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Abstract: This paper extends the IO-SDA (input–output and structural decomposition analysis)
method to decompose the CBAPT (cross-border air pollutant transfer) into different effects, and
reveals the status of CBAPT and analyzes influencing factors affecting the CBAPT in China–US
trade by comparing China with the US in these factors. This study found that China was a net air
pollutant exporter, and this indicates the air pollutants were transferred from the US into China
through China–US trade. On the whole, the China energy intensity, China emission coefficient, and
import scale effects decreased the CBAPT, whereas the export scale and US emission coefficient effects
increased the CBAPT; the influences of export structure, US energy intensity, and import structure
on CBAPT were uncertain. The sectoral distribution of effects on the CBAPT in China–US trade
was unbalanced, which was mainly concentrated in heavy industry and transportation. The China
energy intensity, China emission coefficient, and import scale effects inhibited sectoral CBAPT, and
the export scale effect promoted this sectoral transfer. Other effects on the sectoral transfer were
negligible. This paper provides some policy suggestions based on empirical results.

Keywords: cross-border air pollutant transfer; embodied air pollutants; China–US trade; extended
IO-SDA method; export; import

1. Introduction

Pollution transfer is a major issue in the research area of the relationship between trade and
environment, and it is mainly concentrated on the cross-border transfer caused by the trade between
developed and developing countries. Scholars have put forward the hypothesis of “environmental
cost transfer”, which means that the international trade may lead to the transfer of environmental
pollution from developed to developing countries due to the differences in economic structure, trade
structure, and environmental regulation [1]. The US and China are the world’s first and second largest
economies, respectively. China–US trade has a significant impact not only on China and the US, but
also on the world economy. The international trade development between China and the US is of great
potential in the long term despite the trade friction in the short term [2]. Thus, China–US trade is the

Sustainability 2019, 11, 6252; doi:10.3390/su11226252 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/2071-1050/11/22/6252?type=check_update&version=1
http://dx.doi.org/10.3390/su11226252
http://www.mdpi.com/journal/sustainability


Sustainability 2019, 11, 6252 2 of 21

most important research object in the study of cross-border pollution transfer in international trade.
Air pollution has attracted the world’s attention. Air pollutants are caused by mixtures of gaseous,
volatile, semi-volatile, and particulate matter, and they mainly include dust, inhalable particulate
matter (PM), sulfur dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), and so on, where
SO2, NOx, and particulate matter with diameters less than 2.5 µm (PM2.5) are representative and major
air pollutants. Thus, we used these three types of air pollutants in this study.

As for China, the data from the China Statistical Yearbook show that the total foreign trade value
exceeded 20 billion USD (20.64 billion USD) in 1978, and it reached 4107.16 billion USD in 2017. Trade
benefits the economic development, and brings environmental pollution problems to China as well [3].
Air pollution in China is serious, which not only hinders social and economic development, but also
endangers human health [4,5]. China’s production is not entirely used for domestic consumption.
For example, the export of industrial products from China accounted for 11.20%–18.99% of its total
production from 2005 to 2015 [2]. Although the money from export can meet some internal needs,
this results in the cross-border air pollutant transfer (CBAPT) from other countries into China. China
has increasingly close trade ties with other countries. The data from the China Statistical Yearbook
show that the US, Japan, Hong Kong, Korea, and Taiwan are major trading partners for mainland
China, and the US is China’s largest trading partner, accounting for 12.26%–14.92% of China’s foreign
trade from 2004 to 2017. Meanwhile, China–US trade plays an extremely important role in China’s
economic development.

In this regard, the following questions arise: Does China–US trade conform to the “environmental
cost transfer” hypothesis, i.e., are the major air pollutants transferred from the US to China? What are
the key factors affecting the transfer of air pollutants in China–US trade? Do these factors drive or
inhibit CBAPT? How can the CBAPT in China–US trade be mitigated? The answers to these questions
are helpful to scientifically recognize the CBAPT in China–US trade process and provide the basis for
formulating the coordinated development policy between international trade and the environment.

2. Literature Review

Many studies focus on the embodied carbon in trade. Sato (2014) reviewed the literature on
embodied carbon in trade and compared the results from this literature [6]. Wiedmann (2016)
summarized the latest empirical findings on global change instigated by trade, and pointed out that
the impacts embodied in trade had grown much more rapidly than their total global counterparts [7].

Leontief was the first to apply the input–output (IO) model to examine the relationship between
the economy and environmental deterioration in 1970 [8], and the IO model became a mainstream
analytical method to study trade and environment issues. Many scholars took embodied carbon as
the research object for the current international concern on carbon emissions. For example, Fang and
Chen (2016) and Wang et al. (2018) applied the IO model to study embodied carbon emissions in
regional trade [9,10]. In addition, this model was also used to study embodied carbon from foreign
trade in India [11], Australia [12], Ireland [13], and Sweden [14]. The IO model can be classified into
single-region IO (SRIO) and multi-region IO (MRIO) forms. SRIO is based on the input–output table
for one country or region, and most studies took embodied carbon as the research object. Deng et al.
(2016) put forward the concept of “embodied air pollutants (EAPs)”, which refers to the air pollutant
emissions from the production, transportation, and sales for foreign trade [15]. As for China, air
pollutants emitted directly and indirectly in China to meet the needs of other countries are called
“EAPs in export”; the concept of “EAPs in import” is the reverse of this, i.e., air pollutants emitted
directly and indirectly in other countries to meet the needs of China. When EAPs in export are larger
than the pollutants in import, the air pollutants transfer from other countries into China, otherwise the
opposite. Su (2013) and Deng et al. (2016) calculated the emissions of EAPs in China’s commodity
consumption and trade over 1997–2007 and 1995–2009, respectively, and found that China became a
net air pollutant exporter [15,16]. Yang et al. (2018) studied embodied SO2 changes in 28 sectors of
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China’s supply chain [17]. Wakeel et al. (2017) calculated India’s embodied PM2.5 and found that 14%
of PM2.5 emissions were indirectly emitted in 2010 [18].

Compared with the SRIO model, the MRIO model has the advantage of using multi-regional
and national input–output tables, which can study the economic, energy, and environmental links
between different regions or countries. The MRIO model includes bilateral trade IO (BTIO) and
multilateral trade IO (MTIO) forms. The MRIO model is based on MRIO tables and distinguishes
regional heterogeneity endogenously. In contrast, the BTIO model, also labeled as the emissions
embodied in bilateral trade (EEBT) model, is based on SRIO tables. Tukker et al. (2018) introduced
the use of MRIO modeling in assessments of natural resource use and resource use efficiency [19]. A
comparison between MRIO and BTIO models was reported by Cadarso et al. (2018) [20]. BTIO was
employed to study embodied emissions in the trade between two countries or regions. For example,
some scholars calculated embodied emissions in China–Japanese [21–24], China–South Korean [25],
and China–Australian [26] trade. Du et al. (2011) and Zhao et al. (2016) examined the embodied
carbon in China–US trade over the periods 2002–2007 and 1995–2009, respectively [27,28]. They found
that a large amount of CO2 was transferred into China through this trade. Most studies on bilateral
trade focused only on embodied carbon. Xu et al. (2019) calculated PM2.5, NOx and SO2 embodied in
China–US trade, and found that EAPs in China’s export were much larger than in China’s imports [2].
MTIO was applied to examine embodied emissions in trades among several countries or regions with
similar economic development and economic structure. Most scholars constructed the MTIO form
to study carbon emissions. For example, Deng and Xu (2017) calculated embodied carbon in global
trade [29]. The results revealed the US was the largest embodied carbon trading country; Liu et al.
(2017) also found the similar results [30].

In the IO analytical framework, most scholars employed the decomposition method to study the
influencing factors for embodied energy and emissions. The main decomposition methods include
index decomposition analysis (IDA) and structural decomposition analysis (SDA). In IDA, the log
mean Divisia index (LMDI) is widely used. For example, Wu et al. (2016) employed the LMDI method
to decompose the embodied carbon emission changes in China–Japanese trade during 2000–2009 into
activity, structure, and technology effects [23]. A similar decomposition method was conducted by
Dong et al. (2010) [21]. Recently, Xu et al. (2019) applied this model to decompose the changes of
PM2.5, NOx, and SO2 embodied in China–US trade [2]. Generally, IDA mainly uses time series data,
which makes it easy to compare the annual changes of various effects, whereas SDA is based on IO
data, which is conducive to the analysis of direct and indirect effects, and decomposing embodied
emission changes into more effects [31] For example, Su and Thomson (2016) used an extended IO table
to distinguish the normal and processing exports with processing trade and non-competitive imports,
and explained the estimation of embodied emissions in trade through the extended IO framework
and driving forces behind the changes of embodied emissions using the additive SDA framework [32].
Zhao et al. (2016) distinguished the impacts of intermediate inputs and final products and analyzed
the factors affecting embodied carbon emission changes in China–US trade, and found that the “trade
structure of domestic intermediate products” and “export market shares of domestic final products”
greatly promoted the growth of embodied carbon in the export to the US, while the carbon emissions
embodied in the US exports into China were mainly affected by “total foreign demand” [28]. However,
Yu and Chen (2017) revealed that trade scale effect increased embodied carbon in China’s export into
South Korea, while the trade structure effect had a negative impact in China–South Korean trade [25].
In addition, some studies used this method to investigate embodied carbon from the inter-provincial
trade perspective [33,34], and investigated embodied carbon emissions in global trade [29,35,36].

As for the studies on EAPs using the SDA method, Liu and Wang (2015) divided the changes
of SO2 embodied in China’s export into the emission intensity, production technology coefficient,
intra-regional, and inter-regional trade coefficients, export structure, and export scale effects [37]. Deng
et al. (2016) applied the same method to study the influencing factors for changes in EAPs in China’s
consumption and trade from 1995 to 2009 [15]. Recently, Lin and Xu (2019) examined embodied NOx,
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sulfur oxides (SOx), and non-methane volatile organic compounds (NMVOC) in China–Russian trade,
and found that China has become a “pollution heaven” [38], which is consistent with the results of
Yu and Chen (2017) [25]. These results indicate that the expansion of export to Russia was the main
reason for the increases in EAPs from China’s export to Russia, and the progress of emission reduction
technology restrained the growth of EAPs.

The current literature presents the following features. First, the existing literature mainly
concentrated on embodied carbon issues, while few touched on the EAPs. The current relative studies
are only found in the study by Lin and Xu (2019) [38], but in this study the important air pollutant
(PM2.5) emissions were not considered in the China–Russian trade. In addition, the China–Russian
trade value accounts for only about 2% of China’s total, whose influence is less compared with
China–US trade. Second, the previous literature focused on embodied emissions in China’s exports
into the US and imports from the US [28]. However, few studies conducted the analysis in the term of
cross-border emission transfer. Third, the IDA and SDA methods were both widely used in the studies
on factors influencing embodied emissions; the advantage of the SDA method is that this method can
take both direct and indirect effects of various factors into account, and can easily compare the factors
affecting cross-border pollutant transfer based on IO table data [39]. However, the current research on
bilateral trade using the SDA method mainly focused on embodied carbon, few studies conducted an
in-depth analysis of the cross-border transfer of major air pollutants.

For the research gap, this paper extends the SDA method to decompose the CBAPT into different
effects, and discusses the influencing factors for CBAPT in China–US trade from 2005 to 2015 by
comparing China with the US in these factors. This study can provide the following novelties in the
relative research area. First, this paper establishes the relationship between China and the United States
in terms of economy, trade, energy consumption, and emissions based on the input–output tables of
China and the US, and incorporates the emission coefficients, trade structures, and energy intensities
of the two countries into the input–output and structural decomposition analysis (IO-SDA) model,
which expands the traditional IO-SDA decomposition model for a single country. This is conducive
to analysis of the impact of differences between China and the United States in influencing factors
on CBAPT. Second, it is easy to point out the key driving and inhibiting factors and the extent of
influences of these factors for CBAPT in China–US trade, through analyzing the differences in emission
coefficient, trade structure, and energy intensity between China and the United States, which can
provide the basis for the relevant policy formulation.

3. Methodology

The IO relationship can be expressed as,

AX + Y = X (1)

where A, X, and Y represent the direct consumption coefficient matrix, sectoral total output column
vector, and final product column vector, respectively. Assuming that, aij = xij/xj, and xij denotes
the value of sector j’s input from sector i; then xj, represents sector j’s total output. The complete
consumption coefficient matrix B is:

B = (I −A)−1
− I (2)

where (I−A)−1 is the Leontief inverse matrix; I is an identity matrix; the corresponding elements of B
can be represented by bij. In previous studies, the imported intermediate inputs were not considered
which resulted in an overestimation of embodied emissions. Thus, China’s intermediate inputs in this
paper should be divided into two kinds: intermediate inputs produced domestically and imported
intermediate inputs. Assuming that Ad and Am denote the direct consumption coefficient matrices of
domestic and imported intermediate products, respectively, A = Ad + Am, where Am = MA, Ad = (I −
M) × A; then M is an import coefficient matrix, which is used to measure sector i’s dependence on
import, and its diagonal matrix elements mij can be described as mij = imi/(xi + imi-exi), where xi, imi,
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and exi represent sector i’s output, import, and export, respectively. Am should be deducted in this
calculation because the production of imported intermediate products occurs abroad. Thus, Equation
(2) can be rewritten as,

B = (I −Ad)
−1
− I. (3)

Sector j’s complete energy consumption intensity can be expressed as,

CE j =
n∑

i=1

bi j ×
ei
xi

( j = 1, 2, · · · , n) (4)

where ei is energy consumption of sector I, ei/xi denotes sector i’s energy intensity (energy consumption
per unit output). Sector j’s air pollutant emission coefficient (EIj) can be written as,

EI j = AP j/E j = AP j/
n∑

i=1

bi j × ei ( j = 1, 2, · · · , n) (5)

where APj and Ej stand for air pollutant emissions and energy consumption of sector j, respectively.
Thus, sector j’s EAPs in the export (EAj

EX) can be defined as,

EAEX
j = CE j × EI j × EX j (6)

where EXj is sector j’s export value. Assuming that IMj denotes sector j’s import value, the EAPs in
sector j’s import can be expressed as,

EAIM
j = CE j × EI j × IM j. (7)

Thus, the CBAPT from the US into China in China–US trade (EAj
NET) can be written as,

EANET
j = EAEX

j − EAIM
j . (8)

Equation (8) can be rewritten as follows, combined with Equations (6) and (7),

EANET
j = EAEX

j − EAIM
j

= CEChina
j × EIChina

j × EX j −CEUS
j × EIUS

j × IM j

= CEChina
j × EIChina

j ×
EX j
EX × EX −CEUS

j × EIUS
j ×

IM j
IM × IM

= CEChina
j × EIChina

j × SEX
× EX −CEUS

j × EIUS
j × SIM

× IM

(9)

where CEj
China and CEj

US respectively represent complete energy consumption intensity in China and
the US. EIj

China and EIj
US respectively represent sector j’s air pollutant emission coefficient for China

and the US. SEX and SIM respectively denote China’s export and import structures in China–US trade.
EX and IM are China’s total export value into, and total import value from, the US, respectively. Thus,

CEChina
j =

n∑
i=1

bChina
i j ×

eChina
i

xChina
i

(10)

CEUS
j =

n∑
i=1

bUS
ij ×

eUS
i

xUS
i

(11)
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where bij
China and bij

US represent the complete consumption coefficient for China and the US, respectively.
ei

China and ei
US are sector i’s energy consumption in China and the US, respectively. xi

China and xi
US are

China’s and the US outputs, respectively.

EIChina
j = APChina

j /
n∑

i=1

bChina
i j × eChina

i (12)

EIUS
j = APUS

j /
n∑

i=1

bUS
ij × eUS

i (13)

where APj
China and APj

US respectively stand for sector j’s air pollutant emissions in China and the
US, respectively. Ej

China and Ej
US are sector j’s energy consumption in China and the US, respectively.

Through the two-polar decomposition method [40], the changes in CBAPT in China–US trade (∆EANET)
between the 0 period and 1 period can be expressed as,

∆EANET = EANET
1 − EANET

0
= (EAEX

1 − EAEX
0 ) − (EAIM

1 − EAIM
0 )

= ∆EAEX
− ∆EAIM

= (CEChina
1 × EIChina

1 × SEX
1 × EX1 −CEChina

0 × EIChina
0 × SEX

0 × EX0)

−(CEUS
1 × EIUS

1 × SIM
1 × IM1 −CEUS

0 × EIUS
0 × SIM

0 × IM0)

= ∆CEChina(EIChina
1 × SEX

1 × EX1 + EIChina
0 × SEX

0 × EX0)/2︸                                                                     ︷︷                                                                     ︸
China energy intensity e f f ect (∆IChina)

+∆EIChina(CEChina
0 × SEX

1 × EX1 + CEChina
1 × SEX

0 × EX0)/2︸                                                                      ︷︷                                                                      ︸
China emission coe f f icient e f f ect (∆CChina)

+∆SEX(CEChina
0 × EIChina

0 × EX1 + CEChina
1 × EIChina

1 × EX0)/2︸                                                                          ︷︷                                                                          ︸
export structure e f f ect (∆Sex)

+∆EX(CEChina
0 × EIChina

0 × SEX
0 + CEChina

1 × EIChina
1 × SEX

1 )/2︸                                                                        ︷︷                                                                        ︸
exprort scale e f f ect (∆EX)

−∆CEUS(EIUS
1 × SIM

1 × IM1 + EIUS
0 × SIM

0 × IM0)/2︸                                                              ︷︷                                                              ︸
U.S. energy intensity e f f ect (∆IUS)

−∆EIUS(CEUS
0 × SIM

1 × IM1 + CEUS
1 × SIM

0 × IM0)/2︸                                                               ︷︷                                                               ︸
U.S. emission coe f f icient e f f ect (∆CUS)

−∆SIM(CEUS
0 × EIUS

0 × IM1 + CEUS
1 × EIUS

1 × IM0)/2︸                                                                 ︷︷                                                                 ︸
import stucture e f f ect (∆Sim)

−∆IM(CEUS
0 × EIUS

0 × SIM
0 + CEUS

1 × EIUS
1 × SIM

1 )/2︸                                                               ︷︷                                                               ︸
import scale e f f ect (∆IM)

(14)

Equation (14) can be used to decompose the CBAPT in China–US trade over different periods. The
China energy intensity (denoted by ∆IChina), China emission coefficient (denoted by ∆CChina), export
structure (denoted by ∆Sex), export scale (denoted by ∆EX), US energy intensity (denoted by ∆IUS), US
emission coefficient (denoted by ∆CUS), import structure (denoted by ∆Sim), and import scale effects
(denoted by ∆IM) respectively reflect the impacts of changes in direct and indirect energy consumption
per unit output (energy consumption intensity) in China, EAPs per unit energy consumption (EAP
emission coefficient) in China’s export into the US, China’s proportional export into the US for different
sectors, China’s total export into the US, energy consumption intensity in the US, EAP emission
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coefficient in China’s import from the US, China’s proportional import from the US for different sectors,
and China’s total import from the US, on CBAPT from the US into China.

4. Data Sources

China’s relevant data mainly come from its statistics and official databases. The relevant data of
the US come from its statistics and international official databases, so multiple data sources were used
in this study. China’s and the US IO tables are respectively taken from the “China Statistical Year book”
and the website of the World Input–Output Database (WIOD). The data on trade values came from
the “China Trade and External Economic Statistical Yearbook”. The data on RMB exchange rate to USD in
2005–2015 were from the “China Statistical Yearbook”. The data for fossil energy consumed in China and
the US were from the “China Statistical Yearbook” and the US Energy Information Administration (EIA),
respectively. China’s air pollutant emissions (SO2, NOx, and PM2.5) were from the “China Statistical
Yearbook”, the China environment protection database, and emission inventory database from Tsinghua
University [41–43]. The data for air pollutant emissions in the US were obtained from the United States
Environmental Protection Agency (EPA) and the Emission Database for Global Atmospheric Research
(EDGAR).

In this paper, the data mentioned above are processed as follows. Considering the consistency with
sectoral division, this paper divided the national economy for China and the US into 12 sectors, based
on China’s 42-sector and America’s 56-sector input–output tables, China’s and America’s 21-sector
export and import data, China’s 47-sector and America’s five-sector energy consumption data, and
China’s 12-sector and America’s 13-sector air pollutant data (Table 1).

Table 1. Sectoral classification.

Sector Code Sector

Sector 1 Agriculture, forestry, animal husbandry, and fishery
Sector 2 Metal manufacture
Sector 3 Non-metallic mineral products
Sector 4 Coke and refined petroleum
Sector 5 Chemical industry
Sector 6 Mining and quarrying
Sector 7 Food manufacture
Sector 8 Textile manufacture
Sector 9 Paper manufacture
Sector 10 Other industries
Sector 11 Commerce
Sector 12 Transportation

The data on currency variables were adjusted based on the year 2005, and the price indices for different sectors
in China and the US were respectively calculated based on the producer price indices (price indices of 2005 =
100), which came from the corresponding period in the “China Statistical Yearbook” and the “United States Statistical
Yearbook”.

5. Results and Discussion

5.1. The Status of CBAPT in China–US Trade

The trends of changes in SO2 and NOx embodied in China’s export into the US showed an
“inverted V” shape (Figure 1), and reached their highest levels in 2007. Embodied PM2.5 in China’s
export decreased to 315.30 kilotons (kt) from the maximum of 699.54 kt during 2005–2015. During this
period, the import embodied SO2 decreased slightly (−4.01 kt), and import embodied NOx and PM2.5

showed an upward trend. The EAPs in China’s exports were much larger than those in imports from
2005 to 2015, indicating that China was a net air pollutant exporter. This means a large amount of
air pollutants were transferred from the US into China in China–US trade. This result is consistent
with Yu and Chen (2017) [25], Long et al. (2018) [24], and Xu et al. (2019) [2]. They suggested that a
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large number of air pollutants and greenhouse gases (GHGs) were transferred through trade from
developed countries, such as the US, Japan, and Korea, into China. However, the export embodied SO2,
NOx, and PM2.5 declined by 32.56%, 15.57%, and 45.07%, respectively, from 2005 to 2015. Accordingly,
the cross-border transfer of SO2, NOx, and PM2.5 emissions in China–US trade decreased from 803.96,
323.03, and 682.10 kt in 2005 to 538.29, 196.73, and 345.53 kt in 2015, respectively.Sustainability 2019, 11, x FOR PEER REVIEW 8 of 23 
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Figure 1. The air pollutants embodied in China–US trade from 2005 to 2015. Particulate matter (PM).

In recent studies, some scholars found that the trade surplus was a driving factor for the increment
of embodied energy consumption in China–EU trade [44]. Comparison with the change trends of trade
value in China–US trade indicates a huge trade surplus for China from 2005 to 2015. The net export
value presented an upward trend apart from a slight decline due to the financial crisis in 2009 (Figure 2).
However, the CBAPT from the US into China showed a declining trend over the study period. This
indicates that the trade surplus played a small role in the CBAPT in China–US trade. Although they
had a declining trend, China’s EAPs per unit export value into the US were still much higher than the
US EAPs per unit export value into China from 2005 to 2015 (Figure 3). This was because of the large
share of coal and other high-pollution energy consumption in China’s production. The proportion of
coal consumption covered 65.97%–72.72% during 2005–2015, which was much greater compared with
the US (17.86%–24.73%). Moreover, there were differences in the energy consumption structure and
energy efficiency between the two countries.
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Figure 3. The embodied air pollutants (EAPs) per unit of China’s export and import in China–US trade
from 2005 to 2015.

Comparison with EAP emission coefficients in various sectors shows that the US emitted less EAPs
per unit energy consumption than China on the whole (Table 2). From a sectoral perspective, embodied
pollutant emission coefficients in China’s Sectors 1, 5, 6, and 9 from 2005 to 2015 were sometimes
lower than these coefficients in the same sectors for the US. The US has realized the mechanization
of agriculture and other primary productions, and has been developing towards modernization,
specialization, and technology. However, the large-scale application of machinery brought more energy
consumption and higher pollutant emission coefficients for these sectors. Other sectors in China,
such as Sectors 2 and 3, have higher EAP emission coefficients from 2005 to 2015. Meanwhile, their
energy consumption respectively accounted for 20.33% (2005)–23.08% (2007) and 7.66% (2007)–8.52%
(2010) of the total, whereas the share of energy consumption in these two sectors for the US were only
2.89% (2007)–4.52% (2005) and 0.54% (2015)–0.99% (2005), respectively. Thus, compared with the US,
China’s Sectors 2 and 3 were energy-intensive, and coal consumption respectively accounted for 29.60%
(2007)–38.78% (2015) and 60.03% (2007)–64.60% (2015) [2]). Yu et al. (2014) suggested that a large
amount of coal consumption was closely related to higher pollutant emission coefficients [45]. China’s
export were mainly concentrated in Sectors 2, 8, and 10, and most of these sectors had higher emission
coefficients when compared with the US. In addition, China’s import from the US were concentrated
in Sectors 1, 5, and 11, and the emission coefficients in these sectors were lower when compared with
the US.

5.2. Influencing Factors for CBAPT in China–US Trade

Equation (14) was used to decompose the CBAPT from the US into China in China–US trade
(∆EANET) over different periods. Table 3 shows that the effects on the changes in the CBAPT and
their contributions over different periods. On the whole, the China energy intensity, China emission
coefficients, and import scale effects inhibited the CBAPT from the US into China, among which the
China emission coefficient effect was a key factor. The US emission coefficient and export scale effects
greatly promoted the CBAPT from the US into China. The export structure, US energy intensity and
import structure effects, contributed positively or negatively to the CBAPT.
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Table 2. Sectoral EAP emission coefficients and trade values for China and the US from 2005 to 2015
(unit: t/104 tce; billion USD).

Year Sector Code
China The US

Export into
the US

Import from
the USEmbodied

SO2

Embodied
NOx

Embodied
PM2.5

Embodied
SO2

Embodied
NOx

Embodied
PM2.5

2005

Sector 1 0.05 0.44 0.09 0.08 0.61 2.00 1.78 4.20
Sector 2 2.42 0.33 3.54 0.08 0.03 0.03 12.23 3.31
Sector 3 1.55 2.43 14.11 0.30 0.31 0.03 2.14 0.29
Sector 4 0.38 0.08 0.83 0.02 0.03 0.00 1.08 0.48
Sector 5 1.95 0.02 0.00 0.13 0.03 0.02 4.47 5.54
Sector 6 0.23 0.04 0.36 0.19 0.20 0.02 1.59 0.98
Sector 7 0.44 0.03 0.46 0.09 0.09 0.01 1.19 0.31
Sector 8 7.83 0.83 3.82 4.18 4.38 0.47 28.18 3.06
Sector 9 3.45 0.16 2.06 2.13 2.23 0.24 1.16 2.22

Sector 10 33.87 15.82 13.00 2.05 2.89 2.32 110.33 28.74
Sector 11 0.04 0.01 0.11 0.00 0.00 0.01 2.30 4.00
Sector 12 0.16 2.30 0.13 0.02 0.36 0.02 3.07 1.62

2007

Sector 1 0.05 0.43 0.09 0.08 0.61 1.98 1.54 5.05
Sector 2 1.94 0.31 3.13 0.31 0.13 0.11 15.58 3.83
Sector 3 1.56 2.69 11.32 0.39 0.46 0.05 2.69 0.41
Sector 4 0.29 0.05 0.62 0.01 0.03 0.00 1.03 0.54
Sector 5 2.50 0.02 0.00 0.13 0.03 0.01 5.77 7.11
Sector 6 0.22 0.04 0.20 0.16 0.19 0.02 1.40 1.34
Sector 7 0.58 0.04 0.38 0.17 0.21 0.02 2.38 0.49
Sector 8 5.30 0.82 2.51 4.44 5.30 0.56 35.87 3.57
Sector 9 4.58 0.20 2.27 2.61 3.11 0.33 1.89 3.22

Sector 10 28.90 14.10 9.42 2.38 4.05 3.39 150.48 39.25
Sector 11 0.04 0.01 0.10 0.00 0.00 0.03 3.29 6.79
Sector 12 0.18 2.30 0.11 0.02 0.63 0.03 6.51 3.44

2010

Sector 1 0.09 0.75 0.12 0.23 1.73 5.61 2.03 9.53
Sector 2 1.14 0.24 1.98 0.19 0.09 0.07 12.21 4.84
Sector 3 0.95 2.33 5.63 0.74 1.19 0.18 3.14 0.72
Sector 4 0.14 0.03 0.17 0.01 0.04 0.00 0.55 0.76
Sector 5 1.00 0.01 0.00 0.55 0.20 0.07 8.31 9.90
Sector 6 0.06 0.02 0.06 0.17 0.28 0.04 0.89 2.41
Sector 7 0.32 0.03 0.21 0.31 0.51 0.08 2.30 1.33
Sector 8 4.01 0.99 2.02 4.03 6.52 0.98 45.21 3.82
Sector 9 2.34 0.15 0.93 2.93 4.74 0.72 2.32 4.28

Sector 10 23.29 11.23 5.21 2.83 6.17 5.34 170.80 49.23
Sector 11 0.03 0.00 0.07 0.00 0.00 0.05 3.06 11.27
Sector 12 0.07 0.85 0.03 0.02 0.97 0.04 4.80 5.03

2012

Sector 1 0.06 0.51 0.08 0.23 1.75 5.70 1.86 12.19
Sector 2 0.78 0.18 1.66 0.18 0.10 0.06 14.76 5.99
Sector 3 1.11 2.67 5.42 0.39 0.73 0.13 3.84 0.69
Sector 4 0.15 0.03 0.18 0.00 0.03 0.00 0.71 0.99
Sector 5 1.73 0.01 0.00 0.16 0.07 0.02 10.07 10.64
Sector 6 0.07 0.02 0.07 0.10 0.18 0.03 1.03 2.88
Sector 7 0.30 0.03 0.20 0.22 0.40 0.07 2.97 1.60
Sector 8 3.71 0.78 1.87 3.37 6.22 1.15 49.96 5.55
Sector 9 3.59 0.19 1.42 2.21 4.08 0.75 3.03 5.26

Sector 10 15.44 8.61 4.33 2.56 6.37 5.72 204.17 59.19
Sector 11 0.02 0.00 0.05 0.00 0.01 0.10 3.25 17.54
Sector 12 0.04 0.55 0.02 0.02 1.19 0.05 5.78 6.98

2015

Sector 1 0.03 0.53 0.05 0.16 1.20 3.90 1.96 9.98
Sector 2 0.34 0.19 1.53 0.25 0.17 0.11 19.60 8.41
Sector 3 0.74 2.32 2.51 0.64 1.16 0.24 6.37 0.89
Sector 4 0.08 0.02 0.09 0.01 0.11 0.00 0.76 2.38
Sector 5 0.10 0.00 0.00 1.15 0.47 0.14 12.22 12.33
Sector 6 0.05 0.01 0.05 0.24 0.43 0.09 1.34 4.55
Sector 7 0.24 0.02 0.16 0.52 0.95 0.19 2.72 2.77
Sector 8 3.50 0.67 1.77 2.71 4.90 0.99 61.39 3.25
Sector 9 1.81 0.09 0.72 3.01 5.45 1.10 4.43 5.20

Sector 10 14.83 6.25 4.37 2.07 5.97 5.69 256.91 80.28
Sector 11 0.02 0.00 0.06 0.00 0.01 0.14 4.76 30.77
Sector 12 0.03 0.51 0.01 0.01 1.01 0.05 7.24 8.13
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Table 3. Effects on cross-border air pollutant transfer (CBAPT) from the US into China from 2005 to 2015.

EAPs Effect
Value (Unit: kt) Proportion (Unit: %)

2005–2007 2007–2010 2010–2012 2012–2015 2005–2015 2005–2007 2007–2010 2010–2012 2012–2015 2005–2015

embodied SO2

China energy intensity −86.9 −68.7 −34.6 82.5 −107.7 −216.2 −63.7 −27.0 117.9 −40.5
China emission coefficient −59.4 −25.9 −171.7 −293.1 −550.0 −147.9 −24.0 −134.2 −418.7 −207.0

export structure −4.1 −12.9 10.2 9.8 3.0 −10.2 −12.0 8.0 14.0 1.1
export scale 191.0 −3.1 66.3 130.8 385.0 475.4 −2.9 51.8 187.0 144.9

US energy intensity 1.9 7.5 −5.7 11.7 15.3 4.7 7.0 −4.5 16.7 5.8
US emission coefficient 3.8 −0.6 9.8 −7.4 5.7 9.5 −0.5 7.7 −10.6 2.1

import structure −0.2 0.6 1.0 0.8 2.2 −0.5 0.5 0.8 1.2 0.8
import scale −5.9 −4.8 −3.3 −5.1 −19.2 −14.8 −4.4 −2.6 −7.3 −7.2
total effects 40.2 −107.9 −127.9 −70.0 −265.7 100.0 −100.0 −100.0 −100.0 −100.0

embodied NOx

China energy intensity −67.0 −15.5 −35.5 57.6 −60.5 −542.7 −29.2 −65.9 182.5 −47.9
China emission coefficient −0.9 5.8 −43.0 −190.6 −228.8 −7.1 10.8 −79.8 −604.4 −181.1

export structure 17.5 −13.1 5.5 22.7 32.6 141.9 −24.6 10.1 72.1 25.8
export scale 89.3 −1.6 35.7 74.3 197.8 723.5 −2.9 66.2 235.7 156.6

US energy intensity 2.6 −11.2 −0.4 2.4 −6.5 21.3 −21.0 −0.7 7.6 −5.2
US emission coefficient 4.6 4.7 9.6 23.0 42.0 37.3 8.9 17.8 73.0 33.2

import structure −17.6 −3.1 −7.1 11.0 −16.7 −142.2 −5.8 −13.1 34.8 −13.2
import scale −16.3 −19.3 −18.7 −31.9 −86.2 −132.0 −36.2 −34.7 −101.3 −68.3
total effects 12.3 −53.2 −53.9 −31.5 −126.3 100.0 −100.0 −100.0 −100.0 −100.0

embodied
PM2.5

China energy intensity −69.3 24.3 −44.0 22.1 −66.9 −150.3 11.8 −166.3 37.5 −19.9
China emission coefficient −99.4 −166.5 −31.3 −213.1 −510.2 −215.7 −81.2 −118.3 −360.9 −151.6

export structure −26.8 −53.3 10.2 46.7 −23.3 −58.2 −26.0 38.5 79.0 −6.9
export scale 153.7 −2.2 42.8 90.7 285.0 333.5 −1.1 161.8 153.6 84.7

US energy intensity 2.0 2.0 −1.7 −3.0 −0.7 4.4 1.0 −6.5 −5.1 −0.2
US emission coefficient −1.2 −4.3 2.2 4.7 1.4 −2.6 −2.1 8.4 8.0 0.4

import structure −0.4 0.0 0.3 2.0 1.9 −0.8 0.0 1.0 3.4 0.6
import scale −4.7 −5.1 −4.9 −9.1 −23.8 −10.2 −2.5 −18.6 −15.4 −7.1
total effects −46.1 −205.0 −26.4 −59.0 −336.6 −100.0 −100.0 −100.0 −100.0 −100.0
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5.2.1. Energy Intensity Effect

The China energy intensity effect decreased the volumes of SO2, NOx, and PM2.5 transferred
from the US into China by 107.7, 60.5, and 66.9 kt, respectively, from 2005 to 2015. The China energy
intensity effect had a decreasing-inhibitory impact on the CBAPT from 2005–2007 to 2007–2010, but
this effect promoted the PM2.5 transfer by 24.3 kt from 2007 to 2010. The contribution of the energy
intensity effect to CBAPT changed from negative to positive from 2010–2012 to 2012–2015, and this
effect increased the volumes of SO2, NOx, and PM2.5 transferred from 2012 to 2015 by 82.5, 57.6, and
22.1 kt, respectively. This shows the energy efficiency promotion in China had slowed down. The US
energy intensity effect promoted the SO2 transfer into China by 15.3 kt from 2005 to 2015, but inhibited
the volumes of NOx and PM2.5 transferred into China by 6.5 and 0.7 kt, respectively. Over the period
of 2005–2015, this effect on SO2 and NOx transferred into China presented as an “N” and “V” shape,
respectively, while this effect on PM2.5 transferred into China was from promotion to inhibition.

The decline in China’s energy intensity directly leads to the reduction of China’s energy
consumption per unit output, thereby reducing the air pollutant emissions per unit output. This results
in the decreases in EAPs in China’s export. Similarly, the decline in the US energy intensity results in
the decreases in EAPs in the US export. Thus, the decreases in China’s energy intensity can reduce
the CBAPT from China into the US, and it is just the reverse if the US energy intensity decreases.
Comparing the US energy intensity with China’s from 2005 to 2015 (Figure 4), China’s energy intensity
was higher, but the gap narrowed gradually from 2.66 times in 2005 to 1.43 times in 2015. During
the 11th Five-Year Plan (FYP) (2006–2010), China declared the plan of reducing energy intensity by
20% as a restrictive indicator [46]. In the 12th FYP (2011–2015), the requirement for decreasing energy
intensity by 16% was put forward. During the 13th FYP (2016–2020), the target was clearly declared
that the energy intensity would be reduced by 15% by 2020 compared with 2015′s level. China has
made a great progress in decreasing energy intensity. Figure 4 indicates that China’s energy intensity
went down from 2005 to 2015. According to China statistics, China’s energy intensity declined by 4.5%
in 2014, and this was the largest degree of decline since 2008. However, China’s economic growth
rate was on a declining trend from 2012 to 2015, and the emission reduction was neglected in some
places for maintaining steady economic growth. Additionally, the decreases in energy prices, such as
coal and crude oil, led to the decline in enthusiasm of energy conservation and emission reduction for
enterprises, and the long-term development of energy saving transformation also limited the promotion
space for enterprises in the future [47]. Thus, the energy intensity in China went down during the study
period, but this degree of decline decreased. The inhibitory impact of China’s energy intensity effect on
CBAPT decreased as well. The energy intensity for the US was stable, which increased steadily from
2005 to 2010, and then decreased from 2010 to 2015. The US Obama administration proposed to “bring
manufacturing back” in 2009 to create more jobs and develop the US economy because of the financial
crisis in 2008. The “bring manufacturing back” proposal inevitably intensified energy consumption,
so the energy consumption per unit output for the US increased during 2008–2010. Barkhordari and
Fattahi (2017) suggested the decline in energy intensity was induced by energy price reduction and
technological changes [48]. At the end of 2013, the US announced the withdrawal of quantitative
easing policy. The USD exacerbated the decline in energy price, so the energy intensity showed a
downward trend during this period. As one of the highest energy efficiency countries, the US will not
greatly change the energy intensity through the adjustment of energy use proportion or progress of
cleaner production technology. Therefore, the US energy intensity had a relatively small effect on the
CBAPT, which was consistent with Xu et al. (2019) [2]. The impact of energy intensity effect on CBAPT
mainly depended on the change of energy intensity in China.
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Figure 4. The energy intensity for China and the US from 2005 to 2015.

5.2.2. Emission Coefficient Effect

The China emission coefficient had a great inhibitory effect on CBAPT from the US into China.
This effect respectively reduced the volumes of SO2, NOx, and PM2.5 transferred into China by 550.0,
228.8, and 510.2 kt from 2005 to 2015, and the contributions to the total transfer were −207%, −181.1%,
and −151.6%, respectively. From 2005–2007 to 2007–2010, this effect inhibited PM2.5 transfer into
China with an increasing degree, but inhibited the SO2 transfer into China with a decreasing degree,
and even promoted the NOx transfer into China. From 2010–2012 to 2012–2015, the contribution of
emission coefficient effect to the CBAPT was always negative, and this inhibition presented an upward
trend. The US emission coefficient effect significantly increased the volumes of SO2, NOx, and PM2.5

transferred into China (5.7, 42.0, and 1.4 kt, respectively). The contributions to SO2 and PM2.5 transfer
from 2005 to 2015 had “N” and “V” shape trends, respectively, and the contribution to NOx transfer
presented an increasingly promoting trend.

The decline in China’s air pollutant emission coefficients directly leads to the reduction of China’s
air pollutant emission intensity (air pollutant emissions per unit output), and this is conducive to
decreases in EAPs in China’s exports. Similarly, the decline in the US air pollutant emission coefficients
results in the decreases in EAPs in the US export. Thus, the decreases in China’s air pollutant emission
coefficients can reduce the CBAPT from China into the US, and it is reverse if the US air pollutant
emission coefficients decrease. China’s long period coal-based energy consumption structure is a main
reason for the large amount of air pollutants. The increment in the proportion of coal consumption
increased air pollutant emission coefficient. Figure 5 shows that, China’s coal consumption rose from
2005 to 2013, with an average annual increase by 8.88%, and declined gradually from 4244.26 million tons
(Mt) in 2013 to 3970.14 Mt in 2015, but it was still higher than the consumption in 2005. The proportional
coal consumption in China increased from 2005 to 2007. The rapid development of China’s economy,
especially the development of infrastructure and the manufacturing industry, increased the demand for
coal, thus the proportional coal consumption increased. The China emission coefficient effect showed
a slight inhibition on the SO2 and NOx transfer. The proportion of coal consumption declined from
2007 to 2010. During the 11th FYP (2006–2010), China’s government encouraged high-quality energy
development and utilization mechanisms, optimized energy consumption structure, and gradually
formed a new energy structure. Thus, the China emission coefficient effect inhibited CBAPT during
this period. From 2010 to 2013, the proportional coal consumption showed an upward trend, with an
average annual increase of 11.01%. Meanwhile, the average GDP growth rate was more than 10%. The
accelerating industrialization and urbanization increased the coal consumption, and this resulted in
high consumption and low efficiency. Accordingly, the inhibition of China’s emission coefficient effect
on the CBAPT became small. The proportion of coal consumption decreased during 2013–2015, so the
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contributions of China’s emission coefficient effect to reduction in SO2, NOx, and PM2.5 transferred into
China reached 53.28%, 83.32%, and 41.76%, respectively. The coal industry development plan during
the 12th FYP period was issued in 2012, which stated that the comprehensive utilization of resources
should be accelerated and that the healthy and sustainable development for the coal industry should
be promoted, so the construction of new coal industry system had achieved a remarkable achievement,
and China’s energy efficiency had been gradually improved by 2015.Sustainability 2019, 11, x FOR PEER REVIEW 15 of 23 
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Figure 5. The coal consumption and proportion in China and the US from 2005 to 2015.

However, the US had low proportional coal consumption (Figure 5). The coal consumption in
the US presented a declining trend on the whole, and the oil and gas consumption accounted for
a great proportion; the “low carbonization” characteristic for the US economy is obvious. The US
has formed a service-dominated economic mode since the mid-1990s, and the proportion of industry
declined. The proportion of manufacturing industry for the US was less than 11% by 2015, whereas
the US imported industrial products from China accounted for 96.32% of its total, which resulted in
the CBAPT into China.

Comparing China’s air pollutant emission coefficients with the US (Figure 6), the emission
coefficients in China are significantly higher. This indicates that the emission efficiency for the US
was higher than China on the whole. China’s emission coefficients presented a decreasing trend,
reflecting the promotion of China’s emission efficiency. The SO2 and NOx emission coefficients in
the US decreased, but the PM2.5 emission coefficient increased slightly. Further analysis shows that
the change trend of emission coefficient effect in China was consistent with the change trend of SO2,
NOx, and PM2.5 emission coefficients from 2005 to 2015 (Figure 7). This indicates the effect of emission
coefficient on CBAPT mainly depended on the change of China’s emission efficiency.



Sustainability 2019, 11, 6252 15 of 21

Sustainability 2019, 11, x FOR PEER REVIEW 15 of 23 

 

Figure 5. The coal consumption and proportion in China and the US from 2005 to 2015. 

Comparing China’s air pollutant emission coefficients with the US (Figure 6), the emission 
coefficients in China are significantly higher. This indicates that the emission efficiency for the US 
was higher than China on the whole. China’s emission coefficients presented a decreasing trend, 
reflecting the promotion of China’s emission efficiency. The SO2 and NOx emission coefficients in the 
US decreased, but the PM2.5 emission coefficient increased slightly. Further analysis shows that the 
change trend of emission coefficient effect in China was consistent with the change trend of SO2, NOx, 
and PM2.5 emission coefficients from 2005 to 2015 (Figure 7). This indicates the effect of emission 
coefficient on CBAPT mainly depended on the change of China’s emission efficiency. 

 
Figure 6. China’s and US air pollutant emission coefficients from 2005 to 2015. 

0.00%

10.00%

20.00%

30.00%

40.00%

50.00%

60.00%

70.00%

80.00%

0

500

1000

1500

2000

2500

3000

3500

4000

4500

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

m
ill

io
n 

to
ns

coal consumption in China
coal consumption in the US
the proportion of coal consumption in China
the proportion of coal consumption in the US

0
20
40
60
80

100
120
140

SO₂ NOₓ PM₂.₅ SO₂ NOₓ PM₂.₅

China the US

to
n/

10
4

tc
e

2005 2007 2010 2012 2015
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Figure 7. The emission coefficient effects on CBAPT and changes in air pollutant emission coefficients
in China from 2005 to 2015.

From a sectoral perspective (Table 4), Sectors 3, 10, and 12, were with the high emission coefficients
in China from 2005 to 2015, followed by Sectors 1, 9, and 10. This indicates that the emission efficiency
for these sectors was relatively low. These sectors account for a considerable proportion of export into
the US (Table 5). For example, the export shares for Sector 10 reached 65.09% (2005)–67.73% (2012)
from 2005 to 2015. Meanwhile, China’s total SO2, NOx, and PM2.5 emissions in the exports into the US
were all more than 300 kt. In addition, Sector 10 also had the highest emission coefficient among all
sectors in the US, and its export share into China was more than 45%. This means that the US also
emitted a large amount of air pollutants from its exports into China. The emissions in the US were far
less than the emissions in China because of the cleaner production technology and more advanced
end-treatment level. This resulted in a large amount of CBAPT from the US into China.
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Table 4. Sectoral air pollutant emission coefficients in China and the US from 2005 to 2015 (unit: t/104

tce).

Sector Code
SO2 NOx PM2.5

2005 2007 2010 2012 2015 2005 2007 2010 2012 2015 2005 2007 2010 2012 2015

China

Sector 1 17.0 18.3 28.0 20.8 10.5 146.0 156.2 223.5 176.8 168.2 29.4 31.1 36.6 26.6 16.3
Sector 2 44.5 40.7 37.4 30.1 11.1 6.0 6.5 8.0 6.8 6.2 65.1 65.8 65.2 64.5 50.0
Sector 3 81.0 85.7 63.5 67.5 36.8 126.6 147.6 156.4 162.1 115.4 736.2 620.5 377.4 329.6 124.5
Sector 4 37.0 40.3 37.3 39.9 22.2 7.3 7.5 7.0 7.8 6.9 79.9 84.1 44.9 47.6 24.8
Sector 5 27.2 26.7 32.2 25.1 10.1 0.2 0.2 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0
Sector 6 31.1 36.3 21.9 21.9 21.9 6.0 6.5 8.0 6.8 6.2 48.4 32.4 23.3 23.3 23.3
Sector 7 85.4 87.2 73.8 73.8 73.8 6.0 6.5 8.0 6.8 6.2 88.2 57.4 47.3 47.3 47.3
Sector 8 57.0 42.1 32.5 32.5 32.5 6.0 6.5 8.0 6.8 6.2 27.8 20.0 16.4 16.4 16.4
Sector 9 131.7 147.1 128.3 128.3 128.3 6.0 6.5 8.0 6.8 6.2 78.5 72.9 50.8 50.8 50.8

Sector 10 361.5 338.1 333.5 248.1 157.0 168.8 164.9 160.8 138.4 66.2 138.8 110.2 74.6 69.6 46.3
Sector 11 24.9 22.7 31.0 32.2 27.4 5.1 4.5 5.5 5.8 5.0 73.8 64.8 82.2 87.8 77.1
Sector 12 14.1 14.2 16.8 12.8 9.0 199.8 183.8 196.5 174.0 171.4 11.2 9.0 7.3 5.5 4.8

The US

Sector 1 6.3 5.2 8.6 7.8 7.2 46.1 41.6 64.1 58.3 54.5 149.8 135.3 208.2 189.4 177.1
Sector 2 13.0 20.5 14.8 12.8 13.2 4.9 8.7 7.0 7.0 9.1 4.5 7.2 5.1 4.6 5.5
Sector 3 138.5 121.8 95.1 57.4 84.2 145.2 145.2 153.8 105.9 152.4 15.5 15.3 23.2 19.6 30.8
Sector 4 23.8 18.4 11.0 7.4 7.2 42.3 45.1 51.0 47.6 57.5 2.6 2.5 2.3 2.0 2.2
Sector 5 11.0 7.6 22.4 6.6 41.9 2.7 2.1 8.1 2.7 17.0 1.3 0.8 2.8 0.9 5.1
Sector 6 138.5 121.8 95.1 57.4 84.2 145.2 145.2 153.8 105.9 152.4 15.5 15.3 23.2 19.6 30.8
Sector 7 138.5 121.8 95.1 57.4 84.2 145.2 145.2 153.8 105.9 152.4 15.5 15.3 23.2 19.6 30.8
Sector 8 138.5 121.8 95.1 57.4 84.2 145.2 145.2 153.8 105.9 152.4 15.5 15.3 23.2 19.6 30.8
Sector 9 138.5 121.8 95.1 57.4 84.2 145.2 145.2 153.8 105.9 152.4 15.5 15.3 23.2 19.6 30.8

Sector 10 189.6 170.3 148.4 119.8 76.8 268.4 290.3 323.6 298.6 221.7 215.6 242.4 280.0 267.9 211.1
Sector 11 3.7 4.1 4.9 6.2 4.4 6.7 6.7 7.5 11.6 7.0 89.1 112.7 125.0 151.1 131.4
Sector 12 8.2 3.9 2.0 1.8 1.0 150.7 130.7 112.6 109.0 83.2 7.1 6.2 5.2 5.0 3.9

Table 5. The sectoral proportional export for China and the US from 2005 to 2015 (unit: %).

Sector Code
China The US

2005 2007 2010 2012 2015 2005 2007 2010 2012 2015

Sector 1 1.05 0.67 0.79 0.62 0.52 7.67 6.73 9.24 9.41 5.91
Sector 2 7.22 6.82 4.78 4.90 5.16 6.05 5.11 4.70 4.62 4.98
Sector 3 1.26 1.18 1.23 1.28 1.68 0.52 0.54 0.70 0.53 0.53
Sector 4 0.64 0.45 0.22 0.23 0.20 0.87 0.71 0.74 0.76 1.41
Sector 5 2.64 2.53 3.25 3.34 3.22 10.12 9.47 9.60 8.22 7.30
Sector 6 0.94 0.61 0.35 0.34 0.35 1.78 1.78 2.34 2.23 2.70
Sector 7 0.70 1.04 0.90 0.99 0.72 0.56 0.65 1.29 1.23 1.64
Sector 8 16.62 15.70 17.69 16.57 16.17 5.58 4.76 3.71 4.28 1.92
Sector 9 0.68 0.83 0.91 1.00 1.17 4.05 4.29 4.15 4.06 3.08
Sector 10 65.09 65.87 66.82 67.73 67.66 52.53 52.32 47.73 45.71 47.52
Sector 11 1.36 1.44 1.20 1.08 1.25 7.31 9.05 10.93 13.54 18.22
Sector 12 1.81 2.85 1.88 1.92 1.91 2.97 4.58 4.88 5.39 4.81

5.2.3. Trade Structure Effect

The export structure effect increased the volumes of SO2 and NOx transferred into China by 3.0
and 32.6 kt, respectively, from 2005 to 2015, whereas the export structure effect decreased the volume
of PM2.5 transferred into China by 23.3 kt. From 2005 to 2007, this effect reduced the SO2 and PM2.5

transfer, and promoted the NOx transfer. The contribution to the CBAPT into China was negative from
2007 to 2010. From 2010–2012 to 2012–2015, the export structure effect had a slightly declining impact
on the SO2 transfer, but the promotion degree of NOx and PM2.5 transfer increased; the increments of
SO2, NOx and PM2.5 transferred into China changed from 10.2 to 9.8 kt, 5.5 to 22.7 kt, and 10.2 to 46.7
kt, respectively. The import structure effect had a relatively slight positive or negative impact on the
CBAPT into China.

For China, the optimization of trade structure (the decline in the proportion of
high-energy-consumption and high-emission exports) is conducive to reducing the EAPs in China’s
export, thereby reducing the CBAPT from China into the US. China’s proportional industrial export
into the US increased from 95.78% in 2005 to 96.32% in 2015 (Figure 8). The proportion of export from
the commercial sector was only from 1.08% (2012) to 1.44% (2007), and showed a downward trend.
Thus, China’s export into the US was still dominated by resource- and labor-intensive products. The
reason for this is that China has abundant resources, labor, and other production factors. Moreover,
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this is related to the decline in the proportion of manufacturing industry in the US; China’s industrial
import value was high, and the proportion accounted for 71.07% (2015)–82.05% (2005). The export
structure dominated by tertiary industry in the US had little impact on the environment. Meanwhile,
the export proportion of China’s industrial sectors was 1.17 (2005)–1.36 (2015) times of the import
proportion. This also indicates China was in a disadvantaged position of international division.
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Figure 8. The proportional export and import for China’s agriculture, industry, commerce and
transportation from 2005 to 2015.

5.2.4. Trade Scale Effect

The export scale was an important promoting effect on the CBAPT. This effect increased the
volumes of SO2, NOx, and PM2.5 transferred into China by 385.0, 197.8, and 285.0 kt, respectively, from
2005 to 2015. From 2005–2007 to 2007–2010, the export scale effect changed from positive to negative.
This effect greatly promoted the SO2, NOx, and PM2.5 transfer from 2005 to 2007, with contributions of
475.4%%, 723.5%, and 333.5%, respectively. From 2007 to 2010, this effect slightly decreased the CBAPT.
The import scale effect significantly reduced the SO2, NOx, and PM2.5 transferred into China, whose
contribution was negative during each period. From 2005 to 2015, this inhibitory effect on SO2 transfer
decreased and then increased, and gradually increased the NOx and PM2.5 transfer. The US is China’s
largest export market and the third largest import source [49]. From 2005 to 2015, the export into the
US increased from 169.52 to 379.70 billion USD, with an increase by 123.99%. During the period of
2005–2007, China’s economy developed rapidly. As one of the “troikas” driving the economic growth,
China’s export rose by 60.12%, of which the exports into the US increased by 34.76%. The foreign
demand decreased due to the financial crisis in 2008, and the growth rate of China’s exports into the
US declined slightly, dropping by 65.77% from 2005–2007 to 2007–2010. Over this period, the export
scale effect changed from promoting to inhibitory. Over the next few years, the exports continued to
increase, rising by 48.54% in 2015 compared with 2010, and the growth rate increased from 17.93% to
25.96% (Figure 9). Accordingly, the export scale effect on the CBAPT increased as well. The import
from the US increased by 2.25 times from 2005 to 2015, and the import growth rate decreased and then
increased, so the inhibition of import scale effect on the SO2 transfer into China decreased and then
increased. The exports into the US were two to three times greater than its imports from 2005 to 2015.
The huge trade surplus also led to the CBAPT from the US into China to a certain extent. It can be
predicted that the export scale into the US may be reduced due to the China–US trade frictions, and
this may weaken the promoting trade scale effect on the CBPT in the future.
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6. Conclusions and Policy Suggestions

The original idea of this work is that the status of emission cross-border transfers and their driving
factors can be revealed through the international trade links between different countries. In this regard,
the US and China’s IO tables and air pollutant emission dataset are used in this empirical study. The
proposed framework can be applied to other aggregate indicators and extended to multi-country
analysis. This paper extends the SDA method to decompose the CBAPT into the energy intensity
effect, emission coefficient effect, trade structure effect, and trade scale effect from the two-national
perspectives, and discusses the influencing factors for CBAPT in China–US trade through comparison
of China with the US. The main conclusions are as follows through the results above.

(1) China was a net air pollutant exporter, and the CBAPT from the US into China existed in
China–US trade. (2) On the whole, the China energy intensity, China emission coefficient, and import
scale had great inhibitory effects on the CBAPT from the US into China, while the increases in CBAPT
were induced by the export scale and US emission coefficient effects; the influences of export structure,
US energy intensity, and import structure were uncertain on the CBAPT. (3) The sectoral distribution
of effects on the CBAPT from the US into China in China–US trade was unbalanced, which was mainly
concentrated in the heavy industry and transportation, such as Sectors 3, 5, 10, and 12; the China energy
intensity, China emission coefficient, and import scale effects inhibited sectoral CBAPT; the export scale
effect promoted this sectoral transfer, and other effects on the sectoral transfer were negligible.

Future studies will use the extended SDA method to analyze whether China–US trade promotes
or reduces the total amount of air pollutant emissions for the two countries, and explore the impact
of China–US trade frictions on the CBAPT considering the current China–US trade situation. The
following policy suggestions are put forward based on these conclusions.

We looked at adjusting trade division and accelerating industrial transformation. Most of China’s
exports into the US are resource-, capital- and labor-intensive, while its imports from the US are mainly
technology-intensive. Accelerating the transformation and upgrading China’s industrial structure is
an effective measure to improve social productivity and reduce air pollutant emissions. The volumes
of SO2, NOx, and PM2.5 transferred from the US into China showed a downward trend from 2005 to
2015, indicating that China’s international division in China–US trade had been improved. Thus, in
order to change China’s trade status as a net air pollutant exporter, it is necessary to improve China’s
international division position; transform and upgrade traditional dominant industries (such as textiles,
machinery, optics, and other manufacturing industries); cultivate and develop new industries (such as
information, electronics, new materials and bioengineering), rebrand the new competitive advantages
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of traditional industries; and improve international comprehensive competitiveness. In addition, the
industrial structure should be adjusted to accelerate the development of industry towards innovation
driven, intelligent manufacturing, and low carbon.

In terms of optimizing the trade structure and restricting the high-emission sectoral export,
the expansion of China’s exports into the US is an important reason for promoting the CBAPT into
China, but the export restrictions will inevitably hinder economic development. Thus, China should
optimize its trade structure by increasing the added value of export products, improving export
quality and enriching the types of export products, so as to reduce the promotion of export scale
effect on the CBAPT into China. The export from high-emission sectors, such as Sectors 2, 3, and
10, greatly promoted the CBAPT into China, while the import from these sectors were conducive to
reducing air pollutant emissions. Therefore, China should reduce domestic air pollutant emissions
through some trade measures, such as reducing the export of high-emission sectors and reducing the
import tariffs on high-emission products. Moreover, China should optimize the resource allocation in
heavy industries, guide the social resources to flow into the low-pollution industries, and vigorously
support the development of modern industries, such as the internet, microelectronics, new energy,
and ecotourism.

We also considered the adoption of scientific and technological innovations to reduce China’s
emission coefficient and improve its energy efficiency. The China energy intensity and China’s emission
coefficient effects greatly inhibited the CBAPT from the US into China. Thus, China should attach full
importance to this advantage, and further improve China’s emission efficiency and energy efficiency.
First, China can learn from the experience of developed countries in energy conservation and emission
reduction, draw on their successful policies and guidelines, refer to their emission regulations, and
use high standards to limit production emissions. For example, at the beginning of the 21st century,
the US issued more than 10 policies and regulations to promote energy conservation and emission
reduction, and adopted strict legislation to restrain the high consumption and pollution behavior
of the government and enterprises. Now, Japan strongly supports and encourages energy-saving
and emission-reduction activities. Through financial allocation, the Japanese government vigorously
supports research institutions in developing energy-saving technologies, and subsidizes energy-saving
products. Secondly, more attention should be paid to production details and emission links, to
encourage the transformation and innovation of production equipment, phase out the backward
production mode, and strengthen the emission supervision. Detailed air pollutant treatment standards
should be established for each type of emissions to ensure that all production processes should
meet these standards. Third, governments should encourage the development and application of
clean energy and replace high-pollution energy with clean energy. It is necessary to establish a new
energy-saving and emission-reduction innovation system with the government as a leading force,
enterprises as driving forces, and research institutions as supporting forces, and then form a virtuous
development cycle.
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