
trade patterns arising within complex global supply chains.
B
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Figure 2. Emission intensity diﬀerences between 2004 and 2014, as well as regional changes over multiple years. The left scatterplot shows the
absolute emission intensity for each region in 2004 compared to 2014 on a 1:1 scale. Values below the 1:1 line indicate that emission intensity
decreased between the two periods. The panels on the right show the global average (weighted) emission intensity for each of the four years,
including the deviation in emission intensity (EIr − EI) across all regions, highlighting the eﬀects of emission intensity changes of each region over
multiple years.

results. For example, the CO2 emission intensities of developed
regions, such as Japan (32 g/$) and the EU (36 g/$), are lower
than the world average (130 g/$). Meanwhile, developing
regions, such as India (308 g/$), and Central Asia (546 g/$),
usually have much higher CO2 emission intensities.
The higher emission intensities of developing regions can be
explained by several factors. First, most developed regions have
gradually shifted from coal to natural gas and renewable
energy, while developing regions are still heavily dependent on
coal.25 Meanwhile, the energy use eﬃciency of developing
regions is much lower than that of developed regions.26,27
Second, developed regions have transferred domestic production of relatively emission-intensive products to developing
regions.28 Also, considerable technological gap between
developing and developed regions also persists for speciﬁc
sectors.27,29 Third, a high proportion of infrastructure
development in the economy acts as resistance for some
developing regions to reduce their higher emission intensity,
like building manufacturing infrastructure and transport
infrastructure.18,22,30 Finally, emission regulations in developed
regions are generally more stringent and enforced than those in
developing regions.31,32
Scenarios with Emission Intensity Changed but
Trade Pattern Fixed. In a relative sense globally, we found
that the gap in emission intensity between regions decreased in
the decade between 2004 and 2014 (Figure 2). The global
average emission intensity decreased from 242 g/$ in 2004 to
184 g/$ in 2007, then from 143 g/$ in 2011 to 130 g/$ in
2014. The standard deviation of emission intensity across
regions also decreased by 60% from 2004 to 2014. Emission

At the global scale, the common characteristic of the ratio of
elasticity in each year is that the values are all less than 1.0,
which indicates that emissions are less sensitive than the
economy to trade restrictions. In line with our previous
ﬁndings,13,14 elasticity with a value less than 1.0 is due to the
disproportionate impacts on less emission-intensive sectors,
such as machinery and equipment products, which are usually
more aﬀected by trade ﬂuctuations; on the other hand, there
are relatively low impacts on emission-intensive sectors, such
as electricity and road transport that are more indirectly
involved in trade. Similar to our ﬁnding but based on diﬀerent
methods and data, Zhang et al.21 found that global value chains
incorporating international trade reduce global emission
intensity by 1.7%. Wood et al.17 also indicated that trade
restrictions and declines in trade volumes do not improve
global carbon mitigation even though they reduce the total
emissions transfer. Therefore, from the perspective of
eﬃciency, the lower elasticity means that the mitigation
beneﬁt from trade restrictions became lower and lower
globally.
The weaker impacts of trade restrictions on CO2 emissions
essentially reﬂect the reduced redistribution eﬀect of trade on
emissions among regions. The redistribution eﬀect of trade
results in continually changing production among regions with
diﬀerent emission intensities.13 However, we found that the
regional emission intensity showed constant large gaps
between regions with diﬀerent development levels across all
years (Table 3 of the Supporting Information). The substantial
disparity between developing and developed regions has been
reported previously18,21 and has also been captured here by our
C
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the stabilization of embodied emissions even with the growth
in trade values.
Scenarios with Trade Pattern Changed but Emission
Intensity Fixed. While regional emission intensities changed
over time, regional trade patterns were also being reconﬁgured.
Several studies have examined the role of consumption and
trade in the regional formation attributes to CO2 emissions.3,8,21,33 A common ﬁnding of these studies is that with
the transfer of economic production, especially energy
intensive industries, there is an obvious “carbon leakage”
embedded in international trade where emissions are
displaced.1 In recent years, the net impact of CO2 emissions
displaced through trade has kept rising,18 and such patterns
result in emission disparities between developing and
developed regions.3,14 While the North−South trade between
developing and developed regions remained dominate in
recent years,17 South−South trade between developing regions
in the Global South has shown strong growth in this period.3
Carbon leakage has fostered discussions around producer vs
consumer responsibility for regions that emit CO2 due to the
production of goods compared to those that consume the ﬁnal
goods from trade.34,35
To quantify the impacts of the trade pattern, for each year,
we designed a series of scenarios with only the trade pattern
changed but the emission intensity ﬁxed for each country to
2004 (Figure 3), which are similar to hypothetical scenarios
mentioned in the Scenarios with Emission Intensity Changed
but Trade Pattern Fixed section. Our results showed that from
2004 to 2014, the share of trade value from emission-intensive
regions and sectors increased (Figure 2 of the Supporting
Information), which could intensify carbon leakage eﬀects.
Emission-intensive regions (regions with emission intensities
higher than the global average) together contributed 28% of
global exports in 2004, with this number gradually increasing
to 38% in 2014. Under this scenario, comparing the GFT and
GTB for each year, the impact of trade restrictions on
emissions with only trade pattern changed eﬀects was changed
from 997 to 2347 Tg from 2004 to 2014, respectively, and the
value of elasticity was 207 and 242 g/$, respectively. Thus,
there was a net increase in emissions globally when trade
patterns were allowed to change but emission intensity was
ﬁxed. Our results therefore indicated that global trade patterns
over the decade of the study developed in such a way that it
intensiﬁed global emissions, with more carbon leakages
occurring compared to the actual scenario. Results from
Zhang et al.21 based on the WIOD and Eora databases also
indicated that outsourcing production to developing regions is
the main barrier to the decarbonization of global value chains.
In summary, our ﬁndings suggest that restrictions on trade
and the global economy may be ineﬃcient ways to achieve
mitigation targets. Such restrictions may be becoming
increasingly ineﬀective mechanisms to reduce carbon emissions considering the lower and lower eﬃciency and elasticity
of emission mitigation to economic losses. Rather than trying
to reduce emissions by trade restriction, enhancing the carbon
eﬃciency of domestic production and consumption is much
more eﬀective.36 If all regions can continue to decrease
emission intensity, concerns over increasing emissions due to
trade development can be alleviated. Such a double win for the
economy and mitigation will require enormous domestic
eﬀorts for environmental sustainability as well as strong
international support by enhancing ﬁnancial assistance, knowledge sharing, and technology exchange.37 Therefore, not only

intensity decreased across all regions, with reductions ranging
from 39% (lowest) to 73% (highest) by 2014. The rate of
decrease for developing regions with higher absolute emission
intensities, such as China (72% decrease), was almost 2 times
that of developed regions with lower emission intensities, such
as Japan (39% decrease). Slowly decreasing carbon intensity in
developed regions and rapidly decreasing carbon intensity in
developing regions is also reported by Wood et al.17 based on
the EXIOBASE data set. The eﬀort of developing regions by
improving their eﬃciency further helps reduce material
demand and its associated emissions.16
We quantiﬁed the impacts of changes in emission intensity
for each region in each year by designing hypothetical
scenarios with only the emission intensity changed but the
trade pattern ﬁxed for each country to 2004 (Figure 3)

Figure 3. Impacts of trade restrictions on CO2 emissions in multiple
years under diﬀerent scenarios. The value elasticity of emissions to
changes in GDP is calculated by evaluating the relative impacts on the
economy and emissions (g△CO2/$△Output). Scenarios named
“only trade pattern changed” represent the trade restrictions with the
emission intensity ﬁxed to the value of 2004 for each year. Scenarios
named “only emission intensity changed” represent the trade
restrictions with the trade pattern ﬁxed to the value of 2004 for
each year.

compared with the real-world scenario (actual scenario) and
further simulated with the additional assumptions of GFT and
GTB. Considering that the main eﬀect of trade on global
emissions is from the redistribution eﬀect of trade on
production, a smaller gap in emission intensity will reduce
the impact of trade on emissions worldwide. By comparing the
results under GFT and GTB for each year, we deduce the
impact of trade restrictions on emissions with only emission
intensity changed eﬀects reduced by 997 to 477 Tg from 2004
to 2014, respectively. In a similar vein, under the GTB
scenario, the value of elasticity associated with trade
restrictions was decreased from 207 to 99 g/$, which is even
smaller than that under the actual scenario. In short, the
improvement in regional emission intensity under this scenario
decreased the inﬂuence of trade restrictions on global CO2
emissions. Wood et al.17 support our ﬁndings that the
improved emission intensity in developing regions leads to
D
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should trade liberalization be a free trade in commodities
between trade partners, but it should also facilitate
communication and cooperation among trade partners toward
these goals, especially for developing regions receiving support
from developed regions.
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