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Abstract: The manufacturing industry is an important part of the national industrial system, and is
usually an industry with high carbon content. However, few studies have been carried out on the
total amount, structure and the trend of the embodied carbon emission in the international trade of
the Chinese manufacturing industry. Based on the input–output method, the thesis proposes the
coefficient of direct carbon emission and complete carbon emission and a method for calculating
the embodied carbon of the export trade. It also calculates the coefficient of direct carbon emission
and complete carbon emission for the Chinese manufacturing sector from 2000 to 2015 and breaks
down the embodied carbon change of export trade in the manufacturing industry to a technological
effect, structural effect and scale effect by using the method of structural decomposition. Several
inspiring conclusions could be drawn from the thesis. For example: (1) the coefficient of both the
direct carbon emission and the complete carbon emission has been decreasing significantly, indicating
the achievements of the energy saving and emission reduction of the Chinese manufacturing industry.
(2) The embodied carbon emission from the manufacturing exports remains high and presents a rising
tendency. The main sectors that export the embodied carbon includes “S10 mechanical equipment
and instruments”, “S9 metal products”, “S6 chemical industry”, etc., which should be the key sectors
on reducing embodied carbon in exports. (3) The driving force of the embodied carbon exports lies
in the scale effect of the manufacturing industry, on which the technical effect of the industry has a
significant negative effect. The structural effect should have a positive influence that takes on a rising
tendency; generally, this effect is only two-thirds of the scale effect. Finally, the corresponding policy
suggestions have been made.

Keywords: import and export trade; embodied carbon; input–output method;
structural decomposition

1. Introduction

The manufacturing industry is a core component of a country’s industrial system. With the
capacity to encourage other industries, promote employment and increase tax income, it has been
given priority by governments. As a manufacturing power, China has proposed the initiative of “Made
in China 2025”. In 2017, the gross value of the Chinese manufacturing industry is roughly equal
to the total value of the US, Japanese and German manufacturing industries [1]. With a significant
characteristic of “three highs and one low”, namely, high investment, high consumption, high pollution
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and low cost, for a long period of time and high carbon content, the Chinese manufacturing industry
has become the key department for monitoring in the “Climax-reaching Plan” put forward by the
Chinese government in 2014.

The high carbon characteristic of the Chinese manufacturing industry will prompt the government
to strengthen the environmental regulations on it and thus affect the future development of the industry.
However, the Chinese manufacturing industry is an industry with frequent export trade and the flow
of the embodied carbon between trades is significant. Most of the manufacturing industry in China
manufactures for the purposes of export and leaves carbon in the country. As Levinson and Minier
put it, pollution can flow with trade [2,3]. The emission of carbon can also flow with trade. How much
embodied carbon is emitted for the purpose of international trade and how should we calculate
it? What changes have taken place during 2000 and 2015? In addition, Fei et al. [4] deconstructed
the factors of carbon emission in Guangdong province from 1990 to 2014 from the perspective of
energy consumption. Wei et al. [5] studied the dynamic changes of the cost of carbon emission
reduction. Lugauer et al. [6] and Zagheni [7] propose that changes of age structure would exert an
effect on carbon emission. Therefore, factors that affected the dynamic changes of the embodied
carbon in the Chinese manufacturing industry need to be calculated in detail, which, upon completion,
could provide empirical evidence for the Chinese government to carry out negotiations on carbon
emission reduction with countries, formulate detailed plans for carbon emission reduction and import
and export trade and ultimately make contributions to the sustainable development of the Chinese
manufacturing industry [8].

Based on the above considerations, the thesis proposes the coefficient of direct carbon emission
and complete carbon emission and a method for calculating the embodied carbon of the export
trade by applying the input–output method. It also calculates the coefficient of direct carbon
emission and complete carbon emission for every Chinese manufacturing sector from 2000 to 2015
and decomposes the embodied carbon change of export trade in the manufacturing industry to
technological effect, structural effect and scale effect by using the method of structural decomposition.
Corresponding countermeasures and recommendations were proposed for the Chinese manufacturing
industry for its transformation from “making” to “creating” and from “three highs and one low” to
“sustainable development”.

The rest of the paper is as follows: the second part is the thesis statement; the third part is the
model construction; the fourth part is the data source and data processing; the fifth part is the analysis
of the calculated embodied carbon; the sixth part is the analysis of the technology, structure and scale
effects of the embodied carbon; the final part is the conclusions and further discussion.

2. Literature Review

Judging from current research, the input–output method is used by scholars at home and abroad
to calculate the embodied carbon. The study of scholars from different countries can be mainly divided
into the following categories:

The first one is the study of embodied carbon in a specific region, for example, Li [9] estimated
the embodied carbon in the export trade of Xinjiang Province based on the input–output model of
the non-competitive regional environment; Zhang et al. [10] studied the embodied carbon in Beijing’s
domestic and foreign trade and its composition, industrial distribution and non-balance degree;
Zhong [11] calculated embodied carbon emission in the import and export trade of Guangdong
Province by applying the input–output method; Mi et al. [12] studied the embodied carbon emission of
Beijing; Hasegawa et al. [13] analyzed the carbon footprint of Japan by using the input–output model.
Tian et al. [14] analyzed the carbon footprint of China from the perspective of regional consumption
and production.

The second one is the study of carbon emissions in single countries. For example,
Thomas et al. [15] calculated the net emissions of CO2 of the United Kingdom from 1992 to 2004
by applying the multi-regional input–output model; Manfred et al. [16] discovered an obvious trend of
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rising in embodied carbon in the trade of the United Kingdom between 1994 and 2004 by applying the
multi-regional input–output model; Yrjö et al. [17] measured the embodied carbon in the trade of the
Finnish food industry by using the EIO-LCA model; Yang et al. [18] calculated the embodied carbon
content of the Chinese import and export trade between 2000 and 2007 by using the Walras–Cassel
model; Song [19] calculated the embodied carbon emission in Chinese export trade between 2006 and
2009 by using the input–output model; Qiu et al. [20] measured the embodied carbon emission of the
Chinese import and export trade in the year 2000, 2005 and 2007 by using the input–output method.
Yan et al. [21] measured the embodied carbon of Chinese export trade by using the multi-regional
input–output model and made a comparison of the responsibilities in production emission and
consumption emission. Bin et al. [22] calculated the CO2 emission in China’s international trade by
using input–output method, based on competitive imports and non-competitive imports, respectively.

The fourth one is the research on carbon emissions of multiple countries and regions. For example,
Glen et al. [23] estimated the embodied trade carbon of 57 economic sectors in 113 countries by
using the input–output method; Bin et al. [24] studied the embodied carbon emission in foreign
trades of Asian countries by using the multi-regional input–output model. According to Kirsten et
al.’s [25] calculation under the guidance of the input–output model, the embodied import carbon of
the OECD countries increased 80% from 1995 to 2005. Sheng et al. [26–28] developed the inter-regional
input–output table of China in 2012 and calculated the flow of the embodied carbon in China’s import
and export trade.

From the above analysis, it is observed that the input–output method is both a way to analyze
the quantitative dependence between production and consumption of different sectors in the national
economy and a research method [21] to connect economic activities with environmental pollution,
which can be used in calculating the embodied carbon in the export trades. Furthermore, input–output
methods have a simple form, a clear principle, a reliable calculation result and avoid the problems of
endogeneity, robustness, uncertain index settings, etc. in the parametric methods such as econometric
mode. It is suitable for quantitative calculation of the embodied carbon in the input–output associations
among different sectors [29–31]. This paper therefore adopts the input–output method for research.
From the research perspective, scholars at home and abroad focused mostly on the overall analysis
on the national level but few on the analysis of the specific industries, with existing studies directed
at industries like agriculture and petroleum but few at the import and export trade of Chinese
manufacturing industries. Moreover, most of the existing research calculated CO2 emission of every
sector by taking three kinds of primary fossil energy, namely, coal, petroleum and natural gas into
account while few are concerning the eight kinds of primary and secondary fossil energy including
coal, coke, crude oil, gasoline, kerosene, diesel, and fuel oil. Yang et al. [18] and Wei [32] are the
limited scholars who calculated the eight kinds of energy above in their studies, but conducted for
all industries.

In addition, most scholars only studied the embodied carbon of trade within the years of the
input–output table, which could be disadvantageous in picturing the change of the embodied carbon
in the long run. For the above reasons, the thesis proposes a way to calculate the coefficient of direct
carbon emission and complete carbon emission and the embodied carbon in the export trade based on
the input–output method. Take China’s manufacturing industry, for example—this paper calculated
the direct carbon emission, complete carbon emission and the embodied carbon in the export trade of
any sector between 2000 and 2015, analyzed the embodied carbon in the export trade from an overall
level and a sectoral level, and further analyzed the trend of the driving factors of the embodied carbon
changes in the export trade of the manufacturing industry. Finally, the corresponding suggestions of
policy are proposed and are expected to provide some reference to the industry.
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3. Research Method

3.1. Input–Output Model Building

The input–output method is the approach and method to analyze the quantitative relationship
between input and output in a specific economic system. It is also called the industrial inter-sectoral
analysis. It was first proposed by the American economist Wassily Leontief in 1936, the theoretical
basis of which is Walras’ general equilibrium theory. Based on the equilibrium relationship on input
and output tables, an input–output mathematical model can be built between industries:

X = AX + Y. (1)

After tidying up:
X = (I − A)−1Y. (2)

Among them, A is the direct consumption coefficient or technical coefficient matrix. Each element
aij =

xij
Xj

in the matrix represents the number of products of the sector i that need to be consumed
as an intermediate product to produce one unit of j; I is an identity matrix with all elements on the
main diagonal being 1; (I − A)−1 is Leontief’s inverse matrix, representing the complete consumption
coefficients; X is the social final product matrix. Y is the social final product matrix that contains other
end products.

The application of input–output analysis can be extended to other areas such as labor, capital,
energy, and carbon emissions. By building the input–output model that includes environmental
factors, the relationship between export trade and CO2 can be studied. Therefore, the thesis introduces
the coefficient of direct carbon emission to construct the coefficient of the complete carbon emission,
which is:

∧
S = S(I − A)−1. (3)

Among which, S is one line of vectors (1× n), whose element Sj =
Ej
Xj

(Ej represents the total
CO2 emission of sector j, Xj represents the total output of sector j) represents the CO2 emissions

generated by the output of the production unit of sector j;
∧
S is the coefficient of the complete carbon

emission, representing the total amount of the direct and indirect CO2 produced by the output of the
production unit.

The total amount of CO2 emission generated to meet the final use:

F = S(I − A)−1Y. (4)

More than 40–50% of China’s export trade is processing trade. If the effect of the processing trade
i.e., intermediate products consumed in the production process is not considered in calculating the
embodied carbon in the export trade, the intermediate products needed in the production of the export
products will be counted as the domestic production, leading to an overestimation of the embodied
carbon in the Chinese export products. Therefore, the input of the domestic production process should
be divided into two parts: domestic input and intermediate input in export trade. The corresponding
coefficients of the direct consumption are:

A = Am + Ad. (5)

Among them, Am is the import coefficient matrix, the element am
ij of which represents the amount

of intermediate input in the export trade of sector i for every unit of output produced by sector j; Ad is
the coefficient of the direct consumption in the domestic input, the element ad

ij of which represents the
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amount of intermediate input in the domestic trade of sector i for every unit of output produced by
sector j. The embodied carbon in Chinese export trade can be represented as:

Fe = S(I − Ad)
−1

Ye, (6)

among which, S is the direct emission coefficient for China and Ye is the column vector of exports.

3.2. The Building of the Structural Decomposition Analysis Model

In order to measure the driving factors of the embodied carbon changes in the export trade
of the Chinese manufacturing industry, the thesis decomposes the embodied carbon changes into
technological effect, structural effect and scale effect.

To expand Ye in formula (6):

Ye =
Ye

cYe (cYe), (7)

among which, cYe is the total amount of export, and Ye

cYe (n× 1) is the percentage of every sector’s

export amount in the total export amount. Letting Ye
s = Ye

cYe , Ye
v = cYe,

∧
S = S(I − Ad)

−1
, formula (6)

can be rewritten as:

Fe =
∧
SYe

s Ye
v . (8)

According to formula (8), the embodied carbon changes in the export trade during the two phases
(phase 0 and phase 1) can be written as:

∆Fe = Fe(1)− Fe(0) =
∧
S(1)Ye

S(1)Y
e
v(1)−

∧
S(0)Ye

s (0)Y
e
v(0). (9)

Because of “non-unique problems”, the application of structural decomposition in analyzing
models could result in different decomposition forms. In order to solve the problem, the bilevel
decomposition algorithm is adopted. The algorithm could average the effects of the dependent
variables determined by the corresponding independent variables decomposed in both the first phase
and the last phase, and finally obtain the effect of independent variables on the dependent variables.

If decomposition starts from the base period (i.e., phase 0), formula (9) could be written as:

∆Fe = ∆
∧
SYe

S(0)Y
e
v(0) +

∧
S(1)∆Ye

s Ye
v(0) +

∧
S(1)Ye

s (1)∆Ye
v . (10)

If decomposition starts from the calculation period (i.e., phase 1), formula (9) could be written as:

∆Fe = ∆
∧
SYe

S(1)Y
e
v(1) +

∧
S(0)∆Ye

s Ye
v(1) +

∧
S(0)Ye

s (0)∆Ye
v . (11)

Taking the average of formula (10) and formula (11):

∆Fe = 1
2

[
∆
∧
SYe

s (0)Ye
v(0) + ∆

∧
SYe

s (1)Ye
v(1)

]
+ 1

2

[∧
S(1)∆Ye

s Ye
v(0) +

∧
S(0)∆Ye

s Ye
v(1)

]
+ 1

2

[∧
S(1)Ye

s (1)∆Ye
v +

∧
S(0)Ye

s (0)∆Ye
v

] . (12)

Formula (12) can be simplified as:

∆Fe = f (∆
∧
S) + f (∆Ye

s ) + f (∆Ye
v), (13)



Sustainability 2018, 10, 1839 6 of 18

among which, f (∆
∧
S) = 1

2

[
∆
∧
SYe

s (0)Ye
v(0) + ∆

∧
SYe

s (1)Ye
v(1)

]
is the technological effect, which is the

effect of the coefficient of the complete carbon emissions on the changes of the embodied carbon;

f (∆Ye
s ) =

1
2

[∧
S(1)∆Ye

s Ye
v(0) +

∧
S(0)∆Ye

s Ye
v(1)

]
is the structural effect, which is the effect of the export

structure on the changes of the embodied carbon; f (∆Ye
v) =

1
2

[∧
S(1)Ye

s (1)∆Ye
v +

∧
S(0)Ye

s (0)∆Ye
v

]
is the

scale effect, which is the effect of the export amount on the changes of the embodied carbon.

4. Data Sources and Processing

According to formula (6), the following data is needed in the calculation of the embodied carbon
in the Chinese manufacturing industry: Leontief’s inverse matrix of the domestic input, statistics on
export trade and coefficients of the direct carbon emissions from every manufacturing sector.

4.1. Input–Output Tables and Export Trade Statistics

Statistics of Leontief’s inverse matrix of the domestic input (I − Ad)
−1

and statistics of the export
trade are from the OECD database.

Input–Output Table: the input–output table in the database is different from the domestic one.
The table in the database divided the domestic production input into two parts: domestic input and
import input. The formula of the direct consumption coefficient could therefore be adopted directly
to calculate Ad. Given the fact that the Chinese input–output table in the latest OECD database has
only been updated to the year 2011 and the production structure and technology of one country
changes little in a short period of time, the thesis receives enlightment from the research conducted
by Zhong [11], Wei [32], Yan [33], and Guo et al. [34], and replaces the table with that of the available
table, i.e., the tables of 2011 to 2015 are replaced by that of 2011. At the same time, the input–output
tables for the rest of the years remain unchanged.

Trade data: In order to coordinate with the sectors in the input–output table, the thesis adopts
OECD bilateral trade data (BTD) and conducts research on the data selected within the year 2000
and 2015.

4.2. Coefficient of Direct Carbon Emission in the Manufacturing Sector

The so-called coefficient of the CO2 direct carbon emission is the amount of CO2 emitted from
the output unit of a certain sector. The statistics of the total output for sectors from 2000 to 2015 come
from the Almanac of Chinese industrial economy 2001–2016. The energy consumption data of various
industries come from the Chinese statistic almanac 2001–2016. The amount of CO2 emission can be
obtained from the total CO2 emissions caused by various amounts of energy consumption. According
to the energy consumption data of various industries in the Chinese statistic almanac, the energy
consumption of different industries can be divided into nine categories. Given that the electricity
energy ultimately comes from coal, oil, natural gas, etc., the thesis mainly measures the CO2 emissions
caused by the following eight kinds of energy: Coal, coke, crude oil, gasoline, kerosene, diesel, fuel oil
and natural gas.

In order to calculate the amount of CO2 emitted by the above-mentioned eight kinds of energy,
the thesis adopts the methodologies proposed in the Guidelines for National Greenhouse Gas
Inventories (chapter 6, vol. 2 (energy)) established by the Intergovernmental Panel on Climate Change
(IPCC) in 2006:

8

∑
n=1

En =
8

∑
n=1

Cn × NCVn × CEFn × COFn ×
44
12

, n = 1, 2, . . . , 8, (14)

among which, E stands for the CO2 emission of the sector; C is the consumption of various energy
sources; NCV is the net heating value of energy (the data comes from the average lower heating value
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in the Guidelines for National Greenhouse Gas Inventories (appendix 4)); CEF is the carbon emission
factor (the data comes from the Guidelines for National Greenhouse Gas Inventories (Table 1.3, chapter
1, vol. 2 (energy))); COF is the carbon oxidation factor, with the default value being 1; 44

12 is the ratio of
the relative molecular weight of carbon to the relative atomic weight of carbon; n = 1, 2, . . . , 8 represent
the above-mentioned eight kinds of energy respectively. The value of every kind of energy’s NCV and
CEF is shown in Table 1 below:

Table 1. The value of energy’s NCV and CEF.

Coal Coke Crude Oil Gasoline Kerosene Diesel Fuel Oil Natural Gas

Gj/kg Gj/m3

NCV 0.021 0.028 0.042 0.043 0.043 0.043 0.042 0.039
CEF (kg/Gj) 26.0 29.2 20.0 20.2 19.6 20.2 21.1 15.3

Source: Authors’ calculations.

4.3. Division

The Chinese input–output table in the OECD database contains 18 manufacturing sectors.
The OECD bilateral trade database contains 30 manufacturing sectors. The energy consumption
data and total output data of various industries contain 30 manufacturing sectors. To ensure the
smooth calculation, the manufacturing sectors are summarized and merged into 12 sectors, as shown
in Table 2.
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Table 2. Department consolidation.

Merged Departments Input–Output Table of OECD The Energy Consumption Table Export Trade Table

S1 food, beverage and tobacco Food products, beverages and tobacco

Farm and sideline products processing

Food beverages and tobaccoFood manufacturing

Beverage manufacturing

Tobacco industry

S2 textile, clothing, leather and
shoe-making

Textiles, textile products, leather and
footwear

Textile industry
Textiles leather and footwearTextile clothing, shoes, hat manufacturing industry

Leather, fur, feather (velvet) and its products

S3 wood and wooden products Wood and products of wood and cork
Wood processing and wood, bamboo, rattan, brown,
grass manufacturing Wood and cork

Furniture manufacturing

S4 papermaking, printing, publishing,
culture and education

Pulp, paper, paper products, printing
and publishing

Paper making and paper products industry
Pulp paper printing and publishingThe reproduction of printing and recording media

Educational and sports Goods

S5 petroleum, coking, and nuclear fuel
processing industries

Coke, refined petroleum products and
nuclear fuel

Petroleum processing, coking and nuclear fuel
processing

Coke refined petroleum and nuclear
fuel

S6 chemical industry Chemicals and chemical products
Chemical industry Chemicals and chemical products

Medicine manufacturing industry Chemicals excluding
pharmaceuticals

Chemical fiber manufacturing Pharmaceuticals

S7 rubber and plastic products Rubber and plastics products Manufacture of rubber Chemical rubber plastics and fuel

Manufacture of plastics Rubber and plastics

S8 non-metallic mineral products Other non-metallic mineral products Manufacture of non-metallic mineral products Non-metallic products

Non-ferrous metals

S9 metal products

Basic metals Ferrous metal smelting and rolling processing
industry

Basic metals and fabricated metal
products

Fabricated metal products except
machinery and equipment

Non-ferrous metal smelting and rolling processing
industry Basic metals

Manufacture of metal products Iron and steel

Fabricated metal products



Sustainability 2018, 10, 1839 9 of 18

Table 2. Cont.

Merged Departments Input–Output Table of OECD The Energy Consumption Table Export Trade Table

S10 mechanical equipment and
instruments

Machinery and equipment n.e.c Manufacture of general purpose machinery Machinery and equipment

Office, accounting and computing
machinery General and special equipment manufacturing Machinery and equipment n.e.c

Electrical machinery and apparatus n.e.c Manufacture of electrical machinery and equipment Electrical and optical equipment

Radio, television and communication
equipment

Communications equipment, computer and other
electronic equipment manufacturing

Office accounting and computing
machinery

Electrical machinery and apparatus
n.e.c

Medical, precision and optical instruments Instrumentation and culture, office machinery
manufacturing

Radio TV communication equipment

Medical precision and optical
instrument

S11 transportation equipment

Motor vehicles, trailers and semi-trailers

Transportation equipment manufacturing industry

Transport equipment

Motor vehicles trailers and
semi-trailers

Other transport equipment

Other transport equipment
Shipbuilding

Aircraft and spacecraft

Railroad and transport equipment
n.e.c

S12 other manufacturing industries Manufacturing n.e.c; recycling Handicraft article and other manufacturing Manufacturing n.e.c and recycling
Waste resources and waste materials recycling and
processing industry

Source: Authors’ calculations.
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5. Results and Analysis of Embodied Carbon Calculation

5.1. Coefficient of Direct Carbon Emission

According to the total CO2 emissions and the total output of various sectors, the direct carbon
emission factors of various sectors of Chinese manufacturing industry from 2000 to 2015 can be
calculated. The calculation results are shown in Table 3.

Several conclusions can be attained from Table 3.
The coefficient of the direct emission in the same year of different manufacturing sectors could

differ greatly with an increasing trend. The sector with the largest coefficient of direct carbon emission
for all years is “S5 petroleum, coking, and nuclear fuel processing industries”. The sector with
the smallest coefficient of direct carbon emission for all years is “S10 mechanical equipment and
instruments”. The largest coefficient was 72.767 times of the smallest coefficient in 2000; the number
was 133.647 in 2005, 133.657 in 2010 and 197.667 in 2015, signifying an increasing trend of inter-sectoral
direct emission coefficient. Take 2015 as an example: the four sectors with the largest coefficient of
direct carbon emission in descending order are: “S5 petroleum, coking, and nuclear fuel processing
industries”, “S8 non-metallic mineral products”, “S9 metal products” and “S6 chemical industry”;
the four sectors with the smallest coefficient of direct carbon emission in ascending order are: “S10
mechanical equipment and instruments”, “S11 transportation equipment”, “S3 wood and wooden
products”, “S7 rubber and plastic products”. Sectors with larger emission coefficients are mostly in
the upstream of the industrial chain of the national economy. They provide necessary intermediate
products or secondary energy to other sectors to other sectors and emitted more CO2 in the direct
production process. Therefore, there is an urgent need to improve their energy use efficiency and
emission intensity.

From the perspective of time, the coefficient of direct carbon emission of every manufacturing
sector dropped significantly. From 2000 to 2014, the four sectors with the biggest drop in descending
order are: “S3 wood and wooden products”, “S11 transportation equipment”, “S10 mechanical
equipment and instruments” and “S12 other manufacturing industries”; the four sectors with the
smallest drop in ascending order are: “S5 petroleum, coking, and nuclear fuel processing industries”,
“S2 textile, clothing, leather and shoe-making”, “S4 papermaking, printing, publishing, culture and
education” and “S7 rubber and plastic products”. It can be inferred that the manufacturing sectors
have continuously raised the level of production technology and energy use during this period of time
and some preliminary results of the energy saving and emission reduction have been achieved in one
sector because of China’s gradual emphasis on energy and environment.

5.2. Coefficient of Complete Carbon Emission

The coefficient of complete carbon emission of every manufacturing sector can be calculated
according to formula (3), the results are shown in Table 4. Several conclusions could be attained from
Table 4: the coefficient of the complete carbon emission in the same year of different manufacturing
sectors also differs fairly large with an increasing trend. The sector with the largest coefficient of
complete carbon emission for all years is “S5 petroleum, coking, and nuclear fuel processing industries”
and the sector with the smallest coefficient being “S1 food, beverage and tobacco”. The largest
coefficient was 13.476 times of the smallest coefficient in 2000; the number was 22.701 in 2010 and 27.888
in 2015. Taking 2015 as an example, the four sectors with the largest coefficient of complete carbon
emission in descending order are: “S5 petroleum, coking, and nuclear fuel processing industries”,
“S8 non-metallic mineral products”, “S9 metal products” and “S6 chemical industry”; the four sectors
with the smallest coefficient of complete carbon emission in ascending order are: “S1 food, beverage
and tobacco”, “S2 textile, clothing, leather and shoe-making”, “S3 wood and wooden products”,
and “S12 other manufacturing industries”. The sectors that have the largest complete emission
coefficient coincide with the sectors that have the largest direct emission coefficient. The reason lies in
the fact that the complete emission coefficient is the sum of the direct and indirect emission coefficients



Sustainability 2018, 10, 1839 11 of 18

and the four sectors are the providers of intermediate products and secondary energy for other sectors,
thus leading to the domination of the direct emission coefficient and the corresponding increase of the
complete emission coefficient.

From the perspective of time, the coefficient of direct carbon emission of every manufacturing
sector dropped continuously. From 2000 to 2014, the four sectors with the biggest drop in descending
order are: “S1 food, beverage and tobacco”, “S9 metal products”, “S10 mechanical equipment
and instruments” and “S12 other manufacturing industries”; the four sectors with the smallest
drop in ascending order are: “S5 petroleum, coking, and nuclear fuel processing industries”,
“S4 papermaking, printing, publishing, culture and education”, “S8 non-metallic mineral products”
and “S2 textile, clothing, leather and shoe-making”. The coefficient of complete carbon emission
of every manufacturing sector drops more thanks to the implementation of the energy-saving and
emission-reduction policy by a sector and their efforts made in eliminating outdated production
capacity, improving energy efficiency, and reducing energy consumption per unit of production.

5.3. The Embodied Carbon in the Export Trade on the Overall Level

According to formulas (6) and (14), the total amount of the embodied carbon in the export trade
of the Chinese manufacturing industry from 2000 to 2010 and the total amount of its CO2 emission can
be calculated, and the percentage of embodied carbon in the export trade in the total amount of CO2

emission could thus be obtained. The results are shown in Table 5.
Several conclusions can be attained from Table 5.
The CO2 emission in the Chinese manufacturing industry has a rising trend in general.

The amount of the emission has risen from 1.9332 billion tons in 2000 to 4.8805 tons in 2015, with an
increase of 2.807 times. It is worth mentioning that the CO2 emission of Chinese manufacturing
industry increases 1.049 times between 2008 and 2009 under the circumstances of the global
financial crisis.

The embodied carbon in the Chinese manufacturing export trade from 2000 to 2008 marks a
steady increase from 0.7617 billion tons in 2000 to 2.0992 billion tons in 2008, with an increase of
2.756 times. Influenced by the global economic crisis, the embodied carbon decreased between 2008
and 2009, but continued to creep up again from 2010 to 2015.

The embodied carbon of the Chinese manufacturing industry accounts for more than 35% of
the CO2 emission in the manufacturing industry, indicating that more than half of the Chinese CO2

emission is not caused by the Chinese domestic consumption, but the import demand of China’s
trading partner countries.

5.4. The Embodied Carbon in the Export Trade on the Sectoral Level

By multiplying the coefficient of the complete carbon emission and the export trade volume of
the sectors, the embodied carbon in the export trade of any sector could be calculated, and the results
are shown in Table 6.

The following conclusions can be attained from Table 6: the embodied carbon in the export trade
of every manufacturing sector from 2000 to 2015 marks an upward trend. It can be concluded that the
major sectors for which exports embodied carbon are: “S6 chemical industry”, “S9 metal products” and
“S10 mechanical equipment and instruments”. Among them, the embodied carbon of the “S6 chemical
industry” increased from 72.4 million tons in 2000 to 0.2135 billion tons in 2015; the embodied carbon
of the “S9 metal products” increased from 0.1696 billion tons in 2000 to 0.4012 billion tons in 2015;
the embodied carbon of “S10 mechanical equipment and instruments” increased from 0.3102 billion
tons in 2000 to 0.8892 billion tons in 2015. Since the embodied carbon in the export trade is the product
of a complete carbon emission coefficient and the volume of export trade, it can be concluded that the
main export sectors from 2000 to 2015 are: “S10 mechanical equipment and instruments”, “S9 metal
products” and the “S6 chemical industry”.
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Table 3. The coefficient of the direct carbon emission in Chinese manufacturing sectors (kg/USD).
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Table 5. The CO2 emission in the Chinese manufacturing industry and the embodied carbon in the Chinese manufacturing export trade (100 million tons).

Year 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

The embodied carbon in Chinese
manufacturing export trade 7.617 9.504 11.385 13.949 17.020 17.913 18.877 20.237 20.992 16.502 18.577 19.083 19.232 19.656 19.673 19.407

The CO2 emission in Chinese
manufacturing industry 19.332 19.186 20.600 23.902 29.699 33.273 37.154 39.755 42.951 45.057 48.805 50.205 51.203 52.387 53.648 54.269

The embodied carbon accounts
for the CO2 emission 39.4% 49.5% 55.3% 58.4% 57.3% 53.8% 50.8% 50.9% 48.9% 36.6% 38.1% 38% 37.6% 37.5% 36.7% 35.8%

Source: Authors’ calculations.

Table 6. The embodied carbon in the export trade of Chinese manufacturing sectors (100 million tons).

Sustainability 2018, 10, x FOR PEER REVIEW    13 of 18 

Source: Authors’ calculations. 

Table 5. The CO2 emission in the Chinese manufacturing industry and the embodied carbon in the Chinese manufacturing export trade (100 million tons). 

Year  2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  2015 

The embodied carbon in 

Chinese manufacturing 

export trade 

7.617  9.504  11.385  13.949  17.020  17.913  18.877  20.237  20.992  16.502  18.577  19.083  19.232  19.656  19.673  19.407 

The CO2 emission in 

Chinese manufacturing 

industry 

19.332  19.186  20.600  23.902  29.699  33.273  37.154  39.755  42.951  45.057  48.805  50.205  51.203  52.387  53.648  54.269 

The embodied carbon 

accounts for the CO2 

emission 

39.4%  49.5%  55.3%  58.4%  57.3%  53.8%  50.8%  50.9%  48.9%  36.6%  38.1%  38%  37.6%  37.5%  36.7%  35.8% 

Source: Authors’ calculations. 

Table 6. The embodied carbon in the export trade of Chinese manufacturing sectors (100 million tons). 

Year 

Sector 
2000  2001  2002  2003  2004  2005  2006  2007  2008  2009  2010  2011  2012  2013  2014  2015 
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Source: Authors’ calculations. 
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6. The Technological, Structural and Scale Effect of Embodied Carbon

6.1. Three Kinds of Effects of Embodied Carbon

Taking the year 2000 as the base period and 2001–2015 as calculation periods, the values of
technological effects, structural effects and scale effects can be calculated respectively according to
formula (13). The results are shown in Figure 1.
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Figure 1. The technological effect and structural effect and the scale effect on the embodied carbon in
the Chinese manufacturing export trade (100 million tons) (Source: Authors’ calculations).

From 2000 to 2015, the embodied carbon of China’s manufacturing industry rose from 761.7 million
tons to 2034.1 million tons, which was an increase of 1272.4 million tons. From Figure 1, the following
conclusions can be obtained:

(1) In the past few years, the scale effect has had a positive influence on the changes of the embodied
carbon. In other words, the constant expansion of the export scale is the main engine that drives
the increase of embodied carbon in the export trade of the manufacturing industry. Even under
the impact of the financial crisis in 2009, the scale effect still promoted the growth of embodied
carbon as high as 1642.2 million tons.

(2) The improvement of emission coefficient has an offset effect on the increase of embodied carbon
in export trades. From 2000 to 2015, the cumulative negative impact of the technological effect
on the embodied carbon growth in the manufacturing industry was −24,350.5 million tons.
The technological effect measures the influence of the total carbon emission change on the
embodied carbon in export trades, which indicates that the improvement of energy saving,
emission reduction and productivity brought by production technology is of great benefit to
inhibiting the increase of embodied carbon in exports of the manufacturing industry.

(3) In the past few years, structural effect has had a positive influence on the export of embodied
carbon, but the influence is weaker than that of the scale effect. From 2000 to 2015, the cumulative
influence exerted by structural effect on the embodied carbon growth in exports of the
manufacturing industry is 19931.94 million tons. The increasing trend of the structural effect
shows that, in the export structure of the manufacturing industry, the proportion contributed by
carbon-intensive products to the total export trade volume decreases.
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6.2. Decomposition of the Sectoral Structure of Embodied Carbon

Taking 2000 as the base period and 2015 as the calculation period, this paper, on the level of sectors,
decomposes the influence factors of the embodied carbon change in exports of the manufacturing
industry into technological effect, structural effect and scale effect. The results are shown in Figure 2.
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From Figure 2, the following conclusions can be attained:

(1) From the sector level, the embodied carbon in exports of every manufacturing sector
has experienced an increase. Among them, “S10 mechanical equipment and instruments”
(698.5 million tons), “S9 metal products” (234.2 million tons) and “S6 chemical industry”
(146.6 million tons) are the sectors that have the largest increase in the embodied carbon in
export trades.

(2) Scale effect has a positive influence on all manufacturing sectors in terms of the increase of
embodied carbon in export trades; the technological effect exerts a negative effect on embodied
carbon in export trades of all manufacturing sector. In other words, technological effect
contributes to the decrease of embodied carbon in export trades; structural effect has a diverse
influence on the embodied carbon in export trades according to different manufacturing sectors.
In the three sectors of “S10 mechanical equipment and instruments”, “S9 metal products” and
“S6 chemical industry”, the considerable increase of embodied carbon in export trades is mainly
due to the joint influence of the scale effect and structural effect. Although the technological effect
of the three sectors above can be used as a counterbalance, its influence is far below that of the
scale effect and structural effect.

(3) The technological effect and structural effect of “S1 food, beverage and tobacco” and “S2 textile,
clothing, leather and shoe-making” are both negative, which is conducive to reducing embodied
carbon in export trades; however, their negative effects cannot offset the influence of scale effect,
leading to the increased embodied carbon in export trades of these two sectors.

From the above analysis, it can be perceived that, from 2000 to 2015, the scale effect has a positive
influence on the embodied carbon in export trades in all manufacturing sectors; the technological effect
negatively influences embodied carbon in export trades of all sectors; the influence of structural effect
differs according to various sectors. The structural effect indicates the influence of export proportion
changes on the embodied carbon in export trades. Since it is inevitable that export proportion rises
and falls in different sectors, the influence of the structural effect can be both positive and negative.
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7. Conclusions

The input–output method is a common method for evaluating embodied carbon. The thesis adopts
an extended input–output method. By using the latest data in the OECD database, it calculates the
coefficient of the direct carbon emission and complete carbon emission and the embodied carbon in the
export trade of the Chinese manufacturing industry from 2000 to 2015 and decomposes the embodied
carbon change of export trade in the manufacturing industry to technological effect, structural effect
and scale effect by using the structural decomposition method. Several conclusions can be attained,
including that: although the embodied carbon of the Chinese manufacturing industry has shown an
increasing trend, the coefficients of the direct carbon emission and complete carbon emission have been
declining in manufacturing sector. Scale effect has a positive influence on all manufacturing sectors in
terms of the increase of embodied carbon in export trades; technological effect exerts a negative effect
on embodied carbon in export trades of all manufacturing sectors. The influence of the structural effect
is relatively small, but its overall trend is on the rise.

Based on the above conclusions, the following suggestions are made:

1. Optimize energy structure and improve energy efficiency. New energy and renewable resources
should be vigorously developed and the proportion of coal and resources alike in energy
consumption should be reduced. The east coast regions of China are rich in wind energy and
have a high potential of developing and using wind power. Other clean energy sources like
the nuclear energy, bio-energy and solar energy also have potential. Furthermore, the whole
society should combine the energy structure optimization with the increase of the energy-use
efficiency, adopt the technology of energy saving and emission reduction, accelerate the reduction
of overdependence that the traditional manufacturing industries have on the energy sources like
coal, improve the overall efficiency of the existing energy system, curb the overall consumption of
coal continuously, limit and eliminate high-carbon industries and develop low-carbon industries.

2. Strengthen technology innovation and introduce clean production mechanism. The government
should increase capital investment, encourage independent innovation, adjust the production
structure so that the goals of energy saving and emission reduction could be achieved. The
abundance of coal in China and its low price made it difficult for changing the coal-based energy
consumption structure in China in the short term. Therefore, the technology of energy saving
and emission reduction should be promoted and the energy consumption in the production
be reduced. Furthermore, it is also necessary to positively introduce the Clean Development
Mechanism (CDM) to reduce the carbon emission in the manufacturing industry of China.
Developed countries are currently seeking opportunities to work with the CDM of the developing
countries in order to achieve their goal of carbon emission reduction. The opportunity should be
seized and the CDM program should be actively introduced to increase the efficiency of terminal
energy use.

3. Transform the mode of trade growth and promote the structural adjustment of import and
export products. The governments should control the products with low added value, high
energy consumption and high emission at their sources, and lead the product structure of the
export products in the Chinese manufacturing industry towards one with high added value and
low energy consumption. It is also necessary to encourage product exports of manufacturing
industries to embrace low carbon emission and reduce the proportion of product exports in
manufacturing industries with high carbon emission. At the same time, efforts should be made
to increase the environmental regulations and promote the technical progress of the clean energy
to reduce the energy intensity and carbon-emission intensity of exports; to optimize the trade
structure to reduce the proportion of energy and pollution-intensive products in the export
products and facilitate the transformation in development mode of manufacturing industries
from the quantitate expansion to quality-oriented growth; to lead the transformation and upgrade
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of the processing trade and mitigate the negative effects of the rapid development exerted on
the environment.

4. Construct the new mechanism of assigning responsibilities for greenhouse gas emission reduction.
The current United Nations Framework Convention on Climate Change (UNFCCC) is based
on a “producer-based” responsibility sharing mechanism, i.e., the carbon emission of one
country contains all of the carbon emissions of all products including those in the exports
trade. The trading partner countries of China, while meeting their own consumer needs, bring
huge pressure on emission reduction to the Chinese manufacturing industry. Therefore, China
should actively participate in international climate change negotiation, promote the upgrading
of the responsibility sharing mechanism, i.e., establish the “consumer-based” responsibility
sharing mechanism, which could better reflect the principle of equitable distribution and be better
accepted by other countries. Under the new mechanism of responsibility sharing, the developed
countries should be responsible for their historical consumption and bear more responsibilities
for emission reduction.
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