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Trades create a mechanism of embodied CO2 emissions transfer among regions, causing distortion on

the total emissions. As the world’s second largest economy, China has a large scale of trade, which

results in the serious problem of embodied CO2 emissions transfer. This paper analyzes the

characteristics of China’s CO2 emissions embodied in international and interprovincial trade from the

provincial perspective. The multi-regional Input–Output Model is used to clarify provincial CO2

emissions from geographical and sectoral dimensions, including 30 provinces and 28 sectors. Two

calculating principles (production accounting principle and consumption accounting principle,

Munksgaard and Pedersen, 2001) are applied. The results show that for international trade, the eastern

area accounts for a large proportion in China’s embodied CO2 emissions. The sectors as net exporters

and importers of embodied CO2 emissions belong to labor-intensive and energy-intensive industries,

respectively. For interprovincial trade, the net transfer of embodied CO2 emissions is from the eastern

area to the central area, and energy-intensive industries are the main contributors. With the largest

amount of direct CO2 emissions, the eastern area plays an important role in CO2 emissions reduction.

The central and western areas need supportive policies to avoid the transfer of industries with high

emissions.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

With strong economic growth, China’s CO2 emissions grow
quickly. China overtook the United States and became the world’s
largest emitter of CO2 in 2007 (IEA, 2009). Facing increasing
international pressure to take collaborative action on curbing CO2

emissions, China pledged to cut CO2 emissions per unit of GDP by
40–45% from the level of 2005 by 2020. And China’s ‘‘12th Five-
Year Plan’’ for national economic and social development set
targets to cut CO2 emissions intensity by 17% over the next five
years (2011–2015). The CO2 emissions reduction target will be
allocated among China’s provinces according to each province’s
CO2 emissions level in the base year of 2005, which are affected
by trade. It is of great significance to calculate the CO2 emissions
embodied in trade for assigning the task of CO2 emissions
reduction to different provinces.

Through international trade, significant environmental impacts
can be shifted from one country to another (Li and Hewitt, 2008).
More and more researches (Peters et al., 2007; Guan et al., 2008;
Weber et al., 2008; Feng et al., 2009; Guan et al., 2009; Zhang,
2009a; Zhang et al., 2009) investigating the driving forces of CO2
ll rights reserved.

g).
emissions in China have emerged recently, and it is pointed out
that China’s CO2 emissions are largely driven by the rapid growth
of export-orientated production. The literatures on China’s CO2

emissions embodied in international trade can be roughly divided
into two types. The first type focuses on the changing trend of
embodied CO2 emissions in a period (Wang and Watson, 2007;
Pan et al., 2008; Qi et al., 2008; Weber et al., 2008; Wei et al.,2009;
2011; Zhang, 2009b; Lin and Sun, 2010; Yan and Yang, 2010;
Liu and Ma, 2011). In recent years, China’s CO2 emissions embo-
died in international trade have risen quickly with the increasing
level of economic openness, and China has been a net exporter of
embodied CO2 emissions for most years. The problem of ‘‘carbon
leakage’’ is becoming more and more serious. International trade
is a main reason for the rise of China’s CO2 emissions, due to trade
surplus and relatively high level of CO2 emissions intensity. The
second type focuses on the CO2 emissions embodied in the
international trade with certain countries (Shui and Harriss,
2006; Li and Hewitt, 2008; Xu, et al., 2009; Dong et al., 2010;
Guo et al., 2010; Liu et al., 2010; Zhou, 2010). China is a net
exporter of CO2 emissions embodied in international trade with
the majority of foreign nations, and China-US trade surplus is the
major cause of embodied CO2 emissions transfer.

Previous studies mainly analyze CO2 emissions embodied in
international trade from the national perspective, not reflecting
regional diversity within the country. International trade has
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different impacts on CO2 emissions in different regions. For
example, there were obvious differences in regional CO2 emis-
sions during the financial crisis of 2008–2009, when China’s
exports decreased rapidly. Eastern and central areas experienced
a decrease of annual growth rates of CO2 emission. The growth
rates of CO2 emissions for eastern and central areas were 9.15%
and 9.07%, respectively, in 2007. After 2007 the growth rates fell
down quickly, which were 3.96%, 5.86% in 2008 and 3.95%, 4.30%
in 2009. However, the decrease of exports did not have an obvious
influence on western area’s CO2 emissions, the annual growth
rates of which were 7.17%, 8.85% and 8.67% in 2007, 2008 and
2009. (The data is from our earlier paper, Meng et al., 2011.) So it
has great significance to analyze the CO2 emissions embodied in
international trade from a provincial perspective.

In 1997, the provinces with higher CO2 emissions were mainly
concentrated in areas around North China, while the high emission
areas spread from the eastern coastal area to the central area such as
Neimeng, Henan, Hubei and Hunan, in 2007 (Meng et al., 2011). With
the government paying more attention to environmental protection,
more and more enterprises with high emissions are moving from the
coastal area to the central and western areas, which do not have strict
environmental protection laws and regulations. Coastal provinces
shift CO2 emissions to central and western provinces, through moving
in high emission goods from central and western provinces. Inter-
provincial trade has an obvious impact on provincial CO2 emissions,
especially considering the fact that the scale of interprovincial trade is
much larger than that of international trade.

Input–output analysis (Leontief, 1941), widely used in the
calculation of embodied CO2 emissions can be mainly divided into
two types (Lin and Sun, 2010): single-regional IO model (Lenzen,
1998; Hertwich et al., 2002; Sánchez-Chóliz and Duarte, 2004;
Kander and Lindmark, 2006; Peters and Hertwich, 2006a;
Mäenpää and Siikavirta, 2007; Pan et al., 2008; Yan and Yang,
2010; Wei et al., 2011) and multi-regional IO model (Ahmad and
Wyckoff, 2003; Lenzen et al., (2004); Sánchez-Chóliz and Duarte,
2004; Munksgaard et al., 2005; Peters and Hertwich, 2006b;
Ackerman et al., 2007; Mäenpää and Siikavirta, 2007; Peters,
2007; Weber and Matthews, 2007; Wilting and Vringer, 2007;
Peters, 2008; Hertwich and Peters, 2009; Davis and Caldeira, 2010;
Wiedmann et al., 2010; Peters et al., 2011). Multi-regional IO model
not only reflects the relationship between different sectors, but also
the economic links between regions. Adopting the multi-regional IO
model, we analyze CO2 emissions embodied in international trade
from a provincial perspective and calculate the CO2 emissions
embodied in interprovincial trade to investigate the transfer of
embodied CO2 emissions among provinces in 2002, and then we
estimate the provincial CO2 emissions levels in the base year of
China’s CO2 emissions reduction target under both production and
consumption principles.. From analyses of both international and
interprovincial trade, we can panoramically describe and evaluate
the characteristics of China’s provincial emissions.

The rest of the paper is organized as follows. Section 2 introduces
the calculation method and data preparation. Section 3 analyzes
the calculation results of embodied CO2 emissions. Section 4 presents
a discussion on CO2 emissions under different principles, and
then estimates the provincial emissions in 2005. A description
of uncertainties is given in Section 5, followed by conclusions in
Section 6.
2. Methodology and data

2.1. Calculation method

Input–output analysis has recently become popular in the
context of carbon footprint calculations (Turner et al., 2007;
Wiedmann et al. 2007; Minx et al., 2009; Wiedmann, 2009;
Wiedmann et al. 2011). The IO table of province r has the
accounting balance of monetary flows:

xr
i ¼ ar

i1xr
1þar

i2xr
2þ � � � þar

inxr
nþyr

i þmr
i þmir

i�er
i�sor
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where xr
i is the output of province r in sector i, yr

i is the final
consumption of province r in sector i, mr

i is the import of province
r in sector i, miri is the interprovincial import of province r in
sector i, er

i is the export of province r in sector i, sor
i is the

interprovincial export of province r in sector i, ar
ijis the direct

consumption coefficient of province r. Let Ar be the matrix of
coefficients ar

ij, Xr be the vector of coefficients xr
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i , and
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The interprovincial trade components (miri and sor
i ) can also be

expressed using trade flow between province r and other pro-
vinces.
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where mssr
i is the transfer from province s to province r in sector i.

Let MSsr be the vector of coefficients mssr
i , and then the equation

can be expressed as

Xr
¼ ArXr

þYr
þMr

þ
X

s

MSsr
�Er
�
X

s

MSrs
ð5Þ

The output of province r can be expressed as
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Given the direct CO2 emissions coefficient in each sector f r
i ,

and then the CO2 emissions of province r in sector i can be
expressed as

cr
i ¼ f r

i xr
i ð7Þ

Let Fr be the vector of coefficients f r
i , and then the CO2

emissions of province r can be expressed as
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where Fr
ð1�Ar

Þ
�1 is the embodied CO2 emissions coefficient;

Fr
ð1�Ar

Þ
�1Yr is the CO2 emissions embodied in the final consump-

tion of province r; Fr
ð1�Ar

Þ
�1Mr is the CO2 emissions avoided

through importing from other nations;
P

s
Fr
ð1� Ar

Þ
�1MSsr is the

CO2 emissions avoided through interprovincial trade; Fr
ð1�Ar

Þ
�1Er is

the CO2 emissions embodied in exports of province r;P
s

Fr
ð1�Ar

Þ
�1MSrs is the CO2 emissions embodied in the interpro-

vincial export of province r. When we calculate CO2 emissions
embodied in international trade, ‘‘domestic technology assumption
(DTA)’’ is used in our paper, which assumes that the emissions
factors of imported goods are the same as those used domestically
(Weber et al., 2008). Then the CO2 emissions embodied in interna-
tional trade can be expressed as

cmr ¼ Fr
ð1�Ar

Þ
�1Mr

ð9Þ

cer ¼ Fr
ð1�Ar

Þ
�1Er

ð10Þ

where cmr is the CO2 emissions embodied in the import of province
r; cer is the CO2 emissions embodied in the export of province r. The
CO2 emissions embodied in trade between province r and province s
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can be expressed as

cmsrs ¼ Fr
ð1�Ar

Þ
�1MSrs

ð11Þ

where cmsrs is the transfer of embodied CO2 emissions between
province r and province s. Then the CO2 emissions embodied in
interprovincial trade can be expressed as follows:

cmir
¼
X

s

cmssr ð12Þ

csor ¼
X

s

cmsrs ð13Þ

where cmir is the CO2 emissions embodied in the interprovincial
imports of province r; csor is the CO2 emissions embodied in the
interprovincial exports of province r.

2.2. Data sources and preparation

Multi-regional IO tables and sectoral CO2 emissions coeffi-
cients are required to apply the input–output analysis. We use the
multi-regional IO tables of 2002 for China (Li et al., 2010) in this
paper for several considerations. First, multi-regional IO tables of
2002 are the most recent and complete data about China’s 30
provinces of all the published NRIO tables. Second, 2002 is close
to the base year (2005) of China’s CO2 emissions reduction target,
it is proper to analyze the characteristics of China’s base year
CO2 emissions. Third, besides the data on import and export,
the multi-regional IO tables also provide the data on China’s
30-region trade for 42 sectors, which are important for the
calculation of emissions embodied in interprovincial trade. Each
sector’s direct CO2 emissions coefficient is calculated as CO2

emissions per unit of output, which is needed to calculate
embodied CO2 emissions coefficients. Because there is no direct
statistics of CO2 emissions, we calculate emissions based on the
energy statistics through the method provided in IPCC (2006).
Sectoral energy consumption data are obtained from energy
balance table of each province (CESY, 2003).

The number of sectors is different between provincial IO tables
and energy balance tables. In the provincial IO tables there are
Fig. 1. Map of Chin
42 sectors, but in the energy balance tables there are only 6 sectors.
There are two data treatment schemes according to the choice of
sector levels. The first is to aggregate the IO data to the level that
matches the energy consumption data, while the other is to disag-
gregate the energy consumption data to the level that matches the IO
table (Su et al., 2010). The two ways both have their strengths and
weaknesses (comparisons of the two schemes are presented in
Section 5). In order to retain the information of IO data as much as
possible, we disaggregate the energy balance table based on the final
energy consumption of industry sub-sectors. According to the char-
acteristics of the data, the energy consumption data are disaggregated
into 28 sectors. More specifically, the industry sector is disaggregated
into 23 industry sub-sectors.

Provinces are divided into four types based on the calculation
of CO2 emissions intensities of industry sub-sectors. For the first
type, it is calculated according to the major energy consumption
of each sector in 2002. Provinces of the first type include Beijing,
Tianjin, Shanxi, Neimeng, Liaoning, Jilin, Anhui, Fujian, Jiangxi,
Henan, Hunan, Chongqing, Guizhou, Shaanxi, Gansu, Qinghai,
Ningxia and Xinjiang. The second type does not have statistics
on the major energy consumption of each sector in 2002, so we
calculate emissions intensity according to each sector’s major
energy consumption of the neighboring year. Provinces of the
second type include Heilongjiang, Zhejiang, Shandong and
Yunnan. Provinces of the third type include Hebei and Guang-
dong, and only have statistics of each sector’s total energy
consumption. We estimate the emissions intensity according to
total energy consumption. Provinces of the fourth type do not
have statistics on sectoral energy consumption. We can only
estimate the emissions intensity according to CO2 emissions
characteristics of another province with similar economic struc-
ture. Provinces under this principle include Shanghai, Jiangsu,
Hubei, Guangxi, Hainan and Sichuan. The energy consumption
data are from the Statistical Yearbook of each province.

China is geographically divided into eastern, central and
western areas. In this paper, 30 provinces are analyzed (shown
in Fig. 1). Liaoning, Hebei, Beijing, Tianjin, Shandong, Jiangsu,
Shanghai, Zhejiang, Fujian, Guangdong, Guangxi and Hainan
belong to the eastern area. Shanxi, Neimeng, Jilin, Heilongjiang,
a’s provinces.



J. Guo et al. / Energy Policy 42 (2012) 486–497 489
Anhui, Jiangxi, Henan, Hubei and Hunan are located in the central
area. Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu,
Qinghai, Ningxia and Xinjiang are all western provinces. Tibet,
Hong Kong, Macau and Taiwan are not analyzed for the problem
of data acquisition.
3. CO2 emissions embodied in trade

3.1. CO2 emissions embodied in international trade

CO2 emissions embodied in international trade are calculated by
Eqs. (9) and (10). In 2002, China’s CO2 emissions embodied in exports
are 688.15 million tons, which are similar to the results of some
previous studies (Peters and Herwich, 2008 (586.50 million tons);
Weber et al., 2008 (760 million tons); Yan and Yang, 2010 (458.46
million tons)). Wei et al. (2011) claims that the proportion of
domestic exported emissions in domestic emissions is 23.97%
(20.26% in our paper). Emissions avoided through importing from
other nations are 626.81 million tons. It should be pointed out that
‘‘DTA’’ will cause an overestimation of CO2 emissions embodied in
imports, for China has higher carbon intensity than that of supplying
regions (Andrew et al., 2009). For example, Yan and Yang (2010)
estimate that China’s CO2 emissions embodied in imports of 2002 are
only 242.98 million tons, in which China’s imports CO2 emission
factors are based on the US input–output table. In this section,
provincial CO2 emissions embodied in international trade are ana-
lyzed from geographical, sectoral and comprehensive perspectives.
3.1.1. Geographical analysis

Each province’s CO2 emissions embodied in international trade
are presented in Fig. 2. The abbreviated name of each province is
provided in Appendix A.
Fig. 2. CO2 emissions embodied in intern

Fig. 3. CO2 emissions embodied in in
Since the reform and opening-up in 1978, the eastern area has
achieved rapid economic development and great economic open-
ness owing to location and policy advantages. The eastern area
accounts for a large share of China’s international trade, so CO2

emissions embodied in international trade of eastern area are
much higher than those of the central and western areas. Most
provinces of the eastern area are net exporters of embodied CO2

emissions, except four provinces: Beijing, Tianjin, Shanghai and
Hainan. These four provinces have large percentage of service
industries, and industrial products are mainly obtained through
trade with other nations or provinces, so CO2 emissions embodied
in imports are higher than emissions embodied in exports.
International trade contributes to emissions reduction of these
four provinces.

Due to the influence of different factors, such as geographical
condition and historical development, there is a big gap between
the eastern area and the central western area in economic
development. The central and western areas have lower level of
economic openness than the eastern area, so the embodied CO2

emissions of the central and western areas account for a very
small percentage of China’s embodied CO2 emissions. There also
exist five provinces (Neimeng, Jilin, Hubei, Shaanxi and Xinjiang)
as net importers of embodied CO2 emissions. These five provinces
have less developed economy, limited by the low degree of
economic openness. The CO2 emissions levels of these provinces
do not increase with international trade.

From a geographical perspective, there exist great regional
differences in CO2 emissions embodied in international trade, and
the eastern area has larger scale of embodied CO2 emissions than
the central and western areas.
3.1.2. Sectoral analysis

Fig. 3 presents each sector’s CO2 emissions embodied in
international trade. The embodied CO2 emission of one sector is
ational trade of China’s 30 provinces.

ternational trade of 28 sectors.
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the total sectoral emissions of all the provinces. The abbreviated
name of each sector is provided in Appendix B.

Fig. 3 shows that CO2 emissions embodied in international
trade mainly concentrate on the secondary industry. The reasons
are listed as follows. First, relying on the advantage of cheap labor
force, China becomes the world manufacturing factory, and
industrial products hold a large proportion in China’s interna-
tional trade. Second, the secondary industry has a much higher
CO2 emissions intensity than those of the primary and tertiary
industries. The same amount of foreign trade corresponds to
larger embodied CO2 emissions.

Most of the sectors as net exporters of embodied CO2 emis-
sions are labor-intensive industries, such as TG (textile goods) and
WP (wearing apparel, leather, furs, down and related products),
and the sectors as net importers are mainly energy-intensive
industries, such as CH (chemicals), MS (metals smelting and
pressing) and ME (machinery and equipment). The sectoral
characteristics of net embodied CO2 emissions are mainly deter-
mined by the composition of foreign merchandise trade. China
mainly exports labor-intensive products and raw products and
imports advanced technology, key equipment and component,
important energy resources and raw materials. So sectors as net
importers and exporters are centered on different industries.

From a sectoral perspective, China’s international trade struc-
ture determines the sectoral characteristics of China’s embodied
CO2 emissions. The secondary industry accounts for a large
proportion in embodied CO2 emissions, and sectors as net
exporters and importers of embodied CO2 emissions belong to
labor-intensive and energy-intensive industries respectively.

3.1.3. Comprehensive analysis

Three area’s sectoral CO2 emissions embodied in international
trade are shown in Fig. 4. The sectoral embodied CO2 emission of
an area is the total sectoral emissions of all the provinces located
in this area.

There exists disequilibrium of international trade development
level and mode among three areas. The eastern area is the most
developed region of China and has reasonable economic structure
and trade structure compared with the central and western areas,
so the embodied CO2 emissions of eastern area are dispersed in
several sectors. The central and western areas have relatively low
levels of economic openness and single foreign trade structure;
Fig. 4. Sectoral CO2 emissions embodied
hence the embodied CO2 emissions concentrate on only a few
industry sub-sectors, including CH (chemicals), MS (metals smelt-
ing and pressing) and ME (machinery and equipment).

China is a net exporter of CO2 emissions embodied in inter-
national trade, while there are great differences in sectors as net
exporters of embodied emissions among different areas. In the
eastern area, labor-intensive industries are the main contributors
to economic development and account for a large proportion in
foreign trade. Sectors of labor-intensive industries are the main
net exporters of embodied CO2 emissions, such as TG (textile
goods) and WP (wearing apparel, leather, furs, down and related
products). The sectors as net exporters of embodied CO2 emis-
sions of the central and western areas are energy-intensive
industries, such as MS (metals smelting and pressing). It is
consistent with the fact that energy-intensive industries hold a
large proportion in the central and western areas, as China’s
important energy base. It should be pointed out that although
China is a net exporter of embodied CO2 emissions, there are
some sectors whose CO2 emissions embodied in import are larger
than export, such as ME (machinery and equipment). It reflects
the fact China’s manufacturing industry mainly produces low-end
products, and technology level in the manufacturing industry is
low. Equipments for general use and special purpose are mainly
imported from abroad.

From a comprehensive perspective, there exist great geogra-
phical differences in sectoral characteristics of embodied CO2

emissions among three areas. The eastern area’s embodied CO2

emissions are dispersed in several sectors, while embodied CO2

emissions concentrate on only a few sectors in central and
western areas. Labor-intensive and energy-intensive sectors are
the main contributors to exports of embodied CO2 emissions for
the eastern area and the central western area, respectively.

3.2. CO2 emissions embodied in interprovincial trade

CO2 emissions embodied in interprovincial trade are calcu-
lated by Eqs. (12) and (13). In 2002, China’s CO2 emissions
embodied in interprovincial trade are 2181.48 million tons, which
are much larger than those embodied in international trade. In
this section, provincial CO2 emissions embodied in interprovincial
trade are also analyzed from geographical, sectoral and compre-
hensive perspectives.
in international trade of three areas.
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3.2.1. Geographical analysis

Each province’s CO2 emissions embodied in interprovincial
trade are shown in Fig. 5.

The reform and open policy drives China’s quick economic
development, while the imbalance of economic growth among
different areas becomes more remarkable. From eastern area to
western area, the level of economic development declines
obviously. The trade amount is closely related to the level of
economic development, so the level of CO2 emissions embodied in
interprovincial trade has the same changing trend. For example,
embodied CO2 emissions of the western area are the smallest,
which has a low level of economic development and openness.
With large embodied CO2 emissions, the eastern and central
areas’ CO2 emissions are affected by the interprovincial trade
more obviously. Fig. 5 shows that most provinces of the eastern
area are net input of embodied CO2 emissions, while most
provinces of the central area are net output of embodied CO2

emissions. It reflects that the net transfer of embodied CO2

emissions is from the eastern area to the central area. Interpro-
vincial trade increases the burden of CO2 emissions reduction for
the central area, as the receiver of high emissions industries
transferred from developed regions.

From a geographical perspective, there is a decreasing trend in
CO2 emissions embodied in interprovincial trade from the eastern
area to the western area, and the net transfer of embodied CO2

emissions is from the eastern area to the central area.

3.2.2. Sectoral analysis

Fig. 6 presents each sector’s CO2 emissions embodied in inter-
provincial trade. The embodied CO2 emission of one sector is the total
sectoral emissions of all the provinces. The total sectoral emissions
embodied in interprovincial import are equal to those of interpro-
vincial export, so we do not differentiate between the sectoral CO2

emissions embodied in interprovincial import and export.
Fig. 5. CO2 emissions embodied in interpr

Fig. 6. CO2 emissions embodied in in
Fig. 6 shows that embodied CO2 emissions of the secondary
industry are much higher than those of the primary and tertiary
industry. The industry sectors are the main contributors to the
CO2 emissions embodied in interprovincial trade. It reflects the
industrial products account for a large proportion in China’s
interprovincial trade and the CO2 emissions intensity of the
secondary industry is higher. In the secondary industry, the sector
MS (metals smelting and pressing) has the highest embodied CO2

emissions. With fast economic development, China’s steel pro-
duction and consumption increase rapidly, driven by massive
infrastructure construction. China becomes the world’s largest
producer and consumer of iron and steel. Active steel market
results in the large amount of CO2 emissions embodied in
interprovincial trade in sector MS, which is also a typical high
emissions sector.

From a sectoral perspective, embodied CO2 emissions concen-
trate on only a few sectors, and the industry sectors especially the
sector MS account for a large proportion in China’s CO2 emissions
embodied in interprovincial trade.

3.2.3. Comprehensive analysis

Three areas’ sectoral CO2 emissions embodied in interprovin-
cial trade are shown in Fig. 7.

Most sectors of the eastern area are net input of CO2 emissions
embodied in interprovincial trade, and most sectors of the central
area are net output of CO2 emissions embodied in interprovincial
trade. It also reflects that the net transfer of embodied CO2

emissions between the eastern and central areas is from the
eastern area to the central area. Fig. 7 shows that energy intensive
sectors account for a higher proportion in the net transfer of
embodied CO2 emissions, such as CM (coal mining and proces-
sing), MS (metals smelting and pressing), and EP (electricity
steam and hot water production and supply). As China’s energy
base, the central area provides energy to support the economic
ovincial trade of China’s 30 provinces.

terprovincial trade of 28 sectors.
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development of the eastern area. So energy intensive sectors are
the main contributors to the net transfer of embodied CO2

emissions.
The western area has both sectors as net input and output of

embodied CO2 emissions. However the sectors as net input of
embodied CO2 emissions belong to manufacturing industry and
the sectors as net output of embodied CO2 emissions belong to
energy intensive industry. The western area also has abundant
energy, and energy intensive industries hold a large proportion in
the economy of the western area. However the manufacturing
industry is less developed, so manufacturing products are mainly
moved in from other provinces.

From a comprehensive perspective, the energy intensive sec-
tors are the main contributors to the net transfer of CO2 emissions
embodied in interprovincial trade, and the inverse distribution of
production and consumption of energy results in the net transfer
direction of embodied CO2 emissions.
4. Discussion on provincial CO2 emissions under different
principles

In this section, we compare CO2 emissions under two different
emission accounting principles and estimate the provincial CO2

emissions levels in the base year of China’s CO2 emissions
reduction target under two principles, which are of great sig-
nificance for determining regional CO2 emissions reduction stra-
tegies and targets.

4.1. Comparison of CO2 emissions under two different principles

According to whether embodied CO2 emissions are considered,
there are two CO2 emissions accounting principles: ‘‘production
accounting principle’’ and ‘‘consumption accounting principle’’
(also known as ‘‘carbon footprint accounting’’). Under the produc-
tion accounting principle the producer is responsible for the CO2

emissions from the production of energy, goods and services;
while under the consumption accounting principle the consumer
undertake the responsibility (Munksgaard and Pedersen, 2001;
Bastianoni et al., 2004; Peters and Hertwich, 2006a; Wiedmann
et al., 2010). Production based CO2 emissions of 2002 are
calculated based on the final energy consumption data through
the method provided by IPCC (2006). Our earlier paper (Meng
et al., 2011) describes the method in detail, and calculates the CO2
emissions of 30 provinces from 1997 to 2009. The relationship
between CO2 emissions of province r under production account-
ing principle cr

p and those under consumption accounting princi-
ple cr

c is shown as follows:

cr
c ¼ cr

pþcmrþcmir�cer�csor ð14Þ

where cr
c is the CO2 emission of province r under consumption

accounting principle; cr
p is the CO2 emission of province r under

production accounting principle; cmr is the CO2 emission embo-
died in import of province r; cer is the CO2 emission embodied in
export of province r; cmir is the CO2 emission embodied in
products moved to province r from other provinces; csor is the
CO2 emission embodied in products sent to other provinces from
province r. It should be pointed out that the equation includes
both international and interprovincial trade.

Fig. 8 shows each province’s CO2 emissions under two differ-
ent accounting principles in 2002.

There is a decreasing trend of CO2 emissions from the eastern
area to the western area under production accounting principle.
As the most developed region of China, the eastern area takes the
largest proportion of China’s CO2 emissions. The top 3 provinces
with largest CO2 emissions are Hebei, Shanxi and Shandong,
which are all located in North China. It reflects that there are
large regional differences in China’s CO2 emissions. Regional CO2

emissions reduction targets should be customized to promote the
achievement of China’s total CO2 emissions reduction target.

The consumption accounting principle further emphasizes the
eastern area’s responsibility for CO2 emissions. Most eastern
provinces’ CO2 emissions increase when the accounting principle
is changed to the consumption accounting principle, because the
eastern area is net input of CO2 emissions embodied in inter-
provincial trade. These provinces avoid CO2 emissions through
consuming goods which are produced in other provinces. Under
consumption accounting principle, the top 5 provinces with the
highest CO2 emission are mainly centered in coastal area, includ-
ing Shandong, Guangdong, Jiangsu, Zhejiang and Henan. The five
provinces are also the top 5 provinces with the largest GDP, and
have better ability of emissions reduction for better economic
conditions and advanced technologies. Eliminating the effect of
trade, the consumption accounting principle accurately reflects
the provincial contribution to China’s CO2 emissions.

The provinces whose CO2 emissions levels are affected most
remarkably by the principle are Beijing and Hebei, and their CO2

emissions change by 119.85% and �54.56%, respectively, when



Fig. 8. Provincial CO2 emissions under different principles in 2002.

Fig. 9. Provincial CO2 emissions intensity under different principles in 2002.
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the principle is changed from production accounting principle to
consumption accounting principle. Beijing is surrounded by
Hebei, and the economic links between them are strong. Large
amounts of goods are moved from Hebei to Beijing, especially
goods from high energy consumption and high emissions sectors,
so the CO2 emissions of these two provinces change obviously.

Fig. 9 shows each province’s CO2 emissions intensity (CO2

emissions per unit of GDP) under two different accounting
principles in 2002.

The eastern area has strict environmental protection laws and
regulations, advanced emission-cutting technologies and devel-
oped modern service industries, so the direct CO2 emissions
intensities of the eastern area are lower than those of central
and western areas. The economic development modes of the
central and western areas are characterized by high energy
consumption and high emissions. Facing the double tasks of
developing economy and reducing CO2 emissions, the central
and western areas should be paid more attention in the process of
CO2 emissions reduction, especially provinces as China’s energy
base, such as Ningxia, Shanxi, Guizhou and Neimeng.

The consumption accounting principle diminishes the differ-
ences in CO2 emissions among different regions. There is a slight
increase in CO2 emissions intensities for coastal provinces, and
CO2 emissions intensities of provinces as China’s energy base
decrease remarkably. For example, the CO2 emissions intensity of
Ningxia is very high under production accounting principle.
However, there will be fewer differences between Ningxia and
other provinces under consumption accounting principle.

In sum, CO2 emissions accounting principles have an obvious
impact on the volume and intensity of provincial CO2 emissions.
The impacts on the emissions volume of the eastern area and the
CO2 emissions intensities of provinces as China’s energy base are
much more obvious. China should set provincial emissions
reduction targets under comprehensive consideration of regional
CO2 emissions based on different principles.
4.2. China’s provincial emissions in the base year of CO2 emissions

reduction target

In November 2009, China pledged to cut CO2 emissions with
2005 as the base year. Regional CO2 emissions levels of 2005 are
of great significance for determining regional CO2 emissions
reduction strategies and targets. In this section we estimate
China’s base year CO2 emissions levels under both production
and consumption accounting principles.

Provincial production based CO2 emissions are calculated
based on the provincial final energy consumption of 2005 with
the same calculation method as 2002. There are no multi-regional
IO tables of 2005, so we estimate embodied CO2 emissions and
calculate the consumption based CO2 emissions.

The CO2 emissions of province r under consumption account-
ing principle of 2005 can be calculated as follows:

cr
c2005 ¼ cr

p2005þcmr
2005þcmir

2005�cer
2005�csor

2005 ð15Þ

The terms in the Eq. (15) are similar to those of Eq. (14). Please
refer to the paragraph under Eq. (14) for detailed explanations.
The CO2 emissions embodied in imports of 2005 are estimated as
follows:

cmr
2005 ¼ cmr

2002

mr
2005

mr
2002

cir2005

cir2002

cpir
2002

cpir
2005

er2002

er2005
ð16Þ

where cmr is the CO2 emission embodied in import of province r;
mr is the import of province r; cir is the CO2 emissions intensity of
province r. The fuel mix and technology used have changed, it is
necessary to update the CO2 emissions intensity. cpir is the
consumer price index of province r. Import is adjusted by CPI to
update the economic information. er is the exchange rate of a US
dollar relative to Chinese currency RMB. The import is also
adjusted by exchange rate, for international trade is denominated
in US dollars. The CO2 emissions embodied in exports of 2005 are
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calculated as follows:

cer
2005 ¼ cer

2002

er
2005

er
2002

cir2005

cir2002

cpir2002

cpir2005

er2002

er2005
ð17Þ

where cer is the CO2 emission embodied in export of province r;
er is the export of province r.

Since data on interprovincial trade of 2005 are not available,
we estimate the CO2 emissions embodied in interprovincial trade
by defining a transfer coefficient tsr as follows:

tsr ¼
cmssr

cr
p

ð18Þ
Table 1
China’s base year (2005) CO2 emissions.

Province PAP CAP

CO2

emissions

(million

tons)

CO2 emissions

intensity

(tons/1000

Yuan)

CO2 emissions

(million tons)

CO2 emissions

intensity

(tons/1000

Yuan)

Beijing 78.87 0.11 184.77 0.27

Tianjin 82.29 0.21 90.84 0.23

Hebei 438.42 0.44 180.25 0.18

Shanxi 281.64 0.67 177.63 0.42

Neimeng 250.36 0.64 161.84 0.41

Liaoning 218.39 0.27 118.46 0.15

Jilin 130.51 0.36 82.74 0.23

Heilongjiang 127.83 0.23 156.95 0.28

Shanghai 148.14 0.16 152.21 0.16

Jiangsu 382.25 0.21 430.72 0.23

Zhejiang 222.49 0.17 291.65 0.22

Anhui 146.39 0.27 86.65 0.16

Fujian 129.24 0.20 141.94 0.22

Jiangxi 85.20 0.21 91.41 0.23

Shandong 531.10 0.29 676.57 0.37

Henan 357.18 0.34 327.19 0.31

Hubei 205.01 0.31 193.76 0.29

Hunan 186.39 0.28 184.96 0.28

Guangdong 311.37 0.14 425.11 0.19

Guangxi 92.49 0.23 86.22 0.22

Hainan 14.96 0.17 26.48 0.29

Chongqing 79.44 0.23 96.66 0.28

Sichuan 183.58 0.25 202.30 0.27

Guizhou 170.11 0.85 121.00 0.60

Yunnan 140.24 0.41 153.18 0.44

Shaanxi 125.18 0.32 147.64 0.38

Gansu 83.39 0.43 65.15 0.34

Qinghai 20.35 0.37 23.53 0.43

Ningxia 56.07 0.92 25.23 0.41

Xinjiang 86.49 0.33 89.31 0.34

Notes: PAP stands for the production accounting principle; CAP stands for the

consumption accounting principle.

Fig. 10. Percentage change of each pro
Because it is a short interval of time between 2002 and 2005,
the economic structure and trade structure do not change
significantly. We estimate the transfer of embodied CO2 emissions
of 2005 based on the transfer coefficient of 2002. The CO2

emissions embodied in interprovincial trade of 2005 are shown
as follows:

cmssr
2005 ¼ tsr

2002cr
2005 ð19Þ

cmir2005 ¼
X

s

cmssr
2005 ð20Þ

csor
2005 ¼

X

s

cmsrs
2005 ð21Þ

Each province’s base year CO2 emissions under production and
consumption accounting principles are shown in Table1.

Provincial CO2 emissions under production accounting principle
accurately reflect the geographical distribution of China’s direct CO2

emissions, while provincial CO2 emissions under consumption
accounting principle accurately reflect the provincial contribution
to CO2 emissions. The coastal area accounts for a large proportion of
China’s CO2 emissions and is the main contributor to emissions.
Coastal provinces play important roles in China’s CO2 emissions
reduction. Although the inland area has lower level of CO2 emissions,
it has higher CO2 emissions intensity. Reducing the CO2 emissions
intensities of the inland provinces is of great significance for China’s
CO2 emissions reduction.

In a word, both production and consumption based CO2 emis-
sions levels in base year are important for the determination of
provincial CO2 emissions reduction targets. China’s CO2 emissions
reduction target should be allocated among provinces, based on
comprehensive consideration of regional CO2 emissions level under
both production and consumption accounting principles.
5. Aggregation uncertainty analysis

Multi-regional IO models not only inherit all uncertainties
specific to single region IO analysis, but also introduce additional
uncertainties (Thomas, 2009). Some studies have tried to quantify
error margins. For example, Lenzen et al. (2010) attempt to
capture all possible variations of the whole MRIO model using
Monte Carlo techniques. Thomas (2009) gives a detailed review of
relative studies, and points out that ‘‘aggregation is a problem in
particular when high and low impacting sectors are combined in
one aggregated sector’’. Wyckoff and Roop (1994) conduct a
sensitivity analysis of aggregation bias ranging from 6 to 33
sectors for six OECD countries and report more than 30% differ-
ence between two estimates. Aggregation uncertainty has a
significant effect on the calculation of embodied CO2 emissions
(Weber, 2008; Thomas, 2009; Su et al., 2010).
vince’s embodied CO2 emissions.
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Su et al. (2010) point out that levels around 40 sectors appear
to be sufficient to capture the overall share of emissions embo-
died in a country’s exports, and there is no significant difference
when the sector is only 28. So we choose the aggregation level of
28 sectors. However, it also has great significance to analyze the
different impacts of aggregation level on CO2 emissions embodied
in China’s international and interprovincial trade, which has not
been analyzed in previous studies. In this paper, we quantitatively
calculate the percentage change of embodied CO2 emissions of
each province (shown in Fig. 10), when the sectors are aggregated
into 6 according to the energy balance tables.

Fig. 10 shows that the aggregation level has an obvious impact on
the calculation of embodied CO2 emissions. When the sectors are
aggregated into 6, CO2 emissions embodied in trade will be averagely
overestimated than the case with 28 sectors. It is consistent with the
result of Su et al. (2010). The results also show that the impact of
aggregation level on CO2 emissions embodied in international trade
(average percent changes of CO2 emissions embodied in import and
export are 21.22% and 17.87%) is larger than those embodied in
interprovincial trade (average percent changes of CO2 emissions
embodied in interprovincial import and export are 8.91% and 8.53%).

Besides aggregation uncertainty, there are other uncertainties
resulted from data and methodology. First, statistical data on each
province’s CO2 emissions are lacking, let alone the sectoral CO2

emissions of each province. We calculate the CO2 emissions based on
final energy consumption. The calculation result of China’s CO2

emissions of 2002 is 3396.19 million tons, which is slightly larger
than the IEA estimation (3348.26 million tons) (IEA, 2010). Second,
the domestic technology assumption will cause some overestimation
of CO2 emissions embodied in import. Third, the embodied CO2

emissions of 2005 are calculated based on transfer coefficients of
2002, with the assumption that there are no obvious differences in
economic structure and trade structure between 2002 and 2005.
Facing those uncertainties in data and methodology, the results of
embodied CO2 emissions should be regarded as approximate. How-
ever the transfer direction of embodied CO2 emissions is unlikely to
be affected extremely by these uncertainties.
Table A1
The abbreviated name of each province.

Abbreviation Provinces Abbreviation Provinces

BJ Beijing HE Henan

TJ Tianjin UB Hubei

HB Hebei HU Hunan

SX Shanxi GD Guangdong

NM Neimeng GX Guangxi

LN Liaoning HA Hainan

JL Jilin CQ Chongqing

HL Heilongjiang SC Sichuan

SH Shanghai GZ Guizhou

JS Jiangsu YN Yunnan

ZJ Zhejiang SA Shaanxi

AH Anhui GS Gansu

FJ Fujian QH Qinghai

JX Jiangxi NX Ningxia

SD Shandong SJ Xinjiang
6. Conclusions

This paper analyzes China’s CO2 emissions embodied in inter-
national and interprovincial trade from geographical, sectoral and
comprehensive perspectives and estimates each province’s CO2

emissions under two different principles. The main conclusions
are shown as follows.

(1) There exist great geographical and sectoral differences in
China’s CO2 emissions embodied in international trade. The secondary
industry is the main contributor to embodied CO2 emissions for the
eastern area, which accounts for a large proportion in China’s
embodied CO2 emissions, and sectors as net exporters and importers
of embodied CO2 emissions belong to labor-intensive and energy-
intensive industries respectively. The central and western areas have
low level of embodied CO2 emissions, which concentrate on a few
industry sub-sectors. (2) There is a decreasing trend in CO2 emissions
embodied in interprovincial trade from the eastern area to the
western area, and the net transfer of embodied CO2 emissions is
mainly from the eastern area to the central area. Interprovincial trade
increases the less-developed regions’ burden for CO2 emissions
reduction. The energy intensive sectors, especially the sector metals
smelting and pressing, account for a large proportion in embodied
CO2 emissions. (3) The production based CO2 emissions accurately
reflect the geographical distribution of China’s direct CO2 emissions.
The coastal provinces account for a larger proportion of China’s CO2

emissions, and the inland provinces have higher direct CO2 emissions
intensities. The consumption based provincial CO2 emissions
eliminate the impact of trade on regional CO2 emissions and reflect
the provincial contribution to China’s CO2 emissions. The eastern area
plays an important role in China’s CO2 emissions reduction, while the
central and western areas need supportive policies on CO2 emissions
reduction to avoid the transfer of industries with high emissions.

Policy implications of this study can be summarized as follows:
First, government should encourage export of new and high techno-
logical products with low CO2 emissions, and curb export of tradi-
tional high-energy, high-pollution products. International trade has
great significance in China’s economic development, for exports
account for a large proportion of the national output. However, a
large proportion of China’s CO2 emissions are also the results of
producing goods for export. China should strike a balance between
economic development and CO2 emissions reduction, through
adjusting the foreign trade structure and increasing the proportion
of high-tech exports with low CO2 emissions. Second, CO2 emissions
embodied in interprovincial trade account for as much as 64.23% of
China’s total CO2 emissions in 2002. The question that who has to be
responsible for the CO2 emissions embodied in interprovincial trade
has a direct impact on the determination of regional CO2 emissions
reduction policies and targets. We suggest that China should adopt
the ‘‘shared principle’’ (Lenzen et al., 2007). It means the responsi-
bility should be shared between the interprovincial importer and
exporter. Then provinces as interprovincial exporter are motivated to
reduce CO2 emissions through changing production technologies,
and provinces as interprovincial importer are encouraged to reduce
CO2 emissions through moving in goods from provinces with low
CO2 emissions intensity. Third, western and central areas should
selectively undertake the eastern industrial transfer to promote
economic development and avoid the transfer of industries with
high emissions. Strict environmental standards should be established
for new enterprises. At the same time, the government should
encourage the transfer of new and high technology industries, rather
than just traditional industries.
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Table B1
The abbreviated name of each sector.

Abbreviation Sector

AG Agriculture

CM Coal mining and processing

CN Crude petroleum and natural gas products

MO Metal ore mining

NF Non-ferrous mineral mining

MF Manufacture of food products and tobacco processing

TG Textile goods

WP Wearing apparel, leather, furs, down and related products

SF Sawmills and furniture

PP Paper and products, printing and record medium reproduction

PC Petroleum processing and coking

CH Chemicals

NM Nonmetal mineral products

MS Metals smelting and pressing

MP Metal products

ME Machinery and equipment

TE Transport equipment

EE Electric equipment and machinery

ET Electronic and telecommunication equipment

IM Instruments, meters cultural and office machinery

OM Other manufacturing products

EP Electricity steam and hot water production and supply

GP Gas production and supply

WS Water production and supply

CO Construction

TS Transport, storage and post

WR Wholesale, retail trade and hotel, restaurants

OT Others
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