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a b s t r a c t

This paper provides an insight into the structure of CO2 emissions in China through transitions in eco-
nomic and environmental policies for the period of 1957e2017 by using input-output and network
analysis with newly compiled environmentally-extended historical input-output tables of China. These
tables, which include firm-level, industry-level, and macro-level statistical data, are the first
environmentally-extended input-output tables covering the years in the early stage of the People’s Re-
public of China. The results present the following two main findings. The first is due to the stable eco-
nomic structure associated with the independent economic policy, China’s emission structure has been
stable for more than 60 years. Heavy industry has contributed about 80% of CO2 emissions since the
1950s. On a second account, although the emission structure was stable, stricter environmental controls
and regulations led to a decrease of the growth rate of CO2 emissions after 2010. Against this background,
as a policy choice of China, instead of carbon leakage that could break up the stable economic structure,
balanced technology upgrading across all sectors induced by stricter environmental controls is a realistic
way for China to achieve increased energy efficiency, emission mitigation and economic development, so
that the country can keep the promise of reducing CO2 emissions after they peak around 2030.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

As China has pledged to achieve the CO2 emission peak target of
2030 and exert efforts to reach this target early (Liu et al., 2015a,b),
researchers have shown great interest in how this objective can be
achieved (Tollefson, 2016; Yu et al., 2018). To reach the mitigation
target and build a low-carbon development mode, not only envi-
ronmental policies but also economic policies will engender pro-
found effects on emission trajectory and structure. There is no new
thing under the sun. Studying the historical emission path of China
can help us forecast the likely trajectory of China’s emission in the
next decades. Historical facts can shed light on the behavioral
principles of the Chinese government. Current carbon mitigation
procedures have been built on historical policies, including envi-
ronmental protection policies as well as other economic policies
kagawa@econ.kyushu-u.ac.jp
that have environmental implications. Furthermore, current gov-
ernment principles and policies will greatly influence the direction
of future relevant policies.

The most important economic policy in China has been the
“independence and self-reliance” policy, which was proposed in
the 1950s, regarding “maintaining independence and keeping ini-
tiatives in our own hands and relying on our own efforts” (Keith,
1985). Economic aspects of the independence policy came from
the heavy industry strategy, an import-substitution policy in place
since the 1950s (the 1st five-year plan). Although the economy
grew rapidly in China, the core principles of the independence
policy have been maintained for the last 60 years. Economic pol-
icies, especially historical guidelines, have had remarkable impacts
on the current economic structure (Johnson, 1982; Rodrik, 2004),
and have subsequently influenced the path of emissions and their
control structure. Because of the policy of independence, China has
rapidly developed its heavy industry and can now produce almost
every category of industrial products. This structure consumes
large amounts of energy and has had a strong effect on China’s CO2
emissions structure. As China has attempted to maintain all
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categories of industries, the CO2 emission structure has remained
relatively stable. Therefore, the independence policy has led to
inertia in terms of the emission structure. In other words, China’s
challenges in terms of emissions have a historical origin. Discussing
this historical origin is interesting but is also quite data-intensive.

Some previous studies have investigated historical CO2 emis-
sions. For example, Botzen et al. (2008) analyzed historical CO2
emissions from themain emitters, including China, since 1900;Wei
et al. (2012) quantified CO2 emissions from developed and devel-
oping countries since 1850. However, due to limitations in data
availability, most of the studies focused on the perspectives of scale
and did not consider the sectoral structure of emissions. Without
considering the emission structure, it is difficult to investigate the
historical cause of China’s CO2 emission trends.

Input-output analysis (IOA), with multi-sectoral input-output
tables (IOTs), is a powerful tool to analyze economic and environ-
mental linkage between sectors. A significant number of studies
utilized IOA to study the sectoral structure of CO2 emissions by
using single country (Feng et al., 2015; Zheng et al., 2019), multi-
regional (Davis and Caldeira, 2010; Feng et al., 2013; Mi et al.,
2017), or international IOTs (Meng et al., 2018; Yi et al., 2019).
Among these studies, many investigated the relationship between
economic issues and CO2 emissions in China. IOA, with a well-
designed analytical framework for comparative statistics, is an
appropriate quantitative tool to assess the impacts of industrial
structure changes on emission changes (Guan et al., 2018; Liu et al.,
2019). Meanwhile, the use of IOA in existing literature has illumi-
nated the role of key sectors on emission reductions. For example,
Nakamoto et al. (2019) estimated the carbon footprint for auto-
mobiles; and Wang et al. (2017) illustrated the contribution of the
non-metallic sector to global CO2 emissions. Furthermore, many
researchers have acknowledged that economic policies have played
an important role in economic structure and engendered different
effects on CO2 emission structures (Peters and Hertwich, 2008;
Zheng et al., 2019). For example, Guan et al. (2016) discussed the
relation between emissions performance and policy effectiveness,
while Zheng et al. (2019) paid attention to CO2 emissions associated
with sectoral policies for new development. In addition, some
studies have focused on the relationship between the network
structure of industrial supply chains and CO2 emissions. Davis et al.
(2011) presented carbon inventories that span the full supply chain
of global CO2 emissions, to depict the economic and international
effects that influence emissions. Song et al. (2019) estimated
China’s embodied food-related energy consumption throughout
the supply chain, to analyze the energy implications.

Network analysis is a method to illustrate the economic and
emission structures in greater detail. Due to the nature of inter-
sectoral linkages, input-output datasets can support network
analysis, which have been traditionally used to analyze economic
relationships (McNerney et al., 2013). Currently, complex network
theory is being extended to analyze the energy and emissions
network. For example, Chen et al. (2018) proposed global energy
flows embodied in international trade, based on environmentally-
extended IOA and complex network theory. Kagawa et al. (2015)
identified supply-chain clusters with high CO2 emissions within
more than 300 million individual supply chains, based on global
supply-chain networks.

As mentioned above, IOA is a potentially powerful tool for
analyzing historical CO2 emission structure and its relationship
with economic and environmental policy in China. However, the
first semi-official IOT for China is for 1973, and is a physical table.
Before this year, the only available IOT was an unofficial table for
1957 provided by Niwa (1970), which has 22 sectors. However, this
table was based on roughly estimated data andwith a low degree of
resolution. To the best of our knowledge, because of the lack of IOTs
for the early period of the People’s Republic of China, no previous
study has considered the emissions structure of China with IOTs.
Given this background,the present study estimates the sectoral CO2
emissions data for the newly compiled China historical input-
output tables (CHIOTs) (Lin and Chen, 2018). This CHIOTs project
provides hybrid IOTs for the years of 1957, 1963, 1968, and 1973. We
extend the CHIOTs to also include CO2 emissions data. Based on
these data and the official IOTs of China since 1987, we form time
series IOTs that include CO2 emissions. Based on the time series
IOTs, we analyze the change in the emissions structure of China
during recent decades and attempt to determine the historical
origin of current emissions problems, by using traditional IOA and
network analysis.

The paper is organized as follows. Section 2 describes the
methodology and data used in the analysis, Section 3 presents the
results, and Section 4 presents the discussion and conclusions.

2. Method and data

Based on the newly compiled CHIOTS, we characterize China’s
historical CO2 emission structure using IOA. Before describing the
data issue, we first introduce the framework of historical
environmental-extended input-output tables (HEEIOTs) and the
method used for the analysis.

2.1. Method

2.1.1. The framework of HEEIOT
Table 1 shows the framework of HEEIOT, which combines

CHIOTs with CO2 emissions data. The CHIOTs are hybrid IOTs that
include m kinds of commodities in physical units and n types of
sectors in monetary units. The m commodities are the major in-
dustrial products, while the sectors cover all the other products that
are not directly included in the industrial products. XI;I in Table 1
represents intermediate inputs from commodities to commod-
ities, whose element xij is the intermediate input of commodity i in
physical units to the production of commodity j; XI;II represents
domestic intermediate inputs from commodities to industries,
whose element xij records the intermediate input of commodity i in
physical units to industry j; XII;I is the matrix of intermediate inputs
from industries in monetary units for the production of commod-
ities. XII;II is the matrix of intermediate inputs from industries in
monetary units to the industries. F I and F II represent final demands
of commodities and industries, respectively; mI and mII represent
the imports of commodities and industries, respectively; V I and V II
represent value-added of commodity and industry production,
respectively. Additionally, xI and xII denote total outputs, while qI
and qII refer to CO2 emissions.

Furthermore, we transfer the hybrid tables from 1957 to 1973 to
monetary value to form a time series of IOTs from 1957 to 2017. The
following calculation depends on the monetary value IOTs.

2.1.2. Sectoral CO2 emission structure changes
To characterize the sectoral contributors to CO2 emissions dur-

ing the last half decades, we apply the HEEIOTs to calculate the
sectoral CO2 emissions by means of consumer-based accounting
(CBA) and producer-based accounting (PBA). CBA and PBA are two
sides of the same coin, in the sense that they determine re-
sponsibility for emissions by different principles; both methods
reflect the emission structure, although fromdifferent perspectives.

Before we explain the mathematical methods, we first clarify
the notations used in this paper. Non-bold lowercase letters refer to
a scalar quantity; bold lowercase letters refer a column vector; bold
uppercase letters denote a matrix; ’ means transpose; and bmeans
diagonalization. The sectoral CO2 emissions by means of CBA are



Table 1
Historical environmental extended input-output table.

Intermediate demands Final demands Import Total output

Commodity Industry

1 … m 1 … n

Intermediate inputs Commodity 1 XI;I XI;II XI;F mI xI
Commodity m
Industry 1

XII;I XII;II XII;F mII xII

Industry n
Primary inputs Operating V I V II

surplus
Tax
Wage
Depreciation

Total input xI ’ xII ’
CO2 emissions qI qII
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derived by the following equation:

a’ ¼ e’ðI � AÞ�1
bf ; (1)

where vector e refers to the direct coefficient of CO2 emissions; I is
the identity matrix; A is the matrix of direct input coefficients; L ¼
ðI � AÞ�1 is the Leontief inverse; f refers to the column vector of
final demand. Because the diagonalization is on f , the final de-
mands, the jth element of a refers to the CO2 emissions induced by
the final demand of sector j. Therefore, Eq. (1) attributes the
emission responsibility to final demanders.

On the other side, the sectoral CO2 emissions bymeans of PBA is
given by the following equation:

b’¼ beðI � AÞ�1f : (2)

In Eq. (2), the diagonalization is on e , instead of f in Eq. (1).
Therefore, the jth element of b refers to CO2 emissions emitted
from sector j.

By using the CBA and PBA models of IOT, we disaggregated the
CO2 emissions to the sectoral level from two different perspectives.
In other words, these methods disaggregate the total emissions, a
scalar quantity, into an n-dimensional vector of sectoral emissions.
To show more information on the emission structure, the IOA can
disaggregate the emission data into an n� n matrix, based on
network analysis.
2.1.3. Network analysis
Network analysis is a sector level analysis, which can be used to

explain the influence that one sector exerts on other sectors, within
the overall system configuration (Song et al., 2019). Compared with
emission flow analysis, network analysis depicts the interrela-
tionship among sectors more clearly and provides more structural
information. As an extension of Eqs. (1) and (2), the CO2 emissions
can be disaggregated by the following equation:

Q¼ beðI � AÞ�1
bf : (3)

herewe diagonalize both e and f . The ijth element ofQ, qij, refers to
the CO2 emitted from sector i to satisfy the final demand of sector j.
It represents the complete linkage between sector i and j. We call it
“emission linkage from sector i to sector j”. Meanwhile, the n� n
matrix, Q, also illustrates a network with regard to CO2 emissions.
By using the elements of Q, we can define both self effect and
sectoral spillover effects. Self effect (ε) are the elements on themain
diagonal of the matrix Q, whose ith element εi ¼ Qii, representing
the emissions caused by self production of sector i. Sectoral spill-
over effects are the non-diagonal elements of matrixQ, and include
the sending and receiving effects. The sending effect refers to the
emissions from a sector that are induced by the final demand of the
other sectors, which is defined by ri ¼ Sjsiqij. In other words, ri
refers to the CO2 emitted from sector i to satisfy the final demand of
the sectors other than sector i. The sending effect is also referred to
as forward linkage in IOA literature. Meanwhile, the receiving effect
is the impact of one sector’s final demand on the emissions from all
the other sectors. The receiving effect of sector i is defined by gi ¼
Sjsiqji, and is referred to as backward linkage in the IOA literature.

The network shown inQ also reflects the size of final demand f.
Additionally, we considered the pure technical linkage without
considering the demand size. As the counterpart of Eq. (3), we use
the following equation to define the pure technical linkage with
regard to CO2 emissions

F¼ beðI � AÞ�1: (4)

Instead of the “linkage” defined in Eq. (3), we call the ijth
element of F, 4ij, “linkage density from sector i to sector j”. Simi-
larly, we can define the sending density of sector i as li ¼ Sjsi4ij
and receiving density of sector i as mi ¼ Sjsi4ji, respectively. The
sending density represents CO2 emissions from a sector that are
induced by a unit of the final demand of the other sectors. The
receiving density refers to the impact of a unit of one sector’s final
demand on the emissions from all the other sectors.

Furthermore, following the tradition of network and block
models (White et al., 1976; Snyder and Kick, 1979), we divided the
sectors into 4 types in terms of the directions of linkages: sending
sectors, receiving sectors, intermediary sectors, and independent
sectors. Sending sectors have great sending density but less
receiving density. They send inputs to the other sectors and emit
CO2 directly by themselves. In contrast, receiving sectors have less
sending density but greater receiving density, and receive inputs
from the other sectors. Intermediary sectors act as bridges between
sectors, while independent sectors are relatively isolated. Gener-
ally, the sending sectors are needed by other sectors, such as the
electric sector, while the receiving sectors, which need more input
from other sectors, are always downstream in the industrial chain.

By using the above mentioned methods, we described the CO2
emission challenges for China over the last 60 years by using 1, n,
and n� n-dimensional approaches.

2.2. Data

For this study, we obtained IOTs for 1957, 1963, 1968, and 1973
from the CHIOTs project (Lin and Chen, 2018). The final year of the
CHIOTs project was selected as 1973, because the Chinese Academy
of Science and National Bureau of Statistics compiled a physical IOT



1 The shares of emission from heavy industry in India and Indonesia are from the
environmental accounts of world input-output database and the latest sectoral
environmental data is for the year of 2009.
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for the year 1973. The objective of the CHIOTs project was to extend
the IOTs for China back to 1950s, from the existing IOTs. The initial
year was selected as 1957 instead of 1958, because a great leap
forward began in 1958 and ended by 1960. However, the statistical
data for this period was not reliable. The compilation work of
CHIOTs was based on macro-level, industry-level, and firm-level
statistical data. For details regarding CHIOTs, please refer to Lin
and Chen (2018).

The CHIOTs are hybrid IOTs that include 161 commodities in
physical units and 18 sectors in monetary units. The 161 com-
modities are the major industrial products, while the 18 sectors
cover all the other products that are not directly included in the 161
industrial products. For example, “chemical industry” in the 18
sectors refers to the part of the chemical industry that excludes the
chemical products that have already been included in the 161
commodities, such as sulfuric acid, sodium carbonate, chemical
pesticide, and so on. Please refer to Appendix A for the details
regarding the sector classification for the CHIOTs.

Additionally, this study calculates the sectoral CO2 emissions
based on the data of energy usage and corresponding CO2 emission
intensity. For the sectoral energy usage, 19 types of fossil fuels are
considered, including: raw coal, cleaned coal, other washed coal,
briquettes, coke, coke oven gas, blast furnace gas, converter gas,
other gas, other coking products, crude oil, gasoline, kerosene,
diesel, fuel oil, LPG, refinery gas, other petroleum products, and
natural gas. The data of energy consumption from 1958 to 1973 are
obtained from the China industrial, transportation & energy sta-
tistical information collection (from 1949 to 1999), while the data
of energy consumption from 1992 to 2017 are derived from the
China energy statistical yearbooks (National Bureau of Statistics
(1992e2018)). The CO2 emission intensity of corresponding en-
ergy is estimated by the inventories from the Intergovernmental
Panel on Climate Change (2006).

Finally, by using the price information provided by Liu (1990)
and the price indices for later years published by National Bureau
of Statistics, we transferred the hybrid tables from 1957 to 1973 to
monetary value and harmonized the sector classifications of the
CHIOTs with the IOTs for 1992, 1997, 2002, 2007, 2012 and 2017
(National Bureau of Statistics, 1994, 2019) to form a time series of
IOTs from 1957 to 2017 with 18 sectors in constant price of 2000.
Based on the approach proposed by Weber et al. (2008), we com-
plied the non-competitive IOTs.

3. Results

3.1. Sectoral CO2 structure analysis

We first show the sectoral CO2 emissions from 1957 to 2017
according to PBA and CBA, which are shown in Figs.1 and 2. In Fig.1,
we aggregate the sectoral CO2 emissions according to PBA into 7
categories: agriculture, mining, light industry, heavy industry,
electricity, construction, and tertiary industry. Under the frame-
work of PBA, from 1957 to 1973, China’s CO2 emissions increased
from 54.03 million tonnes (Mt) to 322.74 Mt, with an average
growth of 17.64% per year. From 1957 to 1973, CO2 emissions from
the mining, heavy industry and electric power sectors increased by
598.05%, 504.94%, and 567.39%, respectively. However, emissions
from light industry were relatively stable, increased by only 66.85%.
This is consistent with China’s development strategy. Five-year
plans in this period focus more attention on the heavy industry
and military industry. In 1963, after China finished the 2nd five-
year plan, the CO2 emissions from heavy industry accounted for
82.90% of the total emissions.

In this year, China’s GDP per capita was only 181 RMB (1963
value), which is the equivalent of only 142.02 USD (2010 value) per
capita. If we compare the situation in China in 1963 with the other
low and middle income countries, the CO2 emission structures are
totally different. For example, the GDP per capita of India and
Indonesia in 1995 were 622 and 2219 USD (2010 value), while the
shares of CO2 emissions from heavy industry were 24.08% and
33.03%, respectively (according to a calculation based on world
input-output database, Timmer et al. (2015)). Those values are
much lower than those for China in 1963. This means that the
development model for China was different from those two other
countries. The different development models resulted in differ-
ences in the structure of CO2 emissions. In recent years, the GDP per
capita of China exceeded that of India and Indonesia, and the share
of emissions from heavy industry in China is still higher than in
those countries. In 2009 the share of emissions fromheavy industry
was 43.22% in China, while the shares of emissions from heavy
industry in India and Indonesia were 22.07% and 23.18%,
respectively.1

Additionally, the Hoffmann coefficient, proposed by Hoffmann
(1958), calculated by the proportion of net output from consumer
goods to the net output from capital goods, was used to measure the
industrial stages. Generally, the output of light industry was used to
measure consumer goods, while the output of heavy industry was
used to measure capital goods. The lower the value was, the more
developed the economic structure was. The path of industrial
development is from low levels to high levels and from light industry
to heavy industry (Hoffmann, 1958). Consistent with this trend, the
Hoffmann coefficient was from large to small. The Hoffmann coef-
ficient in China during the 1970s was about 0.6 (National Bureau of
Statistics, 1994), which reached the level of developed countries and
was close to the Hoffmann coefficient for JapanWu andWen (2006).
As the government placed great emphasis on heavy industry during
China’s industrialization before 1973, the imbalance between light
industry and heavy industry has always existed.

From 1973 to 1992, China’s CO2 emissions increased by
1706.92 Mt, with an average annual growth of 10.16%. As the
imbalance between light industry and heavy industry was further
aggravated at the end of 1978, industrial transformation and pro-
motion of light industry were significantly important (Deng, 1994).
In line with the industrial development, CO2 emissions resulting
from agriculture, light industry, electric power and the tertiary
industry increased rapidly. Specifically, the growth rates of electric
power and light industry were 112.67% and 119.06%, respectively.
The share of emissions caused by electric power increased from
5.04% to 34.92%, and the share of emissions caused by light industry
raised from 0.82% to 5.66%. Although the share of emissions
induced by heavy industry declined, heavy industry was still the
most important contributor to CO2 emissions. After China’s eco-
nomic reform began in 1978, the growth rate of CO2 emissions
decreased and tended to be stable. From 1992 to 2017, CO2 emis-
sions increased by 8285.62 Mt, with an average growth rate of
6.72% per year.

The annual growth rate of CO2 emissions during the period
1992e1997 (mainly in the 8th five-year plan) was 6.29%. At this
stage, expanding industrial scale was important, and the relation
between light industry and heavy industry was relatively balanced.
The proportion of light industry to heavy industry increased from
0.76 to 0.96, because of the expanding demand, pluralistic invest-
ment from private enterprises, and international trade. As export-
oriented light industries grew rapidly in this period, which
consumed less energy and produced less emissions, the growth



Fig. 1. Sectoral CO2 emissions 1957e2017 under the framework of PBA.

Fig. 2. Sectoral CO2 emissions 1957e2017 under the framework of CBA.
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rate of emissions was slower than before, even with this extensive
development. Note that emissions from electric power had the
fastest growth rate (9.01%) in this stage with heavy industry in
second place (6.17%). The share of emissions from heavy industry
and electric power, at this time, was larger than 80%. Specifically,
most of the emissions were caused by the industrial investment to
expand the production scales and the government paid little
attention to environmental problems or mitigation issues. In 1997,
sustainable development was confirmed by the Chinese govern-
ment as one of the basic national strategies. The annual growth rate
of CO2 emissions during the period 1997e2002 dropped to 4.31%.
Improving energy efficiency was conducive to reducing emissions
in this stage.

After 2000, China’s comparative advantages changed because of
capital accumulation, and the industry structure shifted, becoming
heavier than during the early stage of economic reform. One
consequence of this change was the expansion in coal consumption
(Green and Stern, 2016). Although technological development and
increased R&D activities facilitated emission reduction, parts of
reduction were offset by the additional energy consumption.
Therefore, since 2002, CO2 emissions have increased much more
rapidly than during the 1990s. The annual growth rate of CO2
emissions during the period 2002e2007 was 13.67%. Large scale
investments in heavy industry increased the energy consumption
and related emissions, and then offset the emission mitigation
obtained from the emission efficiency improvement. This was a
phenomenon named “output effect”. As economic growth was still
much more important than the environment during this stage,
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enterprises specialize in production-biased technology, rather than
environment-biased technology (Song et al., 2019). The improve-
ment of energy efficiency induced decreases in the real price of
energy, resulting in producer substituting energy for other inputs to
lower the price. This phenomenon was called “substitution effect”,
which also increased CO2 emissions. Both the “output effect” and
the “substitution effect” expanded the consumption of coal and led
to high-speed growth of emissions during 2000e2010, consistent
with the results proposed by Green and Stern (2016) and Zhang
et al. (2017).

After 2010, China enhanced efforts in emission mitigation and
the government promised to reduce CO2 emissions and CO2
emission intensity by the signing of Paris Agreement in 2015. In
pursuit of emission reduction, stricter environmental controls and
regulations were implemented. Therefore, the growth rate of CO2
emissions has decreased year-on-year after the rapid growth
spanning more than five decades. The annual growth rate of CO2
emissions during the period 2007e2012 was 6.45%. In 2016, the
government promulgated green development plans for industries.
The plan, China Industrial Green Development Plan 2016e2020,
was promulgated to implement environmental-friend, energy-
saving technology in industrial production. Meanwhile, environ-
mental concerns in China were relatively higher than before, which
was impel enterprises to improve emission efficiency. Both of them
promoted the emission mitigation in this period. During
2012e2017, the annual growth rate was 3.18%. The growth trend of
emissions was consistent with the trajectory of Chinese emissions
calculated by Guan et al. (2018). Emissions from mining and light
industries are less than before, and the growth rates of emissions in
heavy industry, electric power and tertiary industry are slower.
That is, the environmental regulations as well as the promotion of
emission efficiency is conductive to the CO2 emission reduction.

According to the PBA, heavy industry was the most significant
polluter, contributing almost 80% of the emissions for the years
before the economic reform. After the economic reform, the share
of emissions produced directly by heavy industry was reduced,
with a decrease of 40% by 2017. However, this reductionwas largely
eliminated by increased emissions from electric power generation.
About 45% of the emissions in 2017 were from electric power and
heat power. This is because in these three decades, China achieved
notable success in the construction of electricity generation ca-
pacity. The increase in the share of emissions from the electricity
sector implies technological progress in China, because in many
cases, electrically powered machines have replaced the labor force.
The increase in the share of emissions from electricity generation
sector encroached on the share of emissions from heavy industry.
However, this does not imply that there has been a decrease in the
importance of heavy industry in the CO2 emission structure in
China, because part of the increase in electricity was to satisfy the
demand from heavy industry.

As evidence, the shares of agriculture and light industry were
relatively stable, while the sum of the shares from heavy industry
and electricity generation remained around 85.18%. In other words,
a portion of CO2 emitted directly by the electricity sector should be
attributed to the heavy industry sectors. To illustrate this point, we
show the share of emissions from heavy industry and the share of
emissions from both heavy industry and electric power generation
in Fig. 3. The red line in Fig. 3 refers to the share of emissions from
heavy industry, while the black line shows the sum of emission
share from both heavy industry and electric power generation. We
observed that after economic reform, the share of emissions from
heavy industry was clearly reduced, however, the share of emis-
sions from both heavy industry and electric power combined, were
relatively stable. This indicates that the increase in the amount of
CO2 directly emitted due to electric power generation was mainly
induced by the demand by heavy industry. In the following section,
we quantitatively prove this argument.

Additionally, energy usage also influenced CO2 emissions. Due
to the industry-oriented pattern of China’s economy, industrial
energy consumption made up over 60% of the total energy con-
sumption (National Bureau of Statistics, 2019). We calculated the
emissions caused by different types of energy, as shown in Fig. 4.
Although the energy structure was still dominated by coal-type
fossil fuels, the emissions caused by coal gradually decreased.
That is, with the implementation of industrial green development,
the energy structure was reversed gradually. Optimizing energy
structure also facilitated CO2 emission mitigation.

There were different stages of CO2 emission changes that
occurred through transitions in economic and environmental pol-
icies. Before 1997, as environmental protects were not the major
aims in China, environmental policies had few effects on emission
changes. The consequences of this growth mode were expanding
energy consumption and environmentally unsustainable develop-
ment. After sustainable development was proposed by the Chinese
government in 1997, the government focused on adaptation ac-
tions. However, to promote economic growth, expanding invest-
ment was another feature of this period. Although technological
development and increased R&D activities facilitated energy effi-
ciency, parts of the emission reductionwere offset by the additional
energy consumption that occurred between 1997 and 2010. Since
2010, the government has pursued efforts to produce environment-
biased technology and has improved energy efficiency. Meanwhile,
the stricter environmental controls and regulations were imple-
mented to restrain the blind expansion of investment scales and
decrease the rebound effects of energy efficiency. Since then, the
growth rate of CO2 emissions has decreased year-on-year. That is,
promoting energy efficiency was conducive to emission mitigation.
Concurrently, the increase of electricity generation capacity also
influenced the emission structure. As shown in Fig. 3, electricity
generation gradually became the second important emitter of CO2
emission. Under the independent industrial policies, China main-
tained a relatively stable industrial structure for about six decades.
As the economic policies in China were still centered on heavy in-
dustries, it was impossible for China to remove the largest emission
emitter outside the country. In line with the stable industrial
structure, the CO2 emission structure would also maintain a rela-
tively stable status. Therefore, to achieve the emission mitigation
target, the government needed to pursue efforts to promote energy
efficiency as well as to diversify the energy mix. Furthermore, the
stricter environmental controls and regulations implemented by
the government to restrain the blind expansion of investment also
promoted emission mitigation.

Fig. 2 shows the CO2 emissions for 1957e2017 according to the
CBA. In other words, this result disaggregates the CO2 emissions in
China by shifting the responsibility for emissions to final consumers
instead of direct emitters. In contrast with the results of PBA, the
CBA indicated that the shares of construction, light industry, and
tertiary industry increased markedly, since 1992. The increase in
the share of construction was due to the infrastructure investment
boom. The increases in the shares of light industry and tertiary
industry were because of the change in export and domestic final
demand structures. Although the emission structure, according to
the CBA, is more volatile than with the PBA, due to the change in
consumption structure, it is nevertheless observable that a signif-
icant part of CO2 emissions since the 1950s is attributable to heavy
industry. Finally, we also compared our results with other literature
focusing on the relationship between China’s changing economy
and its implications on CO2 emissions. From 1992 to 1997, the
emission structure is similar to that proposed by Guan et al. (2008)
and Zhang et al. (2017); and since 2000, the emission structure is



Fig. 3. The shares of CO2 emissions for heavy industry and electric power.
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consistent with the analysis made by Grubb et al. (2015), Green and
Stern (2016), and Guan et al. (2018).
3.2. Stability

To prove the stability of the emission structure, we calculated
the Pearson correlation coefficients between the sectoral CO2
emissions for different years, which were used to measure the
linear correlation between two variables. In this analysis, we
considered two kinds of sector classifications: the original 18 sector
classification, as well as a 6 sector classification. As shown in Fig. 3,
emission structure was stable if heavy industry and electric power
sector were aggregated. The 6 sectors are agriculture, mining
sector, light industry, heavy industry and electric power, con-
struction, and service. In the 6 sector classification, heavy industry
and electric power generation are considered as one sector. This is
because emissions from electric power generation encroached on
the direct emissions from the heavy industry. Our quantitative
analysis supports the observation from Fig. 3 that the emission
structure of China was stable for more than 60 years-given that
heavy industry and electric power generation are aggregated under
the PBA framework-although after the economic reform the emis-
sion share of heavy industry decreased, while that of the electric
power sector increased. A possible explanation is that the increase
in CO2 emitted directly from electric power generation was mainly
induced by the demand from the heavy industry. To prove this
mechanism, it is necessary to study the intersectoral linkage.
However, it is difficult to observe the intersectoral linkage under
the PBA framework. Therefore, we will return to this topic in the
network analysis to discuss the emissions that are directly from
electricity production, but induced by heavy industry production.
For details, please see the Appendix.
3.3. Network analysis

The previous sections decompose CO2 emissions in a 1� n
dimensional way; however, this representation fails to characterize
the inter-sectoral linkage. For instance, the result of PBA shows that
CO2 emitted directly from the electricity generation sector
encroached on that from the heavy industry after China’s economic
reform. If the inter-sectoral linkage can be calculated, then it is
possible to understand whether part of the CO2 emitted directly
from electricity generation was induced by the electricity demand
from heavy industries. If so, heavy industry was still the most
important contributor of CO2 emissions after the economic reform.

Fig. 5 visualizes matrix F to show the inter-sectoral linkage
density for 1957, 1973, 2002, and 2017. To visualize the emission
network, sectors of the IOTs were treated as nodes and the



Fig. 4. The shares of emissions caused by different energy for different sectors.
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Fig. 5. Sectoral CO2 emissions links 1957-2017
notes: The blue arrows recorded the top 1% greatest elements, the red arrows denoted
the top 1.5% greatest elements, and the grey arrows represented the remaining top 5%
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elements of the matrix F were treated as arrows. The size of the
node represents the quantity of the direct emissions from the
corresponding sectors, while the color of the arrow denotes the
values of the elements of matrix F. To differentiate the sending
and receiving sectors, directional arrows were used. An arrow
begins from the sector that emits CO2 directly and points to the
sector that drives the demand. In other words, the arrow is from
the sending sector to the receiving sector. Let us consider 4ij, the
ijth element of F, as an example. The value of 4ij decides the
color of the arrow from sector i to sector j. Sectors largely
dependent on other sectors will be in the center, while sectors
on the periphery are trivial. The sectors in the center are the
core sectors. As there are too many (n� n) elements to be
visualized, we chose the top 5% greatest elements in the matrix
F to show the main linkages.

From Fig. 5(a) and (b) it is clear that metal products constituted
the core sector, and the emission network dominated by heavy
industry was gradually established. Metal products was the most
important core sector of the networks for 1957 and 1973. On the
one hand, the emissions from metal products were larger than for
other sectors; on the other hand, most arrows-especially those
representing core linkage density-were associated with metal
products. Some sectors, such as the manufacture of electric
equipment, transport equipment, and machinery equipment, are
integrated into industrial chains and contact other sectors that are
based on metal products. Mining sectors and electric power gen-
eration provide energy for other sectors, and in this period, mining
sectors are more important than electric power. After economic
reform, as shown in Fig. 5(c) and (d), the network transformed from
having one core to two cores, as the electric power sector gradually
became another key node. Heavy industries, such asmetal products
manufacturing, transport equipment manufacturing, and petro-
leum processing, surrounded the electric power sector. This implies
that heavy industry was the main consumer of electricity. This
finding confirms that the increase in CO2 directly emitted from
electric power generation was mainly caused by the demand of
heavy industry. Therefore, the stability described by the 6 sector
classification with aggregated heavy industry and electric power
sector is robust. Heavy industry will always be the most important
contributors to CO2 emissions. From the network Fig. 5, it is also
possible to observe the change in the energy structure. In the
period 1957e1973, a large portion of coal was used directly in the
manufacturing sectors. In contrast, however, a significant portion of
coal was used by the electric power sector in the period
1992e2017; the electricity, as secondary energy, served as energy
input to the other sectors. Therefore, the core status of coal mining
declined in the network after the economic reform, while that of
electric power increased.

Furthermore, we also relaxed the filter condition and visualized
the networks including the top 50% greatest elements of the matrix
F; these are shown in Fig. C1 of the Appendix. By considering more
linkages in the matrix, the networks become more complex. Heavy
industry was still located in the core of the network and a relatively
close cluster formed among heavy industry. The chemical industry
was another core sector, and agriculture and other services formed
a small cluster together with the chemical industry. The mining
sectors associated with each other and made up a small cluster
during the period 1957e1973. However, this cluster was dis-
aggregated and the sector was gradually marginalized after 1992.
Transport and other service sectors were close to the center of the
network after economic reform.
greatest elements, respectively. . (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)



Fig. 6. Pathway of the sector position changes 1957e2017.
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Based on the sectoral linkage density, the block model was used
to analyze the positions of the sectors in China’s emission structure
(White et al., 1976). The results are shown in Fig. 6. The horizontal
and vertical axes represent the sending and receiving density
respectively. The scatter diagram was then divided into four
quadrants, with each quadrant corresponding to one of the four
types. The high-high (upper right) quadrant indicates the sectors
that have the most connections with each other. As these sectors
play a “bridge” role, thereby uniting sectors and enhancing the
network, they are named intermediate sectors. The low-low (lower
left) quadrant indicates the sectors that have the minimal
connection with other sectors and are named independent sectors.
The high-low (lower right) and low-high (upper left) quadrants
exhibit more receiving or sending density and are named receiving
sectors and sending sectors, respectively. Fig. 6 shows the 4 types of
sectors for the years of 1957, 1973, 2012, and 2017. From this
perspective, the industry characteristics remained relatively stable
during the period 1957e2017. Metal products and chemical in-
dustry are important intermediate sectors, as the products of these
sectors are dependent on other sectors and these sectors also
supply materials for other sectors. The mining and electric power
sectors supply energy inputs, and are characterized as sending
sectors; CO2 emitted directly from these sending sectors.
Manufacturing industries are receiving sectors, as the production of
these industries is dependent on raw material and components
provided by other sectors. The results also confirm the status of
heavy industry in the Chinese industry structure. Heavy industry
sectors, such as metal production, the machinery industry, and the
chemical industry, have been located at the core of the sectoral
network and have been closely related with other sectors since the
1950s. Considering the economic situation of the core sectors in the
economy, China can change the spatial structure for heavy industry
but cannot remove them from the economic system.

In addition to the linkage density given by F in Eq. (4), the
linkage given by Q in Eq. (3) was also considered. In contrast with
linkage density, linkage takes the size of the final demand into
account. Generally, sectors that have strong sending effects also
have a large sending density. However, the size of the final demand
also matters. Metal products, petroleum mining, and processing
had the most remarkable sending effects during the period
1957e1973, although this status was replaced by electric power
after 1992. Meanwhile, nonmetal products also had significant
sending effects together with the development of the construction
sector, and the receiving effects from transport increased notice-
ably. Heavy industry at the upstream of the industrial chain has
significant sending effects. This is because most heavy industries
provide raw materials and semi-finished products, such as metal
products, nonmetallic mineral products, and the chemical prod-
ucts, while heavy industries at the downstream of the industrial
chain have significant receiving effects, such as the manufacture of
machinery and equipment, electric equipment, and transportation
equipment. This is the same as the case for the tertiary industry.
Service sectors, such as wholesales trades and other services, exert
receiving effects and transport increases greatly within the scope of
the receiving effects. Construction has been the most important
receiving sector since 1992.

3.4. Mitigation pathway analysis

Due to the stable industrial and emission structure, heavy in-
dustries of China that perform as core sectors for CO2 emission
could not shrink significantly in near future. Increasing energy ef-
ficiency and reducing emissions directly and indirectly from these
heavy industries are the keys for Chinas carbon mitigation. As
shown by our network analysis, the core heavy industries of
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emission network are metal products, nonmetallic mineral prod-
ucts, and chemical industries. These sectors are also considered as
the key sectors for pollution control by Chinese government (Guan
et al., 2018). The main primary energy used by these sectors was
coal, while the secondary energy (electricity) used by these sectors
were also mainly from coal-fired stations (Zhang et al., 2012).
Replacing coal by other cleaner energy sources, such as natural gas,
could significantly reduce CO2 emissions from these sectors.
However, China is endowed with coal but not natural gas (Hu,
2016). Meanwhile, considering the size of China’s demand, if
China conducts a replacement for a vast quantity of coal by natural
gas, the international natural gas price would increase sharply (Lin
and Wang, 2012). Therefore, the policy of complete substitution
toward natural gas in China is unrealistic (Lin and Wang, 2012;
Shaikh et al., 2016). Based on this background, a realistic and
effective approach of pollution control in near future is to increase
the energy efficiency of coal-powered furnaces and electrical gen-
erators by weeding out lower efficient facilities (Liu et al., 2015a,b).

If the energy efficiency of these key sectors, such as metal and
nonmetallic mineral production sectors, could be increased, the
CO2 emissions induced by the downstream sectors in China, such as
machinery and equipment manufacture, electric equipment
manufacture, and transportation equipment manufacture sectors,
could be reduced. More importantly, China is a major exporter of
metal products. An energy efficiency improvement in metal pro-
duction sector in China could lead to a significant reduction on the
emissions induced by the downstream products of the other
countries. For electric power sector, both environment-biased
technology and energy-saving equipment are conductive to
decreasing the CO2 emissions (Tang et al., 2019). Under the
constraint of energy endowment, electric generation process in
China would still depend on coal-fired stations in the near future
(Zhang et al., 2012). Phasing out older, smaller and inefficient coal-
fired power plants and keeping large coal-fired power plants with
energy-saving equipment could exert significant effect on emission
mitigation (Minx et al., 2011).

4. Discussions and conclusions

This study compiled HEEIOTs of China for the period of
1957e2017. These tables, which include firm-level, industry-level,
and macro-level statistical data, are the first HEEIOTs covering the
years in the early stages of the People’s Republic of China. Analysis
of the CO2 emission structure of China in 1957e2017, based on
these tables, reveals that the CO2 emission structure is relatively
stable, due to the stable economic structure associated with the
independent economic policy. Consequently, China had a stable
economy for more than 60 years. Furthermore, this study visualized
the inter-sectoral linkage of emissions and constructed an emission
network dominated by heavy industry, which confirmed that the
increase in the amount of CO2 directly emitted from electric power
generation was mainly caused by the demand of heavy industry.
Correlation coefficients were used to study the stability over time,
which implied that if heavy industry and electric power generation
are not separated, the emission structure is stable for more than 60
years. Based on the above analysis, we put forth the following
discussion points.

First, the stable economic system and emission structure had
historical origins. The economic aspect of the independent policy
dated from the heavy industry strategydan import-substitution
policy since the 1950s. Although China has officially abandoned
the heavy industry strategy, this country still tries to maintain the
ability to produce almost every category of products. Therefore, the
emission structurewas relatively stable formore than 60 years both
from the 1 � n dimensional emissions and the n � n dimensional
emission network. Despite the large amount of imports in China
after the economic reform, each industry still had a significant part
of domestic share. That is, imports and domestic products coexisted
in the market and both imported and domestic products were
distributed in the whole industry in a well-balanced manner. Due
to the stable industrial structure, China could not adopt the policy
that suggested importing products from high pollution industries,
thus transferring the “dirty” industry to other places. Strengthening
technological innovation and encouraging environment-biased
technology from the developed countries to improve CO2 emis-
sion efficiency could be more significant for China.

Second, as a large country with significant internal disparity
regarding income level, factor endowment, and geographical con-
ditions, China could change the spatial structure of heavy industry.
As the core sectors in the economy, heavy industry might transfer
from the municipalities and highly developed east provinces to
China’s central and western provinces. Compared with simply
transferring the “dirty” industry to other places without mitigation,
facility changes and technology to promote emission efficiency
should be accompanied with the industrial spatial changes. In
addition, as the comparative advantages of China’s different regions
are different, China could maintain all types of industry in an effi-
cient way by adjusting and optimizing the industrial layout around
the country.

Finally, energy mix also influences emission mitigation in in-
dustrial production, and thus, promoting renewable energy and
reducing the inputs of fossil fuels are necessary to optimize the
energy mix and reduce CO2 emissions. As heavy industry in China
depends heavily upon fossil fuels, especially coal, effective mea-
sures should be taken by the government to reduce the cost of
renewable energy and encourage enterprises to adjust the energy
consumption structure.

Hence, as discussed in the previous sections, the stability of the
economic structure leads to the stability of the CO2 emission
structure. Against this background, instead of carbon leakage,
technology upgrading is the realistic way for China to achieve
increased energy efficiency, emission mitigation and economic
development, so that it can keep the promise of reducing CO2
emissions after they peak around 2030. As one ancient Chinese
official stated, “A smartman changes his approach as circumstances
change; a wise person alters his means as times evolve.” China has
entered the new normal of economic development, under this new
normal, the economy is shifting from a high to a medium-high rate
of growth, from a growth model that emphasized scale and rate to
one that emphasizes quality and efficiency, from an economic
structure in which economic growth was mainly fueled by the
increment and increased industrial capacity to one in which the
existing capacity is adjusted and the increment is put to best use,
and from being driven by production factors such as resources and
low cost labor to being driven by innovation. Today, the country is a
world factory; China has taken and will continue to take the re-
sponsibility of carbon mitigation as a world factory.
Author contributions section

Jing Li: Methodology, Writing- Original draft preparation. Shi-
gemi Kagawa: Software, Writing- Original draft preparation. Chen
Lin: Conceptualization, Data, Writing- Reviewing and Editing.
Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.



J. Li et al. / Journal of Cleaner Production 255 (2020) 12028812
Acknowledgements

The work of Jing Li has been supported by the Youth Program of
National Social Science Foundation of China (15CJL011), the Na-
tional Statistical Science Project of China (2019LY40) and the China
Scholarship Council. The work of Chen Lin has been supported by
Fundamental Research Funds for the Central Universities, and the
Research Funds of Renmin University of China [17XNB006].
Appendix

Appendix A. Sector classification

Table A1 shows the sector names of 6, 7, and 18 sector
classification.
Table A1
Sector classification

6 sector classification 7 sector classification 18 sector classification

Agriculture Agriculture Agriculture
Mining sectors Mining sectors Coal Mining and Processing

Petroleum and Natural Gas Extraction
Other mining

Light industry Light industry Light industry
Heavy industry and electric

power heat power & water
Heavy industry Coking gas and processing of petroleum

Chemical industry
Manufacture of nonmetallic mineral products
Manufacture and processing of metals and metal products
Manufacture of machinery and equipment
Manufacture of transport equipment
Manufacture of electric equipment
Other manufacture

Production and supply of electric power,
heat power & water

Production and supply of electric power, heat power & water

Construction Construction Construction
tertiary industry tertiary industry Transport, storage, post, information transmission, computer services & software

Wholesales, retail trades, hotels and catering service
Other services
Appendix B. Stability

Table B1 shows the correlation coefficients between the sectoral
CO2 emissions of different years according to the PBA. Lower-
triangular cells of table B1 report Pearson correlation coefficients
for the 6 sector classification, while upper-triangular cells are
Pearson correlation coefficients for the 18 sector classification. In
the 18 sector classification, the correlation coefficient between the
sectoral emission structures for 1957 and 1973 was 0.991. Its
counterpart of the 6 sector classification was 0.999, and all of them
were statistically significant with a confidence level of 99%. After
the economic reform, in the 18 sector classification, the correlation
coefficient between the sectoral emission structures of 1992 and
2017 was 0.980. Its counterpart in the 6 sector classification is
0.998. All of them are significantly positive with a confidence level
of 99%. These results imply that if we study the two periods (before
economic reform and after economic reform) separately, the
emission structureswould be stable for each period. However, if the
two periods are considered together, then the situation is entirely
different. In the 18 sector classification, the correlation coefficient
between the sectoral emission structures for 1957 and 2017 is
0.332, which is non-significant. This means that the emission
structure for 1957 was different than that of 2017 if heavy industry
and electric power sector are separated. When the heavy industry
and electric power sectors are aggregated in the 6 sector classifi-
cation, the correlation coefficient between the sectoral emission
structures of 1957 and 2017 becomes 0.981, which is significant
with a confidence level of 99%. The result is consistent with the
observation shown in Fig. 3: if heavy industry and electric power
generation are not separated, then the emission structure was
stable for more than 60 years. In order to test whether the aggre-
gation of the sectors other than heavy industry and electric power
sector affects the significance of the correlation coefficients, a 7
sector classification was also tested, in which heavy industry and
electric power sector were separated based on the 6 sector classi-
fication. In the 7 sector classification, the correlation coefficient
between the sectoral emission structures for 1957 and 1973 is
0.631, which is non-significant. The conclusion is consistent with
that of the 18 sector classification. The separation of heavy industry
and electric power sector caused the instability during 1957e2017.
The results are shown in Table B2.
We also calculated the correlation coefficients between the
sectoral CO2 emissions of different years according to the CBA. For
both the 18 and 6 sector classifications, the sectoral CO2 emissions
for each period (before economic reform and after economic re-
form) were significantly correlated. However, regardless of
whether heavy industry and electric power sector are aggregated or
not, the emission structure of 1957 is not significantly correlated
with that of 2017. It implies that the consumption, investment, and
export structure changed fundamentally after the economic re-
form. In addition, the shares of CO2 emissions induced by con-
struction, light industry, and tertiary industry increased markedly.
Table B3 and B4 in the Appendix shows the correlation coefficients
between the sectoral CO2 emissions of different years under the
framework of CBA.

In summary, our quantitative analysis supports the observation
from Fig. 3 that the emission structure of China was stable for more
than 60 years-given that heavy industry and electric power gen-
eration are aggregated under the PBA framework-although after
the economic reform the emission share of heavy industry
decreased, while that of the electric power sector increased. A
possible explanation is that the increase in CO2 emitted directly
from electric power generationwas mainly induced by the demand
from the heavy industry. To prove this mechanism explicitly, it is
necessary to study the intersectoral linkage. However, it is difficult
to observe the intersectoral linkage under the PBA framework.
Therefore, we will return to this topic in the network analysis to
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discuss the emissions that are directly from electricity production,
but induced by heavy industry production.
Table B1
Pearson correlation coefficients between the sectoral CO2 emissions of different years under the framework of PBA

years 1957 1963 1968 1973 1992 1997 2002 2007 2012 2017

1957 1 0.998*** 0.994*** 0.991*** 0.274 0.28 0.272 0.389 0.365 0.332

1963
1.000*** 1 0.998*** 0.996*** 0.279 0.289 0.28 0.397 0.373 0.342

1968
1.000*** 1.000* 1 0.998*** 0.285 0.296 0.288 0.403* 0.379 0.348

1973
0.999*** 0.999*** 0.999*** 1 0.269 0.282 0.274 0.39 0.366 0.334

1992
0.985*** 0.988*** 0.986*** 0.980*** 1 0.995*** 0.986*** 0.983*** 0.980*** 0.980***

1997
0.987*** 0.990*** 0.988*** 0.983*** 0.999*** 1 0.994*** 0.990*** 0.991* 0.992***

2002
0.982*** 0.986*** 0.984*** 0.979*** 0.999*** 0.999*** 1 0.991*** 0.994*** 0.997***

2007
0.983*** 0.987*** 0.985*** 0.980*** 0.999*** 1.000*** 1.000*** 1 0.999*** 0.997***

2012
0.984*** 0.987*** 0.985*** 0.980*** 0.999*** 1.000*** 1.000*** 1.000*** 1 0.999***

2017
0.981*** 0.985*** 0.982*** 0.977*** 0.998*** 0.999*** 1.000*** 1.000*** 1.000*** 1

Notes: Lower-triangular cells report Pearson correlation coefficients of 6 sectors, upper-triangular cells are Pearson correlation coefficients of 18 sectors. *** represents p<
0:01, ** represents p < 0:05 and * represents p<0:1.

Table B2
Pearson correlation coefficients between the sectoral CO2 emissions of different years under the framework of PBA for the 7 sector classification

years 1957 1963 1968 1973 1992 1997 2002 2007 2012 2017

1957 1

1963
0.999*** 1

1968
1.000*** 1.000*** 1

1973
0.999*** 0.999*** 0.999*** 1

1992
0.726* 0.740* 0.741* 0.728* 1

1997
0.668 0.684* 0.685* 0.673* 0.995*** 1

2002
0.572 0.589 0.591 0.578 0.976*** 0.992*** 1

2007
0.670* 0.686* 0.687* 0.675* 0.995*** 0.999*** 0.991*** 1

2012
0.631 0.649 0.65 0.637 0.988*** 0.998*** 0.997*** 0.998*** 1

2017
0.579 0.597 0.598 0.585 0.977*** 0.992*** 0.999*** 0.993*** 0.998*** 1

Notes: *** represents p<0:01, ** represents p<0:05 and * represents p<0:1.



Table B3
Pearson correlation coefficients between the sectoral CO2 emissions of different years under the framework of CBA

years 1957 1963 1968 1973 1992 1997 2002 2007 2012 2017

1957 1 0.29 0.545** 0.821*** �0.171 �0.176 �0.18 �0.18 �0.239 �0.136

1963
0.446 1 0.788*** 0.759*** �0.065 0.031 0.014 0.131 0.096 0.131

1968
0.543 0.970*** 1 0.802*** �0.13 �0.058 �0.056 0.019 �0.005 0.036

1973
0.491 0.991*** 0.977*** 1 �0.232 �0.163 �0.167 �0.096 �0.145 �0.062

1992
�0.515 0.396 0.207 0.306 1 0.965*** 0.940*** 0.894*** 0.877*** 0.851***

1997
�0.58 0.413 0.242 0.331 0.967*** 1 0.982*** 0.963*** 0.950*** 0.943***

2002
�0.615 0.376 0.24 0.294 0.947*** 0.969*** 1 0.968*** 0.965*** 0.961***

2007
�0.495 0.519 0.369 0.44 0.946*** 0.989*** 0.969*** 1 0.989*** 0.978***

2012
�0.478 0.546 0.406 0.473 0.916** 0.979*** 0.955*** 0.997*** 1 0.983***

2017
�0.427 0.587 0.47 0.513 0.878** 0.950*** 0.942*** 0.984*** 0.992*** 1

Notes: Lower-triangular cells report Pearson correlation coefficients of 6 sectors, upper-triangular cells are Pearson correlation coefficients of 18 sectors. *** represents p<
0:01, ** represents p<0:05 and * represents p<0:1.

Table B4
Pearson correlation coefficients between the sectoral CO2 emissions of different years under the framework of CBA for the 7 sector classification

years 1957 1963 1968 1973 1992 1997 2002 2007 2012 2017

1957 1

1963
0.44 1

1968
0.53 0.969*** 1

1973
0.488 0.990*** 0.970*** 1

1992
�0.59 0.249 0.094 0.139 1

1997
�0.622 0.329 0.187 0.229 0.964*** 1

2002
�0.711* 0.224 0.108 0.125 0.941*** 0.960*** 1

2007
�0.522 0.484 0.351 0.392 0.917*** 0.978*** 0.942*** 1

2012
�0.564 0.457 0.323 0.371 0.883*** 0.964*** 0.935*** 0.993*** 1

2017
�0.523 0.489 0.38 0.401 0.849** 0.942*** 0.925*** 0.984*** 0.992*** 1

Notes: *** represents p<0:01, ** represents p<0:05 and * represents p<0:1.
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Appendix C. Network with more linkages

Fig. C1 relaxed the filter condition and visualized the networks
including the top 50% greatest elements of the matrix F. In this
part, we relax the filtration criterion and show network figures
with more linkages. The darker arrows denote greater linkage
density: the black arrows indicate greatest linkage density: 4ij >
0:0001; red and blue arrows denote relatively smaller linkage
densities, 4ij >0:00005 and 4ij >0:00001, respectively; grey arrows
represent the remaining linkages.



Fig. C1. Sectoral CO2 emissions links 1957e2017

J. Li et al. / Journal of Cleaner Production 255 (2020) 120288 15



J. Li et al. / Journal of Cleaner Production 255 (2020) 12028816
References

Botzen, W.J.W., Gowdy, J.M., Bergh, J.D., 2008. Cumulative CO2 emissions: shifting
international responsibilities for climate debt. Clim. Pol. 8 (6), 569e576. https://
doi.org/10.3763/cpol.2008.0539.

Chen, B., Li, J.S., Wu, X.F., Han, M.Y., Zeng, L., Li, Z., Chen, G.Q., 2018. Global energy
flows embodied in international trade: a combination of environmentally
extended input-output analysis and complex network analysis. Appl. Energy
210, 98e107. https://doi.org/10.1016/j.apenergy.2017.10.113.

Davis, S.J., Caldeira, K., 2010. Consumption-based accounting of CO2 emissions. Proc.
Natl. Acad. Sci. U.S.A. 107 (12), 5687e5692. https://doi.org/10.1073/
pnas.0906974107.

Davis, S.J., Peters, G.P., Caldeira, K., 2011. The supply chain of CO2 emissions. Proc.
Natl. Acad. Sci. U.S.A. 108, 18554eC18559. https://doi.org/10.1073/
pnas.1107409108.

Deng, X., 1994. Selected Works of Deng Xiaoping (Volumn ). People’s publishing
house.

Feng, K., Davis, S.J., Sun, L., Li, X., Guan, D., Liu, W., Liu, Z., Hubacek, K., 2013.
Outsourcing CO2 within China. Proc. Natl. Acad. Sci. U.S.A. 110 (28),
11654e11659. https://doi.org/10.1073/pnas.1219918110.

Feng, K., Davis, S.J., Sun, L., Hubacek, K., 2015. Drivers of the US SO2 emissions
1997e2013. Nat. Commun. 6, 7714. https://doi.org/10.1038/ncomms8714.

Green, F., Stern, N., 2016. China’s changing economy: implications for its carbon
dioxide emissions. Clim. Pol. 17 (4), 423e442. https://doi.org/10.1080/
14693062.2016.1156515.

Grubb, M., Sha, F., Spencer, T., Hughes, N., Zhang, Z., Agnolucci, P., 2015. A review of
Chinese CO2 emission projections to 2030: the role of economic structure and
policy. Clim. Pol. 15 (S1), S7CS39. https://doi.org/10.1080/14693062.
2015.1101307.

Guan, D., Hubacek, K., Weber, C.L., Peters, G.P., Reiner, D.M., 2008. The drivers of
Chinese CO2 emissions from 1980 to 2030. Global Environ. Change 18 (4),
626e634. https://doi.org/10.1016/j.gloenvcha.2008.08.001.

Guan, D., Shan, Y., Liu, Z., He, K., 2016. Performance assessment and outlook of
China’s emission-trading scheme. Engineering 2 (4), 398e401. https://doi.org/
10.1016/J.ENG.2016.04.016.

Guan, D., Meng, J., Reiner, D.M., et al., 2018. Structural decline in China’s CO2
emissions through transitions in industry and energy systems. Nat. Geosci. 11,
551e555. https://doi.org/10.1038/s41561-018-0161-1.

Hoffman, W.G., 1958. The Growth of Industrial Economies (Manchester).
Hu, A.G., 2016. The Five-Year Plan: a new tool for energy saving and emissions

reduction in China. Adv. Clim. Change Res. 24e30. https://doi.org/10.1016/
j.accre.2016.12.005, 04.

Intergovernmental Panel on Climate Change, 2006. 2006 ipcc guidelines for na-
tional greenhouse gas inventories. http://www.ipcc-nggip.iges.or.jp/public/
2006gl/chinese/.

Johnson, C.A., 1982. Miti and the Japanese miracle: the growth of industrial policy
by chalmers johnson. J. Comp. Econ. 6 (4), 436e439. https://doi.org/10.2307/
2055141.

Kagawa, S., Suh, S., Hubacek, K., Wiedmann, T., Nansai, K., Minx, J., 2015. CO2
emission clusters within global supply chain networks: implications for climate
change mitigation. Global Environ. Change 35, 486e496. https://doi.org/
10.1016/j.gloenvcha.2015.04.003.

Keith, R.C., 1985. The origins and strategic implications of China’s independent
foreign policy. Int. J. 41 (1), 95e128. https://doi.org/10.2307/40202352.

Lin, B., Wang, T., 2012. Forecasting natural gas supply in China: production peak and
import trends. Energy Pol. 49, 225e233. https://doi.org/10.1016/
j.enpol.2012.05.074.

Lin, C., Chen, B., 2018. The long-run effect of heavy industrial oriented development
strategy: evidence from input-output analysis, 02 Chin. Econ. Q. 17, 825e846 (In
Chinese).

Liu, Z., 1990. Price Encyclopaedia. China Prices Press (In Chinese).
Liu, Z., Guan, D., Moore, S., Lee, H., Su, J., Zhang, Q., 2015a. Climate policy: steps to

China’s carbon peak. Nature 522 (7556), 279. https://doi.org/10.1038/522279a.
Liu, Z., Guan, D., Wei, W., et al., 2015b. Reduced carbon emission estimates from

fossil fuel combustion and cement production in China. Nature 524, 335e338.
https://doi:10.1038/nature14677.

Liu, Q., Long, Y., Wang, C., Wang, Z., Wang, Q., Guan, D., 2019. Drivers of provincial
SO2 emissions in China C Based on multi-regional input-output analysis.
J. Clean. Prod. 238 https://doi.org/10.1016/j.jclepro.2019.117893.

McNerney, J., Fath, B.D., Silverberg, G., 2013. Network structure of inter-industry
flows. Phys. Stat. Mech. Appl. 392 (24), 6427e6441. https://doi.org/10.1016/
j.physa.2013.07.063.

Meng, J., Mi, Z., Guan, D., et al., 2018. The rise of SouthCSouth trade and its effect on
global CO2 emissions. Nat. Commun. 9, 1871. https://doi.org/10.1038/s41467-
018-04337-y.

Mi, Z., Meng, J., Guan, D., Shan, Y., Song, M., Wei, Y.M., Liu, Z., Hubacek, K., 2017.
Chinese CO2 emission flows have reversed since the global financial crisis. Nat.
Commun. 8 (1), 1712. https://doi.org/10.1038/s41467-017-01820-w.
Minx, J.C., et al., 2011. A “carbonizing dragon”: China’s fast growing CO2 emissions

revisited. Environ. Sci. Technol. 45, 9144e9153. https://doi.org/10.1021/
es201497m.

National Bureau of Statistics, 1994. China Statistical Yearbook 1994. China Statistical
Press, Beijing.

National Bureau of Statistics, 2019. China Statistical Yearbook 2019. China Statistical
Press, Beijing.

National Bureau of Statistics, 1992-2018. China Energy Statistical Yearbook. China
Statistical Press, Beijing.

National Bureau of Statistics, 2000. China Industrial, Transportation & Energy Sta-
tistical Information Collection (From 1949 to 1999). China Statistical Press,
Beijing.

Nakamoto, Y., Nishijima, D., Kagawa, S., 2019. The role of vehicle lifetime extensions
of countries on global CO2 emissions. J. Clean. Prod. 207, 1040e1046. https://
doi.org/10.1016/j.jclepro.2018.10.054.

Niwa, H., 1970. Estimation of Chinese Input-Output Table of 1956. Institute of
Developing Economies, Institute of Developing Economies Publisher, Japansese.

Peters, G.P., Hertwich, E.G., 2008. SO2 embodied in international trade with impli-
cations for global climate policy. Environ. Sci. Technol. 42 (5), 1401e1407.
https://doi.org/10.1021/es072023k.

Rodrik, D., 2004. Industrial Policy for the Twenty-First Century. Cepr Discussion
Papers.

Shaikh, F., Ji, Q., Fan, Y., 2016. Evaluating China’s natural gas supply security based
on ecological network analysis. J. Clean. Prod. 139, 1196e1206. https://doi.org/
10.1016/j.jclepro.2016.09.002.

Song, F., Reardon, T., Tian, X., Lin, C., 2019. The energy implication of China’s food
system transformation. Appl. Energy 240, 917e929. https://doi.org/10.1016/
j.apenergy.2019.02.069.

Song, M.L., Cao, S., Wang, S., 2019. The impact of knowledge trade on sustainable
development and environment-biased technical progress. Technol. Forecast.
Soc. Change 144, 512e523. https://doi.org/10.1016/j.techfore.2018.02.017.

Snyder, D., Kick, E.L., 1979. Structural position in the world system and economic
growth, 1955-1970: a multiple-network analysis of transnational interactions.
Am. J. Sociol. 84 (5), 1096e1126. https://doi.org/10.1086/226902.

Tang, L., Qu, J., Mi, Z., et al., 2019. Substantial emission reductions from Chinese
power plants after the introduction of ultra-low emissions standards. Nature
energy 4, 929e938. https://doi.org/10.1038/s41560-019-0468-1.

Timmer, M.P., Dietzenbacher, E., Los, B., Stehrer, R., Vries, G.J., 2015. An illustrated
user guide to the world inputeoutput database: the case of global automotive
production. Rev. Int. Econ. 23 (3), 575e605. https://doi.org/10.1111/roie.12178.

Tollefson, J., 2016. China’ carbon emissions could peak sooner than forecast. Nature
531 (7595). https://doi.org/10.1038/531425a, 425e425.

Wang, J.W., Liao, H., Tang, B.J., Ke, R.Y., Wei, Y.M., 2017. Is the CO2 emissions
reduction from scale change, structural change or technology change? Evidence
from non-metallic sector of 11 major economies in 1995C2009. J. Clean. Prod.
148, 148e157. https://doi.org/10.1016/j.jclepro.2017.01.123.

Weber, C.L., Peters, G.P., Guan, D., Hubacek, K., 2008. The contribution of Chinese
exports to climate change. Energy Pol. 36 (9), 3572e3577. https://doi.org/
10.1016/j.enpol.2008.06.009.

Wei, T., Yang, S., Moore, J.C., Shi, P., Cui, X., Duan, Q., Xu, B., Dai, Y., Yuan, W., Wei, X.,
2012. Developed and developing world responsibilities for historical climate
change and CO2 mitigation. Proc. Natl. Acad. Sci. U.S.A. 109 (32), 12911e12915.
https://doi.org/10.1073/pnas.1203282109.

White, H.C., B, S., Breiger, R., 1976. Social structures from multiple networks:
blockmodels of roles and positions. Am. J. Sociol. 18, 730e779.

Wu, L., Wen, R., 2006. The relation between light and heavy industry of China’s
industrialization since 1949, 09 Econ. Res. J. 39e49 (In Chinese).

Yi, K., Meng, J., Yang, H., et al., 2019. The cascade of global trade to large climate
forcing over the Tibetan Plateau glaciers. Nat. Commun. 10 (1) https://doi.org/
10.1038/s41467-019-10876-9.

Yu, S., Zheng, S., Li, X., Li, L., 2018. China can peak its energy-related carbon emis-
sions before 2025: evidence from industry restructuring. Energy Econ. 73,
91e107. https://doi.org/10.1016/j.eneco.2018.05.012.

Zhang, Q., He, K., Huo, H., 2012. Policy: cleaning China’s air. Nature 484 (161).
https://doi.org/10.1038/484161a.

Zhang, X., Zhao, X., Jiang, Z., Shao, S., 2017. How to achieve the 2030 CO2 emission-
reduction targets for China’s industrial sector: retrospective decomposition and
prospective trajectories. Global Environ. Change 44, 83e97. https://doi.org/
10.1016/j.gloenvcha.2017.03.003.

Zheng, H., Zhang, Z., Zhang, Z., et al., 2019. Mapping carbon and water networks in
the North China urban agglomeration. One Earth 1, 126e137. https://doi.org/
10.1016/j.oneear.2019.08.015.

Zheng, J., Mi, Z., Coffman, D.M., Shan, Y., Guan, D., Wang, S., 2019. The slowdown in
China’s carbon emissions growth in the new phase of economic development.
One Earth 1 (2), 240e253. https://doi.org/10.1016/j.oneear.2019.10.007.

https://doi.org/10.3763/cpol.2008.0539
https://doi.org/10.3763/cpol.2008.0539
https://doi.org/10.1016/j.apenergy.2017.10.113
https://doi.org/10.1073/pnas.0906974107
https://doi.org/10.1073/pnas.0906974107
https://doi.org/10.1073/pnas.1107409108
https://doi.org/10.1073/pnas.1107409108
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref5
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref5
https://doi.org/10.1073/pnas.1219918110
https://doi.org/10.1038/ncomms8714
https://doi.org/10.1080/14693062.2016.1156515
https://doi.org/10.1080/14693062.2016.1156515
https://doi.org/10.1080/14693062.2015.1101307
https://doi.org/10.1080/14693062.2015.1101307
https://doi.org/10.1016/j.gloenvcha.2008.08.001
https://doi.org/10.1016/J.ENG.2016.04.016
https://doi.org/10.1016/J.ENG.2016.04.016
https://doi.org/10.1038/s41561-018-0161-1
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref13
https://doi.org/10.1016/j.accre.2016.12.005
https://doi.org/10.1016/j.accre.2016.12.005
http://www.ipcc-nggip.iges.or.jp/public/2006gl/chinese/
http://www.ipcc-nggip.iges.or.jp/public/2006gl/chinese/
https://doi.org/10.2307/2055141
https://doi.org/10.2307/2055141
https://doi.org/10.1016/j.gloenvcha.2015.04.003
https://doi.org/10.1016/j.gloenvcha.2015.04.003
https://doi.org/10.2307/40202352
https://doi.org/10.1016/j.enpol.2012.05.074
https://doi.org/10.1016/j.enpol.2012.05.074
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref20
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref20
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref20
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref20
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref21
https://doi.org/10.1038/522279a
https://doi:10.1038/nature14677
https://doi.org/10.1016/j.jclepro.2019.117893
https://doi.org/10.1016/j.physa.2013.07.063
https://doi.org/10.1016/j.physa.2013.07.063
https://doi.org/10.1038/s41467-018-04337-y
https://doi.org/10.1038/s41467-018-04337-y
https://doi.org/10.1038/s41467-017-01820-w
https://doi.org/10.1021/es201497m
https://doi.org/10.1021/es201497m
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref29
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref29
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref30
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref30
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref31
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref31
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref32
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref32
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref32
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref32
https://doi.org/10.1016/j.jclepro.2018.10.054
https://doi.org/10.1016/j.jclepro.2018.10.054
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref34
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref34
https://doi.org/10.1021/es072023k
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref36
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref36
https://doi.org/10.1016/j.jclepro.2016.09.002
https://doi.org/10.1016/j.jclepro.2016.09.002
https://doi.org/10.1016/j.apenergy.2019.02.069
https://doi.org/10.1016/j.apenergy.2019.02.069
https://doi.org/10.1016/j.techfore.2018.02.017
https://doi.org/10.1086/226902
https://doi.org/10.1038/s41560-019-0468-1
https://doi.org/10.1111/roie.12178
https://doi.org/10.1038/531425a
https://doi.org/10.1016/j.jclepro.2017.01.123
https://doi.org/10.1016/j.enpol.2008.06.009
https://doi.org/10.1016/j.enpol.2008.06.009
https://doi.org/10.1073/pnas.1203282109
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref47
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref47
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref47
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref48
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref48
http://refhub.elsevier.com/S0959-6526(20)30335-8/sref48
https://doi.org/10.1038/s41467-019-10876-9
https://doi.org/10.1038/s41467-019-10876-9
https://doi.org/10.1016/j.eneco.2018.05.012
https://doi.org/10.1038/484161a
https://doi.org/10.1016/j.gloenvcha.2017.03.003
https://doi.org/10.1016/j.gloenvcha.2017.03.003
https://doi.org/10.1016/j.oneear.2019.08.015
https://doi.org/10.1016/j.oneear.2019.08.015
https://doi.org/10.1016/j.oneear.2019.10.007

	China’s CO2 emission structure for 1957–2017 through transitions in economic and environmental policies
	1. Introduction
	2. Method and data
	2.1. Method
	2.1.1. The framework of HEEIOT
	2.1.2. Sectoral CO2 emission structure changes
	2.1.3. Network analysis

	2.2. Data

	3. Results
	3.1. Sectoral CO2 structure analysis
	3.2. Stability
	3.3. Network analysis
	3.4. Mitigation pathway analysis

	4. Discussions and conclusions
	Author contributions section
	Declaration of competing interest
	Acknowledgements
	Appendix
	Appendix A. Sector classification
	Appendix B. Stability
	Appendix C. Network with more linkages

	References


