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� A three-region input–output model was built to analyze the environment-economy tradeoff for Beijing–Tianjin–Hebei’s exports.
� BTH bears more pollutant emission ratio than that of economic gains from interprovincial and international exports.
� Industrial production in Beijing and Tianjin lead to more pollutant emissions than value added in Hebei.
a r t i c l e i n f o

Article history:
Received 30 January 2016
Received in revised form 8 April 2016
Accepted 10 April 2016
Available online 19 April 2016

Keywords:
BTH
Exports
Pollutant emissions
CO2

Value added
a b s t r a c t

The trade of goods among regions or nations associated with large environmental consequences. Yet bal-
ancing economic gains and environmental consequences induced by trade is still hindered by a lack of
quantification of these two factors, especially for the environmental problems those are more locally ori-
ented, such as the atmospheric pollution. Based on an environmental input–output analysis for 2010, we
contrast economic gains (value added) against atmospheric pollutant emissions (sulfur dioxide (SO2),
nitric oxide (NOx), primary fine particulate matter (PM2.5) and non-methane volatile organic compounds
(NMVOC)) and the widely concerned CO2 emissions associated with international and interprovincial
exports from Beijing–Tianjin–Hebei (BTH), the most polluted area in China. Our results show that exports
contributed 55–62% of BTH’s production emissions and 54% of its total value added. BTH’s large exports of
metals and metal products, nonmetal mineral products, chemical and transportation and warehousing,
generated a larger share of pollutant emissions (36–46% of BTH’s total) than that of value added (17%)
along the supply chain. Most of BTH’s embodied emissions in exports go to neighboring provinces and
the developed east coastal regions in China, although the economic returns are comparatively low.
Among BTH, industrial production in Beijing and Tianjin lead to more pollutant emission than value
added in Hebei, due to reliance on pollution-intensive product imports from Hebei. Our results call for
refocusing and restructuring of BTH’s industry and trade structures to balance the economic gains and
environmental losses for each region.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With the increasing concern over atmospheric pollution and
associated health impacts [1], pollution mitigation has become a
top priority of the central and local government in China. To
improve air quality, the central government implemented the
‘‘Action Plan for Air Pollution Control” (hereafter referred to as
Action Plan) in September 2013 [2]. In this plan, China’s most pol-
luted area, Beijing–Tianjin–Hebei (BTH), was required to reduce its
concentration of fine particulate matter (PM2.5) by 25% in 2017
compared to its 2013 levels (88.3 lg/m3 for Beijing, 112.7 lg/m3

for Tianjin and 112.9 lg/m3 for Hebei [3]). In response, local gov-
ernments have released detailed plans for regional mitigation
actions, ranging from end-of-pipe control to closing, restructuring
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and relocating factories [4]. These place great pressure on BTH and
would bring heavy economic losses due to considerable invest-
ment and capacity reduction [5].

In the past few years, BTH has been one of the most important
industrial area in China and provided abundant industrial products
for other regions of China and other countries. For example, in
2010, BTH accounted for 27% and 8% of China’s total steel and
cement production, respectively [6]; these comprised 17% and 3%
of BTH’s total industrial output [7]. However, these pillar industries
also brought heavy atmospheric pollution. In 2013, BTH’s annual
average PM2.5 concentration reached 106 lg/m3 [8]; 52% of this
pollution came from the industrial sectors [9] (44% from industrial
production and 8% from power sector), and steel and cement con-
tributed 40% and 11% to the total primary PM2.5 emissions from
industrial production, respectively, based on the calculation results
of the Multi-resolution Emission Inventory for China (MEIC model:
http://www.meicmodel.org).

As the most important driving force for local production,
exports and their contribution to local environmental impacts have
been widely studied, including the socioeconomic [10–12] and
ecological impacts [13] as well as greenhouse gas emissions
[14–18] and water consumption [19–21]. Recently, with the
increasing concern over the severe atmospheric pollution in China,
exports and associated pollutant emissions have been studied
extensively [22–28]. Zhao et.al estimated that in 2007, exports
accounted for 15–23% of China’s PM2.5 and related precursor emis-
sions [26], and comprised 15% (8.3 lg/m3) of the Chinese
population-weighted PM2.5 concentration [25]. Trade adjustment
should be a key aspect of China’s actions towards pollution
mitigation.

However, production for exports creates employment opportu-
nities and, hence, income [29]. For example, in 2013, exports
accounted for 24% of China’s total gross output [30]. They have
become an important way to promote economic growth and thus
improve living standards, which are critical components of social
development. Given the equal importance of environmental pro-
tection and economic growth to social development and the signif-
icant role of exports in both the environment and economy, policy-
makers must give full consideration to develop, enforce and main-
tain environmentally friendly trade adjustment policies. Recently,
a few studies focusing on trade-related problems were conducted
from a tradeoff perspective [29,31–33]. For example, Simas et al.
[29] analyzed international trade and its impact on local employ-
ment creation, as well as energy consumption and greenhouse
gases, and they found that even though the developed countries
have been net importers with various negative impacts on devel-
oping regions, simply reducing their import trade volume could
lead to more unemployment in developing regions, especially for
the poorer households [11]. Due to the prominence of Chinese
exports, Tang et al. [33] analyzed China’s energy consumption
and employment creation induced by international exports. They
found that the energy-intensive exports happen to be in labor-
intensive sectors. Hence, when making trade adjustments, policy
makers must pay close attention trade to the relative social and
economic impacts. In recent years, atmospheric pollution mitiga-
tion has been a top priority of central and local governments,
export-related strategies attract increasing concern [23,25–27];
however, to our knowledge, analyses of the trade-off analysis are
absent to date. Moreover, pollutant emissions characteristics vary
greatly across regions and sectors due to significant disparities in
stage of development, industrial structure, energy mix and pollu-
tion control technology [34–38]. Thus, quantitative region- and
sector-specific analysis on the balance or unbalance between eco-
nomic gains and environmental losses due to trade is critical for
designing social development strategies. Further, atmospheric pol-
lution is regionally oriented, an environment-economic tradeoff
analysis for regional exports will be critical for regional trade
adjustment, especially for those heavily polluted regions.

In this study, we quantified BTH’s export-related emissions and
economic gains on a sectoral basis for 2010. Additionally, since
great trade flows existed between Beijing, Tianjin and Hebei, we
also analyzed the cross-regional impacts induced by trade between
the three provinces. We examined emissions of carbon dioxide
(CO2), PM2.5 and PM precursors (sulfur dioxide (SO2), nitrogen
oxide (NOx), and non-methane volatile organic compounds
(NMVOC)). The PM2.5 and its precursors are examined because of
their great impact on human health [39–41]. CO2 emissions are
also included because they have the same emission sources as
atmospheric pollutant emissions, and various studies have talked
about co-benefit of mitigation [37,42–44]; further the 12th Five-
Year Plan has assigned the most ambitious goals to reduce green-
house gas intensity in BTH (i.e., 18% for Tianjin, 17% for Beijing
and Hebei, and 10–18% for other provinces) [45]. From an eco-
nomic aspect, we mainly consider the value added (also known
as gross domestic product) because of its versatility [46].
2. Method and data

2.1. Input–output model

The environmental and socioeconomic impacts of a specific pro-
duct or service include all direct and indirect impacts generated
along the production chain [47]. The input–output model, devel-
oped by Leontief [48], captures the interconnections among sectors
and regions, and has been widely used to trace various impacts
along the production chain of a finished product [49]. In this study,
we extract a three-region input–output table for BTH based on the
latest Chinese multi-regional input–output table for 2010 compiled
by Liu et al. [7]. The previous model of Liu et al. [50] for 2007 has
been widely used for various studies [15,19,20,26,51,52]. Here,
our three-region model for BTH includes detailed information for
30 sectors of interprovincial trade and international export. The
model structure is presented in Table A1. The monetary flow
balance in each row can be written as:

X3

s¼1

X30

j¼1

zrsij þ
X3

s¼1

yrsi þ
X28

t¼1

erti ¼ xri ð1Þ

Here, zrsij indicates cross-regional industrial demand from sector i in
province r to sector j in province s; yrsi indicates finished products of
sector i produced in province r and consumed in province s; erti
means exports from sector i in province r to the other 27 provinces
in China and other countries; xri indicates total output of sector i in
region r.

According to the input–output model [48], input coefficient
from sector i in province r to produce unit output for sector j in
province s can be written as:

arsij ¼ zrsij =x
s
j ð2Þ

Combining Eq. (2) with Eq. (1) and subsequently Eq. (3) gives
the following:

Axþ yþ e ¼ x ð3Þ

Here y ¼ P3
s¼1y

�s and e ¼ P28
t¼1e

�t .
Solving for total output, Eq. (3) can yield the following:

x ¼ ðI � AÞ�1ðyþ eÞ ð4Þ
where (I–A)�1 is the Leontief inverse matrix, it captures both direct
and indirect economic inputs to satisfy one unit of finished or
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exported products in monetary value; I is identity matrix with ones
for the diagonal and zeros for the off-diagonal elements.

Then, pollutant emissions (p) and (a) value added induced by
exported products can be calculated as:

p ¼ f̂ ðI � AÞ�1e ð5Þ
a ¼ v̂ðI � AÞ�1e ð6Þ

Here f is province- and sector-specific pollutant emission intensity
vector and v is value added coefficient vector in BTH, respectively.

f̂ and v̂ represent the diagonalization of f and v.
Emissions and value added induced by export from BTH to a

specific region t can be written as:

pet ¼ f̂ ðI � AÞ�1e�t ð7Þ
aet ¼ v̂ðI � AÞ�1e�t ð8Þ
Sector-specific results can be obtained by replacing e�t in Eqs.

(7) and (8) with e�tj , which denotes column vector that only con-
tains export volume from sector j, with values for all other sectors
zeroed out. Note that our calculation matrix retains regional differ-
ences among Beijing, Tianjin and Hebei. To analyze the other
regions’ impact on BTH, we aggregate our results based on the
average results for BTH as we regard BTH as an integral whole.

For the cross provincial impacts between Beijing, Tianjin and
Hebei, the calculation formulae can be written as:

prs ¼ f̂ ðI � AÞ�1yrs ð9Þ
ars ¼ v̂ðI � AÞ�1yrs ð10Þ

yrs indicates province r’s finished products exported to province s,
and prs and ars indicate region r’s emissions and the value added
induced by these exports.
2.2. Data for production-based pollutant emissions

We use sector-specific emission inventories for Beijing, Tianjin
and Hebei in 2010 from the publicly available MEIC model. MEIC
is a unit/technology-based, bottom-up air pollutant emission
inventory developed by Tsinghua University. It covers 10 pollu-
tants (SO2, NOx, PM2.5, NH3, CO, BC, OC, VOC, PM10, and PMcoarse)
and CO2 for �700 anthropogenic emission sources. Detailed inven-
tory methodology is available on the MEIC web (http://www.meic-
model.org/methodology.html). Further, as the emission data are
only available at the aggregated industrial sector level, we use
regional energy balance table [53] and the sector-specific energy
consumption data [54–56] for 2010 to split emissions by specific
energy consumption into 30 sectors, which are defined in the MRIO
model. Detailed information for MEIC and the mapping process
from inventory sectors to traditional economic sectors can be
found in our previous studies [22,24]. In addition, pollutant emis-
sions from direct residential energy use are not included in this
study, as we assume that these emissions are not directly related
to economic activities.

The value added of each sector in BTH are generated from the
multi-regional input–output model, as shown in Table A1. They
consist of fixed asset depreciation, payment for labor and tax and
operating surplus. Here we aggregate these values and do not dis-
tinguish the sub items’ impacts.
3. Results

3.1. Pollutant emissions and economic gains from BTH’s production
and exports

Based on the MEIC model, in 2010, industrial production and
associated economic activities (e.g., power generation and trans-
portation) in BTH contributed 1.8 Tg SO2, 2.8 Tg NOx, 0.8Tg primary
PM2.5, 1.5Tg NMVOC and 913.3 Tg CO2 emissions (Fig. 1a), account-
ing for 7–10% of the national total; the relative value added was
4365 billion yuan, accounting for a similar contribution ratio
(10%) to the national total. This means that the BTH area achieved
the national average for economic-environment efficiency (GDP
per unit emissions) in 2010. However, of the total emissions in
BTH, 78% of SO2, 73% of NOx, 80% of PM2.5, 58% of NMVOC, and
75% of CO2 occurred in Hebei, although Hebei’s value added only
accounted for 48% of BTH’s total (Fig. 1a). Therefore, Hebei’s
economic-environment efficiency is far below the regional average
level.

Production in BTH supplies three consumption categories: local
consumption, interprovincial export and international export.
Fig. 1b compares the contributions of these three categories to
BTH’s pollutant emissions and value added. Interprovincial export
is the largest contributor to the total emissions, accounting for 50%
of BTH’s total SO2 emissions, 45% of NOx, 52% of PM2.5, 48% of
NMVOC and 49% of CO2. Local consumption contributed 40% to
the total SO2 emissions, 45% to NOx, 38% to PM2.5, 38% to NMVOC
and 41% to CO2. However, from the economic aspect, local con-
sumption contributed 46% of BTH’s total value added in 2010,
which is higher than that of interprovincial export (42%). Interna-
tional export contributed 12% of BTH’s value added and 10–14%
to BTH’s emissions. These shares are less than those of national
average (17–36%) shown in Lin et al. [23], suggesting that BTH
was far more influenced by domestic demands. As discussed above,
exports from BTH generated more atmospheric pollutants than
local consumption did for unit economic returns, therefore, BTH’s
export structure may not be optimal in terms of the economy envi-
ronment balance.
3.2. Pollutant emissions versus economic gains generated by sector-
specific exports from BTH

Table 1 shows sectoral composition of international and inter-
provincial exports from BTH, and embodied value added and pollu-
tant emissions per 1000 yuan of exports for each sector (sector
aggregation is shown in Table A2). In 2010, metal and metal prod-
ucts, equipment manufacturing and the service sectors dominated
BTH’s exports, which together accounted for 64% of BTH’s total
export volume. However, because of the great differences in pro-
duction process, energy use, and material input, sectoral contribu-
tions to BTH’s value added and pollutant emissions per unit of
exports vary significantly.

From the economic aspect, the wholesale, retail, catering and
accommodation and other service sectors captured relatively
higher value added per unit of exports (786 and 723 yuan per
1000 yuan exports) because they rely highly on technology or ser-
vice innovations, while manufacturing industries captured much
less value added per unit of exports (507–606 yuan per 1000 yuan
of exports) due to intensive interaction and material exchanges
with other sectors or other regions [57]. For example, although
equipment manufactures were often regarded as ‘‘high-
technology”, they only obtained 507 yuan per 1000 yuan of exports.
Similarly, the data for metal and metal products is 569 yuan per
1000 yuan of exports. It is notable that the agriculture and mining
sectors have shown higher value added coefficients (808 and
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Fig. 1. (a) Regional contributions to BTH’s pollutant emissions and value added; (b) the contribution of consumption categories to BTH’s production-based emissions and
value added.

Table 1
Export structure of BTH and domestic value added and emissions generated per 103 yuan exports by sector.

Sectors Export volume composition
(billion yuan, %)

Value added and pollutant emissions generated per 103 yuan of
exports for each sector (Yuan/103 yuan, kg/103 yuan, Mg/103 yuan for
CO2)

International Interprovincial Value added SO2 NOx PM2.5 NMVOC CO2

1. Agriculture 0.6 (0.6) 17.4 (6.1) 808 0.15 0.28 0.05 0.23 0.57
2. Mining 1.2 (1.4) 16.7 (5.8) 821 0.15 0.23 0.05 0.22 0.74
3. Food products 1.3 (1.5) 11.5 (4.0) 606 0.29 0.30 0.06 0.19 0.83
4. Textile and clothing 4.0 (4.6) 6.7 (2.4) 592 0.28 0.31 0.05 0.24 0.86
5. Wood, furniture, paper and printing 1.4 (1.7) 4.6 (1.6) 565 0.54 0.44 0.08 0.49 1.31
6. Chemicals 8.1 (9.5) 23.6 (8.2) 541 0.48 0.44 0.16 1.08 1.43
7. Nonmetal mineral products 1.4 (1.6) 5.1 (1.8) 591 0.79 1.46 0.77 0.43 6.42
8. Metals and metal products 8.5 (9.9) 59.3 (20.7) 569 0.68 0.74 0.36 0.17 3.59
9. Equipment manufactures 27.2 (31.7) 47.6 (16.6) 507 0.17 0.23 0.07 0.14 0.83
10. Other manufactures 2.6 (3.0) 1.9 (0.7) 548 0.12 0.17 0.04 0.08 0.57
11. Electricity, heat, gas and water supply 0 (0) 0.2 (0.1) 614 1.46 2.55 0.26 0.14 7.50
12. Construction 1.4 (1.6) 0.8 (0.3) 569 0.26 0.47 0.16 0.26 1.62
13. Transport and warehousing 5.1 (5.9) 17.5 (6.1) 672 0.22 1.13 0.13 0.45 1.78
14. Wholesale, retail, catering and accommodation 9.0 (10.5) 14.2 (5.0) 786 0.09 0.14 0.04 0.08 0.43
15. Other service sectors 14.1 (16.4) 59.0 (20.6) 723 0.09 0.14 0.04 0.11 0.47
16. Average 630 0.30 0.41 0.13 0.26 1.44
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821 yuan per 1000 yuan of exports, respectively), which are not
because advanced technologies were involved in these sectors but
because they are labor intensive and relied relatively little on inter-
mediate input.

In contrast to the economic returns, the pollutant emissions
triggered by exports are mainly from primary manufacturing (col-
umn 4–8 in Table 1). As the major export sectors of BTH, chemicals,
metals and metal products contributed the highest SO2 and NOx

emissions per unit of exports. In addition, because of the high
NMVOC emissions involved in the production of chemical prod-
ucts, such as polystyrene, tyres and paints [58], their exports also
triggered the highest NMVOC emissions per unit of exports
(1.08 kg NMVOC per 1000 yuan exports). Nonmetal mineral prod-
ucts have the highest primary PM2.5 emissions level per unit
exports (0.77 kg per 1000 yuan exports) owing to their high pro-
cess emissions, such as those from the calcination and grinding
involved in cement production. For the ‘‘high-technology” equip-
ment manufacturing and other manufacturing, pollutant emissions
for unit exports are rather small, just over half of BTH’s average. As
expected, wholesale, retail, catering and accommodation and other
service sectors have relatively low emissions per unit exports.

Fig. 2 illustrates the sectoral contributions to BTH’s total value
added from supply chain perspective and the associated emissions
per unit of value added. In 2010, exports contributed 2343 billion
yuan (54%) to BTH’s total value added. Of this, 30% (711 billion
yuan) was from less pollution-intensive service sectors (7.8%
from the wholesale, retail, catering and accommodation and
22.5% from the other service sectors), 16% was from the high
pollution-intensive metals and metal products, and another 16%
was from the equipment manufacturing. However, from the emis-
sion perspective, metal and metal products contributed 33–49% to
BTH’s exported SO2, NOx, primary PM2.5 and CO2 emissions; service



Fig. 2. Emission intensities (g of pollutant/value added) of BTH’s exports by sector from the supply chain perspective. The Y-axis represents the emission intensity of units
value added created by exports from each sector. The X-axis represents the accumulative export-related value added contributions by sector.

930 H. Zhao et al. / Applied Energy 184 (2016) 926–935
sectors and equipment manufacturing only contributed 7–10% and
10–12% to the total exported emissions. Therefore, BTH’s produc-
tion of metal and metal products for export at the expense of the
environment may not be desirable. In addition, exports of the
chemicals and nonmetal mineral products are also pollution-
prone, as their pollutant emissions per unit value added are 1.2–
4.9 times and 1.8–6.1 times the average intensity across all sectors,
respectively. Moreover, as important sectors in trade, transporta-
tion and warehousing contributed 17% and 11% of BTH’s export-
related NOx and NMVOC emissions, and the pollutant emissions
per value added were 2.6 and 1.6 times the sectoral average,
respectively, owing to the high emission factors of diesel trans-
portation vehicles [24].

3.3. Exports related pollutant emissions and value added driven by
region

Taking SO2 as an example, Fig. 3 demonstrates the impacts of
individual region on BTH’s pollutant emissions and economy by
importing products from BTH. Fig. 3 also presents the sectoral
composition for selected regions. Data for other pollutants can be
found in Table S1, and abbreviation for the regions are provided
in Table A3.

Geographically, most of BTH’s emissions and value added
embodied in exports go to southern developed provinces and BTH’s
neighboring regions. The most developed regions, such as Jiangsu,
Zhejiang and Shanghai (the so called Yangtze River Delta, YRD),
outsourced 136, 115 and 64 Gg of SO2 to BTH through trade in
2010, respectively, together accounting for 17.2% of BTH’s total
SO2 emissions; however, their value added contribution was only
14.1%. The difference between economic and emission contribu-
tion ratios is partly due to large share of pollution-intensive metal
and metal products, which contributed 49% of emissions and 26%
of value added related to those exported from BTH to YRD. A driver
of the high ratio from this sector may be the 2010 World Exposi-
tion (EXPO), which was held in Shanghai, and a large amount of
building materials were needed to supply the demand for con-
structing buildings and infrastructure around YRD. In addition,



Fig. 3. BTH’s pollutant emissions and value added generated by interprovincial exports and the sectoral composition. The shading in each region indicates the related
emissions outsourced to BTH; the thickness of the black arrow indicates associated value added embodied in exports.
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Guangdong, a highly developed southern province characterized
by clothing manufacturing, contributed 46 Gg (2.5% of BTH’s
total) to BTH’s SO2 emissions. In addition to metals and metal
products, Guangdong also imported many textile and clothing
products to support its clothing industry. Furthermore, as the
national capital region, BTH also provided several types of services,
such as education, financial services and public management to
Guangdong. These contributed to 26% of the total exports to
Guangdong. Consequently, Guangdong’s imports contributed
similar shares to BTH’s total value added (2.5%) and emissions
(2.5%).

Compared with developed regions, neighbors of BTH con-
tributed relatively less to BTH pollutant emissions because they
have abundant resources to meet their own needs, and they mainly
serve as net exporters in trade [26]. Henan, Shandong, Shanxi,
Shannxi, Inner Mongolia, Liaoning and Jilin in total outsourced
347 Gg (19% of the total) SO2 emissions to BTH through trade,
which was similar to the sum from YRD and Guangdong (361 Gg,
20%); however, their contribution to BTH’s value added was only
571 billion yuan (13.1% of the total), which is less than the sum
of YRD and Guangdong (723 billion yuan, 16.6%). The low
economic-environment efficiency for trade with these regions is
mainly due to the high percentage of imports of nonmetal mineral
products, as well as metal and metal products and chemical prod-
ucts imports. Note that for BTH, the ratio of pollutant emissions to
value added for nonmetal mineral products (13 kg/1000 yuan) is 4
times the average level of all other sectors, and is even greater than
that for metal and metal products (12 kg/1000 yuan).

For the surrounding regions of BTH, their import structures
from BTH vary markedly due to a combination of the difference
in the regional stage of development and product attributes. For
example, in addition to metal and metal products, Shaanxi, Shanxi
and Inner Mongolia also imported large quantities of nonmetal
mineral products to support their infrastructure investment. The
latter contributed 14% to their total imported SO2 emissions from
BTH but only accounted for 6% of the relative value added. Further-
more, nonmetal mineral products mainly consist of cement, brick
and lime-stone, and their prices per unit of mass are relatively
low; therefore, they would not be transported too far due to the
high transportation fees. In Shandong and Henan, increasing con-
struction and advanced manufacturing, coupled with the lack of
locally manufactured steel, have forced them to import large
amounts of metal and metal products to support their industrial-
ization and construction. In 2010, metal and metal products



Fig. 4. BTH’s pollutant emissions and value added generated by consumption and exports of each region, and where the production occurred.
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accounted for 22% of their import volume from BTH, which con-
tributed 47% to their total imported SO2 emissions and 21% of
the relative value added.
3.4. Impacts of trade within BTH

Due to close economic linkage between Beijing, Tianjin and
Hebei, production or consumption in one region can also trigger
a wide range of production activities in the other two regions
and thus cause pollutant emissions as well as economic benefits
there [38]. Fig. 4 shows the consumption and export-related pollu-
tant emissions and value added occurring in each region within
BTH.

In 2010, Beijing’s consumption triggered 126 Gg SO2, 258 Gg
NOx, 77 Gg PM2.5, 186 Gg NMVOC and 85 Tg CO2 emissions in
BTH, accounting for 7–12% of the total emissions occurring in
BTH; furthermore, because Beijing relies on large product imports
from Hebei, 18–44% of these emissions occurred in Hebei and
another 2–4% occurred in Tianjin. Meanwhile, Beijing’s production
for exports brought about 4–13% of the total emissions in BTH, and
Hebei contributed 8–30% to these emissions. From an economic
perspective, Beijing’s consumption and production for exports gen-
erated 762 and 693 billion yuan, respectively, but Hebei only
obtained 54 and 26 billion yuan (7% and 4% of the total relative
value added), respectively, by supplying products to Beijing. That
is to say, under the current production structure, generating 1 bil-
lion yuan in Beijing would result in 0.9Gg SO2, 2.3 Gg NOx, 0.5 Gg
PM2.5, 2.5Gg NMVOC and 0.7 Tg CO2 emissions in Beijing, and it
also produces 0.2–0.8 times these emissions in Hebei but only gen-
erates 0.06 billion yuan for Hebei. Compared to Beijing, Tianjin
relies relatively less on Hebei because of its convenient water traf-
fic to import from other regions, thus its impact on Hebei is rela-
tively small. In 2010, to support Tianjin’s consumption and
production for exports, Hebei emitted 54 Gg SO2, 99 Gg NOx, 28
Gg PM2.5, 41Gg NMVOC and 28 Tg CO2, accounting for 13–29%
of Tianjin’s production emissions; this generated 71 billion yuan
for Hebei, only accounting for 8% of Tianjin’s GDP that year. There-
fore, to support Beijing and Tianjin’s economic activities, Hebei is
bearing unbalanced pollutant emissions and economic gains.

As the hinterland of Beijing and Tianjin, Hebei acts as a supplier
and relies less on supply from Beijing and Tianjin. In 2010, Hebei’s
consumption and exports contributed 22–27% and 34–48% of the
total emissions occurring in BTH, and 97–99% of these emissions
were produced by Hebei itself.
4. Discussions

In 2010, production for international and interprovincial
exports accounted for 55–62% of BTH’s production emissions but
comprised 54% of BTH’s total gross domestic output. Among its
exports, the three most pollution-intensive sectors (metals and
metal products, nonmetal mineral products and chemicals)
accounted for 49–69% of BTH’s export-related pollutant emissions
but only contributed 25% to the associated added value. To reduce
these unbalanced environmental losses, BTH should focus on
reducing these sectors’ export volume through industrial upgrad-
ing, as well as cleaning the production chains of these sectors.

To clean up its production structure, BTH must begin with
cleaning its energy consumption structure [59]. In 2010, BTH’s coal
consumption accounted for 78% of its total energy consumption
(90% for Hebei), which is far more than the national average
(69%) [6]. Consequently, coal consumption is responsible for 78%



H. Zhao et al. / Applied Energy 184 (2016) 926–935 933
of BTH’s total SO2 emissions, 53% of NOx emissions, and 50% of CO2

emissions (based on data calculation from the MEIC model). There-
fore, BTH, especially Hebei, are in urgent need of developing clean
energy in addition to the end-of-pipe control technologies. On the
one hand, they can clean their energy system by accelerating the
process of coal-to-gas and coal-to-electricity projects. These would
reduce the dispersed coal combustions, whose pollutant emissions
are hard to regulate. On the other hand, they should strengthen
renewable energy development, such as wind and solar energy,
which are abundant in northern China [60]. For example, in
2013, BTH’s wind power generation accounted for 4% of total elec-
tricity generation in BTH [61], higher than national average share
(2.5%) but far less than that of the European Union (EU, 8%) [62].
In 2013, the price of wind energy for new contracts signed in the
United States (US) reached 2.5¢/kWh, less than that of fossil-fuel
energy (5¢/kWh for nature gases); and it is estimated that wind
energy in the US will account for 20% of its electricity by 2030
[63]. Thus, even though wind energy costs more in China presently
(8.6¢/kWh) [64], cost reduction and mass production would be fea-
sible in the near future. In addition, with the fast development of
wind or solar energy, construction of auxiliary infrastructure is
equally important [65,66]. In 2013, the ratio of wind curtailment
in BTH reached �18% in 2013 (author’s calculation) [61,62], thus
BTH should also strengthen its construction of power grid trans-
mission lines, simultaneously.

In recent years, China’s deteriorating air quality and weakening
domestic demands have placed great pressure on its heavy indus-
try areas like BTH. In response to the Action Plan, Hebei, the most
important steel industrial base in China, committed to reducing
60 million tons of steel production capacity by 2017, accounting
for 10% of Hebei’s total steel production in 2014. However, in
2015, the central government implemented the ‘‘One Belt, One
Road” program, which intended to reenergize central Asia’s econ-
omy. It will require a significant amount of infrastructure construc-
tion, thus providing new opportunities for heavy industry in China.
Hence Hebei will undoubtedly play an important role in this pro-
gram. This provides it with great challenges as well as opportuni-
ties to simultaneously balance its economic development and
curbing atmospheric pollution. Thus, in addition to eliminating
superfluous production capacity and these with backward tech-
niques, Hebei also needs to improve production efficiency, such
as promoting the increase of electric arc furnaces in its steel indus-
tries, which are considered more energy efficient [67]. Further-
more, to gain more economic returns, Hebei should extend its
production chain to promote industrial upgrading. It can introduce
more steel-related high-tech industries, such as high-speed rail
and subway manufactory.

Within BTH, due to Beijing and Tianjin’s great imports from
Hebei, promoting industrial development in Beijing and Tianjin
lead to higher pollutant emissions in Hebei province. Further,
increasing emissions in Hebei would also lead to higher pollution
concentration in Beijing and Tianjin to some extent, due atmo-
spheric transport of pollutants across provincial borders [9]. Thus,
to promote the joint control of atmospheric pollution in BTH, local
Table A1
Three region input–output table for BTH.

Beijing Tianjin Hebei Final demand

Beijing Tianjin Hebe

Beijing Z Y
Tianjin
Hebei

Value added v
Total outputs x’
governments should cooperate to facilitate BTH’s industrial
upgrading as a whole. Recently, to improve the atmospheric envi-
ronment in Beijing and Tianjin, a large number of heavy industry
enterprises were transferred to Hebei, which also transferred emis-
sions there. Hence, Beijing and Tianjin are directly and indirectly
responsible for environmental deterioration in Hebei. Thus Beijing
and Tianjin should help Hebei avoid more pollution by transferring
high technologies and providing financial aid or subsidies to Hebei.
Simultaneously, Hebei should set stricter emission standards for
new entering companies; it can also improve its production tech-
nology by merging the advanced technology from new entering
companies through initiative and mandated cooperation.
5. Conclusion

With increasing concern over atmospheric pollution, climate
change and associated health impacts, the trade-off between envi-
ronment and the economy for industrial production become a key
issue in development strategy of BTH region. This paper is the first
attempt to quantify BTH’s export-related emissions of atmospheric
pollutants (SO2, NOx, primary PM2.5 and NMVOC) and CO2 versus
the economic gains from a supply chain perspective by conducting
an input–output analysis. Our results shown that, due to the dom-
inance of heavy industry in it economic structure, BTH bears more
pollutant emission ratio than that of economic gains from product
exports. Among regions within BTH, as with different economic
roles and development stages, promoting industrial production in
Beijing and Tianjin are to some extent lead to increasing pollutant
emissions in Hebei. The results of this work would help policy
makers better to understand the environmental and economic
trade-off from exports, and provide reasonable technical supports
for mitigating regional air pollution through industrial upgrading
and export adjustment. Moreover, our evaluation process can also
be used in other regions experiencing similar problems.
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Table A2
Sector classifications.

Sector ID Aggregated sectors Sector ID MRIO sectors

1 Agriculture 1 Agriculture
2 Mining 2 Coal mining and processing

3 Crude petroleum and natural gas products
4 Metal ore mining
5 Non-ferrous mineral mining

3 Food products 6 Manufacture of food products and tobacco processing
4 Textile and clothing 7 Textile goods

8 Apparel, leather, furs, down and related products
5 Wood, furniture, paper and printing 9 Sawmills and furniture

10 Paper and products, printing and record medium reproduction
6 Chemicals 11 Petroleum processing and coking

12 Chemicals
7 Nonmetal mineral products 13 Nonmetal mineral products
8 Metals and metal products 14 Metals smelting and pressing

15 Metal products
16 Machinery and equipment

9 Equipment manufactures 17 Transport equipment
18 Electric equipment and machinery
19 Electronic and telecommunication equipment

10 Other manufactures 20 Instruments, meters, cultural and office machinery
21 Handicrafts and other manufacturing

11 Electricity, heat, gas and water supply 22 Electricity, steam and hot water production and supply
23 Gas and water production and supply

12 Construction 24 Construction
13 Transport and warehousing 25 Transport and warehousing, post and telecommunication
14 Wholesale, retail, catering and accommodation 26 Wholesale and retail trade

27 Accommodation and restaurants
15 Other service sectors 28 Tenancy and business services

29 Research and development
30 Other sectors

Table A3
Provincial abbreviations.

Name Abb. Name Abb. Name Abb.

Beijing BJ Zhejiang ZJ Hainan HI
Tianjin TJ Anhui AH Chongqing CQ
Hebei HB Fujian FJ Sichuan SC
Shanxi SX Jiangxi JX Guizhou GZ
Inner Mongolia IM Shandong SD Yunnan YN
Liaoning LN Henan HN Shaanxi SA
Jilin JL Hubei HU Gansu GS
Heilongjiang HL Hunan HA Qinghai QH
Shanghai SH Guangdong GD Ningxia NX
Jiangsu JS Guangxi GX Xinjiang XJ

934 H. Zhao et al. / Applied Energy 184 (2016) 926–935
References

[1] Yang G, Wang Y, Zeng Y, Gao GF, Liang X, Zhou M, et al. Rapid health transition
in China, 1990–2010: findings from the Global Burden of Disease Study 2010.
Lancet 2013;381(9882):1987–2015. http://dx.doi.org/10.1016/s0140-6736
(13)61097-1.

[2] State Council of the People’s Republic of China. Action plan for air pollution
control; 2013. <http://www.gov.cn/zwgk/2013-09/12/content_2486773.htm>.

[3] He K, Zhang Q, Hong C. Can Beijing, Tianjin and Hebei achieve theirPM2.5
Targets by 2017? Assessment of the potential for air quality improvements in
the Beijing–Tianjin–Hebei region under China’s new air pollution action plan;
2014. <http://www.cleanairchina.org/file/loadFile/66.html>.

[4] Ministry of Environmental Protection of the People’s Republic of China.
Beijing–Tianjin–Hebei and surrounding areas to carry out the action plan
implementation rules for the control of air pollution; 2013. <http://www.
zhb.gov.cn/gkml/hbb/bwj/201309/t20130918_260414.htm>.

[5] Dong Z, Hao C, Li H, Yan X, Wang H, Qing Y, et al. Investment and financing
demand for the implication of Action Plan for Air Pollution Control (2013–
2017) and its influence; 2015. <http://www.cleanairchina.org/file/loadFile/
110.html>.

[6] National Bureau of Statistic of China. China statistical yearbook. Beijing: China
Statistic Press; 2014.

[7] Liu W, Tang Z, Chen J, Yang B. Multi-regional input–output model for 30
provinces of China in 2010. Beijing: China Statistics Press; 2014.

[8] The concentration of PM2.5 and PM10 in Beijing–Tianjin–Hebei region in 2013
exceeds bid. <http://news.xinhuanet.com/politics/2014-03/25/c_119934370.
htm>.
[9] Li X, Zhang Q, Zhang Y, Zheng B, Wang K, Chen Y, et al. Source contributions of
urban PM2.5 in the Beijing–Tianjin–Hebei region: changes between 2006 and
2013 and relative impacts of emissions and meteorology. Atmos Environ
2015;123(Part A):229–39. http://dx.doi.org/10.1016/j.atmosenv.2015.10.048.

[10] Pei J, Oosterhaven J, Dietzenbacher E. How much do export contributed to
China’s income growth? Econ Syst Res 2012;24(3):275–97. http://dx.doi.org/
10.1080/09535314.2012.660746.

[11] Simas M, Golsteijn L, Huijbregts M, Wood R, Hertwich E. The, ‘‘Bad Labor”
footprint: quantifying the social impacts of globalization. Sustainability
2014;6(11):7514–40. http://dx.doi.org/10.3390/su6117514.

[12] Alsamawi A, Murray J, Lenzen M. The employment footprints of nations. J Ind
Ecol 2014;18(1):59–70. http://dx.doi.org/10.1111/jiec.12104.

[13] Lenzen M, Moran D, Kanemoto K, Foran B, Lobefaro L, Geschke A. International
trade drives biodiversity threats in developing nations. Nature 2012;486
(7401):109–12.

[14] Davis SJ, Caldeira K. Consumption-based accounting of CO2 emissions. Proc
Natl Acad Sci 2010;107(12):5687–92. http://dx.doi.org/10.1073/
pnas.0906974107.

[15] Feng K, Davis SJ, Sun L, Li X, Guan D, Liu W, et al. Outsourcing CO2 within
China. Proc Natl Acad Sci 2013;110(28):11654–9. http://dx.doi.org/10.1073/
pnas.1219918110.

[16] Su B, Ang BW. Input–output analysis of CO2 emissions embodied in trade: a
multi-region model for China. Appl Energy 2014;114:377–84. http://dx.doi.
org/10.1016/j.apenergy.2013.09.036.

[17] Michieka NM, Fletcher J, Burnett W. An empirical analysis of the role of China’s
exports on CO2 emissions. Appl Energy 2013;104:258–67. http://dx.doi.org/
10.1016/j.apenergy.2012.10.044.

[18] Brizga J, Feng K, Hubacek K. Household carbon footprints in the Baltic States: a
global multi-regional input–output analysis from 1995 to 2011. Appl Energy.
http://dx.doi.org/10.1016/j.apenergy.2016.01.102 [in press].

[19] Feng K, Hubacek K, Pfister S, Yu Y, Sun L. Virtual scarce water in China. Environ
Sci Technol 2014;48(14):7704–13. http://dx.doi.org/10.1021/es500502q.

[20] Zhao X, Liu J, Liu Q, Tillotson MR, Guan D, Hubacek K. Physical and virtual
water transfers for regional water stress alleviation in China. Proc Natl Acad Sci
2015;112(4):1031–5. http://dx.doi.org/10.1073/pnas.1404130112.

[21] Guan D, Hubacek K, Tillotson M, Zhao H, Liu W, Liu Z, et al. Lifting China’s
water spell. Environ Sci Technol 2014;48(19):11048–56. http://dx.doi.org/
10.1021/es501379n.

[22] Guan DB, Su X, Zhang Q, Peters GP, Liu Z, Lei Y, et al. The socioeconomic drivers
of China’s primary PM2.5 emissions. Environ Res Lett 2014;9(2):024010.
http://dx.doi.org/10.1088/1748-9326/9/2/024010.

[23] Lin J, Pan D, Davis SJ, Zhang Q, He K, Wang C, et al. China’s international trade
and air pollution in the United States. Proc Natl Acad Sci 2014;111
(5):1736–41.

[24] Huo H, Zhang Q, Guan D, Su X, Zhao H, He K. Examining air pollution in china
using production- and consumption-based emissions accounting approaches.

http://dx.doi.org/10.1016/s0140-6736(13)61097-1
http://dx.doi.org/10.1016/s0140-6736(13)61097-1
http://www.gov.cn/zwgk/2013-09/12/content_2486773.htm
http://www.cleanairchina.org/file/loadFile/66.html
http://www.zhb.gov.cn/gkml/hbb/bwj/201309/t20130918_260414.htm
http://www.zhb.gov.cn/gkml/hbb/bwj/201309/t20130918_260414.htm
http://www.cleanairchina.org/file/loadFile/110.html
http://www.cleanairchina.org/file/loadFile/110.html
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0030
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0030
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0035
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0035
http://news.xinhuanet.com/politics/2014-03/25/c_119934370.htm
http://news.xinhuanet.com/politics/2014-03/25/c_119934370.htm
http://dx.doi.org/10.1016/j.atmosenv.2015.10.048
http://dx.doi.org/10.1080/09535314.2012.660746
http://dx.doi.org/10.1080/09535314.2012.660746
http://dx.doi.org/10.3390/su6117514
http://dx.doi.org/10.1111/jiec.12104
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0065
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0065
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0065
http://dx.doi.org/10.1073/pnas.0906974107
http://dx.doi.org/10.1073/pnas.0906974107
http://dx.doi.org/10.1073/pnas.1219918110
http://dx.doi.org/10.1073/pnas.1219918110
http://dx.doi.org/10.1016/j.apenergy.2013.09.036
http://dx.doi.org/10.1016/j.apenergy.2013.09.036
http://dx.doi.org/10.1016/j.apenergy.2012.10.044
http://dx.doi.org/10.1016/j.apenergy.2012.10.044
http://dx.doi.org/10.1016/j.apenergy.2016.01.102
http://dx.doi.org/10.1021/es500502q
http://dx.doi.org/10.1073/pnas.1404130112
http://dx.doi.org/10.1021/es501379n
http://dx.doi.org/10.1021/es501379n
http://dx.doi.org/10.1088/1748-9326/9/2/024010
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0115
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0115
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0115


H. Zhao et al. / Applied Energy 184 (2016) 926–935 935
Environ Sci Technol 2014;48(24):14139–47. http://dx.doi.org/10.1021/
es503959t.

[25] Jiang X, Zhang Q, Zhao H, Geng G, Peng L, Guan D, et al. Revealing the hidden
health costs embodied in chinese exports. Environ Sci Technol 2015;49
(7):4381–8. http://dx.doi.org/10.1021/es506121s.

[26] Zhao HY, Zhang Q, Guan DB, Davis SJ, Liu Z, Huo H, et al. Assessment of China’s
virtual air pollution transport embodied in trade by using a consumption-
based emission inventory. Atmos Chem Phys 2015;15(10):5443–56. http://dx.
doi.org/10.5194/acp-15-5443-2015.

[27] Meng J, Liu J, Guo S, Huang Y, Tao S. The impact of domestic and foreign trade
on energy-related PM emissions in Beijing. Appl Energy 2016;184:853–62.

[28] Liu Q, Wang Q. Reexamine SO2 emissions embodied in China’s exports using
multiregional input–output analysis. Ecol Econ 2015;113:39–50. http://dx.doi.
org/10.1016/j.ecolecon.2015.02.026.

[29] Simas M, Wood R, Hertwich E. Labor embodied in trade. J Ind Ecol 2015;19
(3):343–56. http://dx.doi.org/10.1111/jiec.12187.

[30] National Bureau of Statistic of China. National economic and social
development statistical bulletin for 2013; 2014.

[31] Prell C. Wealth and pollution inequalities of global trade: a network and
input–output approach. Soc Sci J 2016;53(1):111–21. http://dx.doi.org/
10.1016/j.soscij.2015.08.003.

[32] Prell C, Feng K, Sun L, Geores M, Hubacek K. The economic gains and
environmental losses of US consumption: a world-systems and input–output
approach. Soc Forces 2014;93(1):405–28.

[33] Tang X, McLellan BC, Zhang B, Snowden S, Höök M. Trade-off analysis between
embodied energy exports and employment creation in China. J Cleaner Prod.
http://dx.doi.org/10.1016/j.jclepro.2015.08.122 [in press].

[34] Hao H, Geng Y, HangW. GHG emissions from primary aluminum production in
China: regional disparity and policy implications. Appl Energy
2016;166:264–72. http://dx.doi.org/10.1016/j.apenergy.2015.05.056.

[35] Tian X, Chang M, Lin C, Tanikawa H. China’s carbon footprint: a regional
perspective on the effect of transitions in consumption and production
patterns. Appl Energy 2014;123:19–28. http://dx.doi.org/10.1016/j.
apenergy.2014.02.016.

[36] Liu Y, Zhou Y, Wu W. Assessing the impact of population, income and
technology on energy consumption and industrial pollutant emissions in
China. Appl Energy 2015;155:904–17. http://dx.doi.org/10.1016/j.
apenergy.2015.06.051.

[37] Dong H, Dai H, Dong L, Fujita T, Geng Y, Klimont Z, et al. Pursuing air pollutant
co-benefits of CO2 mitigation in China: a provincial leveled analysis. Appl
Energy 2015;144:165–74. http://dx.doi.org/10.1016/j.apenergy.2015.02.020.

[38] Liu G, Yang Z, Chen B, Zhang Y, Su M, Ulgiati S. Prevention and control policy
analysis for energy-related regional pollution management in China. Appl
Energy 2016;166:292–300. http://dx.doi.org/10.1016/j.apenergy.2015.06.032.

[39] Chen R, Huang W, Wong CM, Wang Z, Thach TQ, Chen B, et al. Short-term
exposure to sulfur dioxide and daily mortality in 17 Chinese cities: the China
air pollution and health effects study (CAPES). Environ Res 2012;118:101–6.
http://dx.doi.org/10.1016/j.envres.2012.07.003.

[40] Chen R, Samoli E, Wong CM, Huang W, Wang Z, Chen B, et al. Associations
between short-term exposure to nitrogen dioxide and mortality in 17 Chinese
cities: the China Air Pollution and Health Effects Study (CAPES). Environ Int
2012;45:32–8. http://dx.doi.org/10.1016/j.envint.2012.04.008.

[41] Ma Y, Chen R, Pan G, Xu X, Song W, Chen B, et al. Fine particulate air pollution
and daily mortality in Shenyang, China. Sci Total Environ 2011;409
(13):2473–7. http://dx.doi.org/10.1016/j.scitotenv.2011.03.017.

[42] Jiang P, Chen Y, Geng Y, Dong W, Xue B, Xu B, et al. Analysis of the co-benefits
of climate change mitigation and air pollution reduction in China. J Cleaner
Prod 2013;58:130–7. http://dx.doi.org/10.1016/j.jclepro.2013.07.042.

[43] Zhang S, Worrell E, Crijns-Graus W. Evaluating co-benefits of energy efficiency
and air pollution abatement in China’s cement industry. Appl Energy
2015;147:192–213. http://dx.doi.org/10.1016/j.apenergy.2015.02.081.

[44] Ma D, Chen W, Yin X, Wang L. Quantifying the co-benefits of decarbonisation
in China’s steel sector: an integrated assessment approach. Appl Energy
2016;162:1225–37. http://dx.doi.org/10.1016/j.apenergy.2015.08.005.
[45] State Council of the People’s Republic of China. Twelfth five-year greenhouse
gas emission control program; 2011. <http://www.gov.cn/zwgk/2012-01/
13/content_2043645.htm>.

[46] Dietzenbacher E, Lahr ML. Expanding extractions. Econ Syst Res 2013;25
(3):341–60. http://dx.doi.org/10.1080/09535314.2013.774266.

[47] Miller RE, Blair PD. Input–output analysis: foundations and extensions. United
Kingdom: Cambridge University Press; 2009.

[48] Leontief W. Environmental repercussions and the economic structure: an
input–output approach. Rev Econ Stat 1970;52(3):262–71. http://dx.doi.org/
10.2307/1926294.

[49] Wiedmann T. A review of recent multi-region input–output models used for
consumption-based emission and resource accounting. Ecol Econ 2009;69
(2):211–22. http://dx.doi.org/10.1016/j.ecolecon.2009.08.026.

[50] Liu W, Chen J, Tang Z, Liu H, Han D, Li F. Prepared theory and practice multi-
regional input–output tables for 30 region in China in 2007. Beijing: China
Statistics Press; 2012.

[51] Liang S, Zhang C, Wang Y, Xu M, Liu W. Virtual atmospheric mercury emission
network in China. Environ Sci Technol 2014;48(5):2807–15. http://dx.doi.org/
10.1021/es500310t.

[52] Liu Z, Davis SJ, Feng K, Hubacek K, Liang S, Anadon LD, et al. Targeted
opportunities to address the climate-trade dilemma in China. Nature Clim
Change 2015;6(2):201–6. http://dx.doi.org/10.1038/nclimate280. 2016.

[53] National Bureau of Statistics. China energy statistical yearbook. Beijing: China
Statistics Press; 2011.

[54] Beijing Municipal Bureau Statistics. Beijing statistical yearbook. Beijing: China
Statistics Press; 2011.

[55] Tianjin municipal bureau of statistics. Tianjin statistical
yearbook. Beijing: China Statistics Press; 2011.

[56] Hebei municipal bureau of statistics. Hebei economic yearbook. Beijing: China
Statistics Press; 2011.

[57] Chen X, Cheng LK, Fung KC, Lau LJ, Sung Y-W, Zhu K, et al. Domestic value
added and employment generated by Chinese exports: a quantitative
estimation. China Econ Rev 2012;23(4):850–64. http://dx.doi.org/10.1016/j.
chieco.2012.04.003.

[58] Li M, Zhang Q, Streets DG, He KB, Cheng YF, Emmons LK, et al. Mapping Asian
anthropogenic emissions of non-methane volatile organic compounds to
multiple chemical mechanisms. Atmos Chem Phys 2014;14(11):5617–38.
http://dx.doi.org/10.5194/acp-14-5617-2014.

[59] Wiebe KS. The impact of renewable energy diffusion on European
consumption-based emissions. Econ Syst Res 2016:1–18. http://dx.doi.org/
10.1080/09535314.2015.1113936.

[60] McElroy MB, Lu X, Nielsen CP, Wang Y. Potential for wind-generated electricity
in China. Science 2009;325(5946):1378–80. http://dx.doi.org/
10.1126/science.1175706.

[61] China Electric Power Yearbook Editing Committee. China electric power
yearbook. Beijing: China Electric Power Press; 2014.

[62] Junfeng L, Fengbo C, Liming Q, Jixue W, Hu G, Wenqian T, et al. 2014 China
wind power review and outlook; 2014.

[63] Department of Energy and Lawrence Berkeley National Laboratory. The price
of wind energy for new contracts signed in 2013 is at an all-time low at
2.5 cents per kW h, Berkeley; 2013.

[64] Zhang N, Lu X, McElroy MB, Nielsen CP, Chen X, Deng Y, et al. Reducing
curtailment of wind electricity in China by employing electric boilers for heat
and pumped hydro for energy storage. Appl Energy 2016;184:987–94.

[65] Luo G-L, Li Y-L, Tang W-J, Wei X. Wind curtailment of China’s wind power
operation: evolution, causes and solutions. Renew Sust Energy Rev
2016;53:1190–201. http://dx.doi.org/10.1016/j.rser.2015.09.075.

[66] Zhao H, Wu Q, Hu S, Xu H, Rasmussen CN. Review of energy storage system for
wind power integration support. Appl Energy 2015;137:545–53. http://dx.doi.
org/10.1016/j.apenergy.2014.04.103.

[67] Chen W, Yin X, Ma D. A bottom-up analysis of China’s iron and steel industrial
energy consumption and CO2 emissions. Appl Energy 2014;136:1174–83.
http://dx.doi.org/10.1016/j.apenergy.2014.06.002.

http://dx.doi.org/10.1021/es503959t
http://dx.doi.org/10.1021/es503959t
http://dx.doi.org/10.1021/es506121s
http://dx.doi.org/10.5194/acp-15-5443-2015
http://dx.doi.org/10.5194/acp-15-5443-2015
http://refhub.elsevier.com/S0306-2619(16)30482-2/h1130
http://refhub.elsevier.com/S0306-2619(16)30482-2/h1130
http://dx.doi.org/10.1016/j.ecolecon.2015.02.026
http://dx.doi.org/10.1016/j.ecolecon.2015.02.026
http://dx.doi.org/10.1111/jiec.12187
http://dx.doi.org/10.1016/j.soscij.2015.08.003
http://dx.doi.org/10.1016/j.soscij.2015.08.003
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0160
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0160
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0160
http://dx.doi.org/10.1016/j.jclepro.2015.08.122
http://dx.doi.org/10.1016/j.apenergy.2015.05.056
http://dx.doi.org/10.1016/j.apenergy.2014.02.016
http://dx.doi.org/10.1016/j.apenergy.2014.02.016
http://dx.doi.org/10.1016/j.apenergy.2015.06.051
http://dx.doi.org/10.1016/j.apenergy.2015.06.051
http://dx.doi.org/10.1016/j.apenergy.2015.02.020
http://dx.doi.org/10.1016/j.apenergy.2015.06.032
http://dx.doi.org/10.1016/j.envres.2012.07.003
http://dx.doi.org/10.1016/j.envint.2012.04.008
http://dx.doi.org/10.1016/j.scitotenv.2011.03.017
http://dx.doi.org/10.1016/j.jclepro.2013.07.042
http://dx.doi.org/10.1016/j.apenergy.2015.02.081
http://dx.doi.org/10.1016/j.apenergy.2015.08.005
http://www.gov.cn/zwgk/2012-01/13/content_2043645.htm
http://www.gov.cn/zwgk/2012-01/13/content_2043645.htm
http://dx.doi.org/10.1080/09535314.2013.774266
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0235
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0235
http://dx.doi.org/10.2307/1926294
http://dx.doi.org/10.2307/1926294
http://dx.doi.org/10.1016/j.ecolecon.2009.08.026
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0250
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0250
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0250
http://dx.doi.org/10.1021/es500310t
http://dx.doi.org/10.1021/es500310t
http://dx.doi.org/10.1038/nclimate280
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0265
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0265
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0270
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0270
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0275
http://refhub.elsevier.com/S0306-2619(16)30482-2/h0275
http://dx.doi.org/10.1016/j.chieco.2012.04.003
http://dx.doi.org/10.1016/j.chieco.2012.04.003
http://dx.doi.org/10.5194/acp-14-5617-2014
http://dx.doi.org/10.1080/09535314.2015.1113936
http://dx.doi.org/10.1080/09535314.2015.1113936
http://dx.doi.org/10.1126/science.1175706
http://dx.doi.org/10.1126/science.1175706
http://refhub.elsevier.com/S0306-2619(16)30482-2/h2130
http://refhub.elsevier.com/S0306-2619(16)30482-2/h2130
http://refhub.elsevier.com/S0306-2619(16)30482-2/h2130
http://dx.doi.org/10.1016/j.rser.2015.09.075
http://dx.doi.org/10.1016/j.apenergy.2014.04.103
http://dx.doi.org/10.1016/j.apenergy.2014.04.103
http://dx.doi.org/10.1016/j.apenergy.2014.06.002

	Environment-economy tradeoff for Beijing–Tianjin–Hebei’s exports
	1 Introduction
	2 Method and data
	2.1 Input–output model
	2.2 Data for production-based pollutant emissions

	3 Results
	3.1 Pollutant emissions and economic gains from BTH’s production and exports
	3.2 Pollutant emissions versus economic gains generated by sector-specific exports from BTH
	3.3 Exports related pollutant emissions and value added driven by region
	3.4 Impacts of trade within BTH

	4 Discussions
	5 Conclusion
	Acknowledgements
	Appendix A.
	Appendix B Supplementary material
	References




