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Abstract: An accurate understanding of the real situation of energy-related carbon emissions and the main factors
driving the carbon emissions increments are crucial for China to realize its emission mitigation targets. Adopting the
comparative decomposition of an extended LMDI (Log-Mean Divisia Index) approach, this study decomposed the
changes in carbon emissions of Jiangsu, Henan, and Inner Mongolia, which are located in the eastern, central and
western parts of China. This analysis led to three main findings. 1) During the period of 1996-2017, the en-
ergy-related carbon emissions in the examined provinces exhibited upward trends, but with some differences
among the provinces. 2) The influences of driving factors on carbon emissions varied distinctly in different prov-
inces and economic stages. Economic growth had the largest positive effect on provincial carbon emissions in-
creases. From 1996 to 2017, the contribution rates of economic development to emissions growth in Henan, Ji-
angsu and Inner Mongolia were 307.19%, 205.08% and 161.26%, respectively. This influence was followed by
urbanization and population size. 3) Energy intensity played a leading role in facilitating emissions-reduction in the
examined provinces, except for during the tenth Five-Year Plan, followed by the energy structure. The effect of rural
population proportion was the weakest among all the curbing factors. Furthermore, urban and rural resident’s en-
ergy consumption per capita demonstrated relatively minor impacts and disparate directions of influence in the dif-
ferent provinces and economic periods, but began to play increasing roles in driving up provincial emissions
changes. For example, residential energy consumption in Jiangsu contributed over 7.9% to the total carbon emis-
sion growth in 1996-2017, among which urban residents’ per-capita energy consumption contributed more than
3.8%. In view of these findings, policy makers should formulate targeted emission reduction measures that are
based on the distinct situations and key factors which affect carbon emissions in each province.
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Introduction

for 27.3% of total global CO, emissions and exceeded the

With the rapid development of the social economy, CO,
emission from energy consumption has become one of the
main factors driving climate change. Reducing carbon
emissions and developing a low-carbon economy are at-
tracting increasing attention from the international commu-
nity. According to statistics from the International Energy
Agency (IEA), China’s carbon emissions in 2017 accounted
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sum of those of the US and EU (Liu et al., 2020). As a re-
sponsible country, the Chinese government promised a tar-
get of reducing the per unit gross domestic product (GDP)
carbon emissions by 60%—65% in 2030 compared with the
2005 levels (Wen and Shao, 2019). The realization of this
goal depends not only on the low-carbon transformation of
economic development, industrial restructuring and techno-
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logical progress at the national level, but also to a large ex-
tent on the coordinated emission reduction actions at the
provincial level. However, across China’s different prov-
inces there are great gaps in social-economic development
levels, industrial structure, resource endowment, and resi-
dents’ energy consumption and demographic structure, re-
sulting in significant differences in carbon emissions. On
the other hand, with the accelerated process of industrializa-
tion, the difficulty and the cost of emission reduction are
also increasing. Besides, the rapid transformation of popula-
tion structure, the rapid decline of the rural population pro-
portion and the rise of energy consumption by residents
have all brought great pressure to China’s emission mitiga-
tion. Accordingly, from the premise of maintaining healthy
and stable economic growth, controlling the total carbon
emissions of China’s provinces, scientifically allocating
emission reduction tasks in each province, and ultimately
achieving the overall national emission reduction goals, are
the issues that the government must consider when formu-
lating differentiated emission reduction measures. Thus, it is
necessary to deeply explore the factors driving regional or
provincial carbon emissions growth during the process of
China’s economic development, and their relative contribu-
tions.

Many scholars have studied the factors driving changes
in carbon emissions. Paul and Bhattacharya (2004) found
that a fast-growing economy was the most important factor
contributing to the increase of carbon emissions. By testing
the relationship between global carbon emissions and popu-
lation, Birdsall (1992) believed that population expansion
leads to more energy demand and land-use change, resulting
in the increase of carbon emissions. Dalton’s research
showed that in the first half of the 20th century, the net im-
pact of technological progress played a prominent role in
the carbon emissions increase, while the net impact of
population aging was a reduction in carbon emissions, and
under certain conditions, the effect of population aging on
carbon emissions was more significant than that of techno-
logical progress (Dalton et al., 2008). Shrestha et al. (2009)
studied the factors driving carbon emissions from the power
industry in 15 major countries in the Asia-Pacific region
using the LMDI method of decomposition. They found that
economic growth was the dominant factor responsible for
the increase in carbon emission in ten of the selected coun-
tries, while the increasing power intensity was the main
factor driving carbon emissions in three of the countries
(Bangladesh, Indonesia and Philippines), and the energy
structure played a major role in the remaining two countries.
Sheinbaum et al. (2010) used international comparisons and
LMDI to analyze energy and carbon emission trends of
Mexico’s iron and steel industry during the period of
1970-2006. Suh (2018) used the entropy approach to study
the regional differences of carbon dioxide emissions and

found that the inequalities of CO, emissions varied across
the regions in the United States.

The research on the forces driving carbon emissions in
China can be traced back to Shrestha and Timilsina (1996),
who used index decomposition analysis (IDA) to quantita-
tively study the changes of carbon emission intensity in the
power industries of Asian countries, including China. They
found that fuel intensity was the main factor affecting car-
bon intensity in China’s power industry from 1980 to 1990.
Wang et al. (2005) analyzed the changes in China’s carbon
emissions increase from 1957 to 2000 through the LMDI
approach, and pointed out that improving energy intensity
was the most important factor for reducing carbon emissions.
From the perspective of energy structure and industrial
structure, Wu et al. (2005) decomposed the factors of
changing energy-related CO, emissions and its intensity in
China on the basis of the Laspeyres index decomposition
model. Huang (2016) revealed that from 2000 to 2012, the
proportion of the non-agricultural population, Engel’s coef-
ficient and the proportion of the population employed in the
secondary industry had positive impacts on China’s carbon
emissions, while population scale and population aging re-
duced carbon emissions. However, while Wang and Zhou’s
empirical analysis showed a non-linear relationship between
population structure and carbon emissions, they did not
think that a larger proportion of the working age population
in the total population led to slower growth of carbon emis-
sions (Wang and Zhou, 2012). Song and Lu (2009) decom-
posed the relevant factors of CO, emission from primary
energy consumption at the national level using the “two-
stage” LMDI model at different stages. Yu and Kong (2017)
studied the factors driving China’s carbon emission growth,
and their contributions, by introducing the indicators of en-
ergy trade during the period of 2000-2014. Using 18 dif-
ferent energy sources during 1991-2015, Liang et al. (2019)
adopted LMDI and Tapio decoupling models to study the
dynamic evolution of the characteristics and factors influ-
encing industrial carbon emissions in China. All the results
listed above identified rapid economic growth as the most
important driver for China’s carbon emissions increments,
while energy intensity and structure and technological pro-
gress were the main factors restraining carbon emissions.

In addition, some studies of the factors impacting carbon
emissions at the regional, provincial and even city levels
have been carried out. Deng et al. (2014) used the LMDI
method to disassemble the driving factors of carbon emis-
sions in China’s Eight Economic Zones from 1995 to 2010.
That analysis showed that the positive effect of economic
activity on carbon emissions in developed areas was weaker
than in other areas, and the effect of energy intensity had a
strong resistance to carbon emissions in areas with active
economic restructuring. Wang et al. (2014, 2015, 2017) and
Liu et al. (2014) applied the LMDI method to disentangle
the changes of carbon emissions in Shandong, Xinjiang,
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Guangdong and Xiamen City, and the decomposition results
showed that economic growth was the most important factor
driving the carbon emissions increase, while energy effi-
ciency was the most prominent factor driving the decrease
of energy-related carbon emission.

While these studies on the factors driving carbon emis-
sions have undoubtedly achieved numerous meaningful re-
sults at different research scales (country, province and city)
and provided many effective policy measures, there are still
some deficiencies to be improved. First, there are few com-
parative studies on the carbon emission drivers of typical
provinces in the eastern, central and western regions of
China (Liu et al., 2010). Second, the existing studies mainly
decomposed carbon emissions into economic development,
energy intensity, energy structure, and industrial structure,
etc., while the demographic structure and residential energy
consumption are rarely considered (Ang and Wang, 2015).
With the improvement of living standards and the change of
lifestyle, the demographic structure (namely, the urbani-
zation and rural population proportions) and residential
energy consumption may have important influences on
provincial carbon emissions (Geng et al., 2011). Thus, it is
essential to reveal the roles of demographic structure and
resident energy consumption in provincial carbon emis-
sions.

In this study, we want to address two main questions.
First: What are the traits of carbon emission changes in the
different provinces and development stages? Second: What
are the main factors driving carbon emissions among the
different provinces and economic periods, and how do they
lead to carbon emissions? These two questions are impor-
tant for making reasonably targeted emission reductions and
environmental protection policies in the eastern, central and
western regions of China. To this end, the extended LMDI
approach was used to decompose the changing carbon
emissions in each economic stage. In light of the research
cited above, our work mainly offers the following three
contributions. Firstly, we compared the differences in the
factors affecting carbon emissions among typical prov-
inces located in the eastern, middle and western areas of
China, and obtained helpful conclusions. Secondly, the ef-
fects of demographic structure and resident energy con-
sumption within the relationship between energy-related
emissions and various driving factors were tested. Thirdly,
we extended the data to consider the years 1996-2017,
which was very important for capturing the latest develop-
ments in provincial energy consumption and economic
growth.

2 Research methods
2.1 Selection of typical provinces

We choose the three typical provinces of Jiangsu, Henan
and Inner Mongolia, respectively representing eastern, cen-

tral and western China, to analyse the changes and factors
driving carbon emissions from 1996 to 2017. The main rea-
sons for choosing these three provinces are as follows.
Firstly, Jiangsu, Henan and Inner Mongolia presented large
absolute increments in carbon emissions, which respectively
contributed 5.93%, 5.69% and 6.92% of the overall national
growth during the period of 1996-2017. Therefore, these
provinces should be regarded as the key regions for national
emissions abatement. Secondly, these three provinces have
obvious regional differences in economic development,
technological progress, population scale, resource endow-
ment and industrial structure. At the same time, these dif-
ferences are also reflected in carbon emissions coming from
energy consumption. Specifically, Jiangsu is one of the most
developed provinces in eastern China, in which GDP in-
creased from 565.4 billion Yuan in 1996 to 54164.0 billion
Yuan in 2017. Its industrial structure, energy consumption
(energy mainly coming from external inputs) and techno-
logical progress are typical of the eastern region, especially
residential consumption which has shown increasing im-
pacts on driving up provincial emissions. Henan is located
in the hinterland of China, with a relatively developed
economy. The rapid economic development of Henan has
played a decisive role in the rise of the central region and
the transfer of industries from the eastern coastal areas to
the western regions (He and Zhang, 2018). Inner Mongolia
is a resource-based province, whose economic growth re-
lies heavily on high energy-consuming industries. Total
energy consumption of Inner Mongolia has increased from
16.22 million tons of coal equivalent (tce) in 1996 to 78.56
million tons of coal equivalents (tce) in 2017. Its energy
consumption structure and traditional energy industry are
representative of the western region (Dong et al., 2016).
Therefore, these three provinces may serve as good repre-
sentatives for studying the factors influencing carbon
emissions in detail.

2.2 Data sources

The sample data spanned the period from 1996 to 2017.
Provincial carbon emission was calculated according to the
final energy consumption data. The data on total population,
urbanization level, proportion of the rural population, and
GDP were collected from the China Statistical Yearbook
(1997-2018), published by the National Bureau of Statistics
of China. The final energy consumption data of eight pri-
mary types of fossil energy sources (Table 1) for both urban
and rural residential energy consumption were obtained
from the China Energy Statistical Yearbook (1997-2018),
and measured in standard coal equivalents. To eliminate
the impact of price fluctuations, the GDP values used in
our study were all converted into the 2000 constant prices
by using the price index. The energy intensity was the
value of energy consumption divided by GDP, and the
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energy structure was the share of coal consumption in total
primary energy consumption. Urban (rural) per-capita en-
ergy consumption was the value of urban (rural) residential
energy consumption divided by the urban (rural) popula-
tion.

2.3 Estimation of provincial carbon emissions

As China has no statistical data for CO, emissions directly,
most studies are based on the indirect calculation based on
primary energy consumption. In this study, provincial en-
ergy-related carbon emissions were calculated using the
final energy consumption according to the IPCC (Intergov-
ernmental Panel on Climate Change) Guidelines for Na-
tional Greenhouse Gas Inventories. We assumed that all
carbon in the fuel was completely combusted and trans-
formed into carbon dioxide, and this study did not take into

account the indirect CO, emissions discharged by thermal
power and heating supply. The calculation formula is as
follows:

u 44
C—;“Eixeixpixl2 €))
In this formula, C represents total CO, emissions from fossil
energy consumption (x10t); i represents the type of energy
consumption; E; represents the total amount of terminal
consumption for i type fossil energy (x10*t); ¢; is the coef-
ficient of standard coal for i type energy; p; is the coefficient
of carbon emissions for i type energy; 44/12 indicates the
mass conversion coefficient from carbon to carbon dioxide;
and n represents the number of energy sources. The calcula-
tion coefficients of carbon emissions from the eight fossil
energy sources are shown in Table 1.

Table 1 Coefficients of the eight fossil energy resources used in carbon emission calculations
Coefficients Raw coal Coke Crude oil Gasoline Kerosene Diesel oil Fuel oil Natural gas
e; 0.7143 0.9714 1.4286 1.4714 1.4714 1.4571 1.4286 13.300
Di 0.7559 0.8550 0.5857 0.5538 0.5714 0.5921 0.6185 0.4483

Note: e;and p; are standard coal coefficient and carbon emission coefficient, respectively, which were derived from the China’s Sustainable Development

Strategy Report in 2009.

2.4 Decomposition model of provincial carbon
emissions

Researchers have developed many methods for quantifying
the effects of various factors that contribute to the changes
in carbon emissions. Since it is difficult to determine
which one is “the best”, this study uses the LMDI method
without a residual value based on the Kaya identity to
quantitatively analyze the effects of various factors on
changes of provincial carbon emissions from energy con-
sumption (BaleZentis et al., 2011; Song et al., 2015; Wang
and Feng, 2018). The Kaya identity usually connects car-
bon emissions with population scale, economic activity
and energy intensity (Kaya, 1989). To quantify the impacts
of residential energy consumption and urban-rural popula-
tion structure on carbon emissions, we extended the iden-
tity equation as follows:

2

C=Z£x£x£xP+ix£xgxP 2)
—E P P E, G P

where C has the same definition as in Equation (1); C;
represents carbon emissions from urban residential energy
consumption (i=1), rural residential energy consumption
(7=2) and energy consumption of three strata of industry
(i=3); E; represents energy consumption from urban resi-
dents (i=1), rural residents (;=2) and three strata of industry
(=3); P is the total population and P; denotes urban popula-
tion (i=1) and rural population (i=2); and G represents the

provincial GDP.
Assuming that the change of energy-related carbon emis-
sions from the base year (expressed as 0) to the ¢ year was

ACy, then from Equation (2), the 4Cr can be further de-
composed as:
AC, =C,—C, =AC,s +AC,; + AC,, +AC 4 +
AC’UL + AC’RPR + AC‘UPEC + AC’RPEC

where ACr represents the total change of carbon emissions
between a base year 0 and a target year ¢; ACpg, the popula-
tion size effect; ACgg, the economic growth effect; AC, the
effect of energy intensity; ACgs, the energy structure effect;
ACy;, the urbanization level effect; ACypg, the effect of rural
population ratio; ACypgc, the effect of urban per-capita en-
ergy consumption; and ACrpgc, the effect of rural per-capita
energy consumption. The effect of each influencing factor
can be calculated by:
Population size effect:
2 f_C? P
AC, = Zﬁxlnﬁ )
Economic growth effect:
t 0 t
ACy; = %X 1ng_o ®)
InC; -InC; g

Energy intensity effect:

A3)

C:-C! e
AC, =——3 _—xIn— 6
o InCi-nC? € ©)
Energy structure effect:
3 t *t
Z 5 X lnj—"0 @)
ln G /i

Urbanization level effect:
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Rural population ratio effect:
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Urban per-capita energy consumption effect:

Ct _ CO h—lt
AC, e =———1 —xIn— 10
P InC =InC® R (10)
Rural per-capita energy consumption effect:
t _ 0 t
ACppe = -G 1 e (11)
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In the above equations, ¢, p and subscript i have the same
definitions as in Equation (2); g represents the per-capita
GDP, e represents the energy intensity, f represents the ratio
of different fossil energy sources in the total energy con-
sumption, u represents urbanization level, » denotes the ratio
of rural population to total population, # denotes the per
capita energy consumption; the numbers 1, 2 and 3 repre-
sent urban, rural and three strata of industry, respectively;
superscript ¢ denotes the end of the period; and superscript 0,
the start of the period.

3 Results and analysis
3.1 Characteristics of provincial carbon emissions

As indicated in Fig. 1, fossil energy-related carbon emis-
sions from Henan, Jiangsu and Inner Mongolia all witnessed
uptrends, with increases of 102.87 million tons (Mt), 181.89
Mt and 153.36 Mt, respectively, over the entire period of
1996-2017. However, the changes of carbon emissions
among the three provinces showed obvious discrepancies in
different periods. During the 9th Five-Year Plan period
(1996-2000), carbon emissions saw slight increases in He-
nan and Inner Mongolia, in Jiangsu Province, there was
negative carbon emissions growth. That difference may be
explained by the following two aspects. First, China’s in-
dustrialization level was relatively low in this period, and its
economic development mainly relied on light industry and
labor-intensive industries, causing the growth of provincial
fossil energy consumption to be slow, thereby affecting
carbon emissions. According to our calculations, the energy
consumption in Henan Province increased from 36.24 Mt in
1996 to 36.97 Mt in 2000, corresponding to only a 2.01%
increase (Fig. 2a). Second, due to the impacts of the Asian
financial crisis in 1997 and national macro-control policies
(e.g., in 1996, the State Council promulgated a regulation on
shutting down industrial projects with high energy con-
sumption, high pollution and low efficiency), domestic
economic growth dropped off remarkably during this stage.

As a result, annual average growth rates of per-capita GDP
in Henan, Jiangsu and Inner Mongolia were only 8.18%,
9.36% and 8.72%, respectively, which led the annual
growth of energy consumption slowing down or even ex-
periencing negative growth (Fig. 2), and thereby controlling
the carbon emissions. For example, total energy consump-
tion in Jiangsu decreased from 39.69 Mt in 1996 to 35.34
Mt in 2000, with a corresponding emission reduction of
16.41 Mt. In contrast, during the 10th Five-Year Plan and
the 11th Five-Year Plan (2001-2010), the carbon emissions
in the above-mentioned three provinces experienced rapid
growth; annual growth rates for Henan, Jiangsu and Inner
Mongolia were 13.71%, 17.42% and 20.93%, respectively.
One reason was that since 2001, China has entered into an
accelerated industrialization phase, and simultaneously,
China joined the World Trade Organization during the 10th
Five-Year Plan period. The acceleration of industrialization
and the increase of foreign trade investment had promoted
the steady growth of the economy and energy consumption
of these three provinces (Fig. 2 and Fig. 3), and thus carbon
emissions during 2001-2010. Another reason was that dur-
ing the period of the 11th Five-Year Plan, the “Four Trillion
Yuan Stimulus Plan” enabled China’s continuing economic
development, despite the influence of the American sub-
prime mortgage crisis in 2008 (Zhao et al., 2014). Accord-
ingly, the aforementioned provinces during this period con-
tinued to maintain the relatively rapid economic growth and
energy consumption (Wang and Feng, 2018). Especially
during this period, the per capita GDP of Jiangsu Province
grew by 11.93% and fossil energy consumption increased
by 6.42% annually. During the 12th Five-Year Plan
(2011-2015) and early stages of the 13th Five-Year Plan
(2016-2017), among the three provinces, Jiangsu displayed
an initially descending and then rising tendency in carbon
emissions, while the other two provinces, Henan and Inner
Mongolia, showed fluctuating and decreasing trends. From
these results, we found that the three provinces showed
carbon emissions changes that were completely consistent
with their patterns of energy consumption changes (Fig. 1
and Fig. 2), indicating again that the carbon emissions
mainly resulted from fossil energy consumption.

From the view of carbon emissions composition, the
three strata of industry (agriculture, commerce and service
industry) was the decisive contributor to total carbon emis-
sions. The carbon emission of the three strata of industry
accounted for more than 75% of the total carbon emissions
in each province. The proportion of carbon emissions
caused by residential consumption in the three provinces
was relatively small. Among them, the proportion of resi-
dents’ consumption carbon emissions in Henan decreased
the most; while in Jiangsu Province it increased signifi-
cantly, and in Inner Mongolia it fluctuated greatly (Fig. 1).
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3.2 Overall decomposition of provincial carbon
emissions during the entire period

Table 2 and Fig. 4, respectively, present the cumulative ef-
fects and the relative contributions of various factors to the
growth of provincial carbon emissions. The total growth in
carbon emissions (4Cy) in Henan, Jiangsu and Inner Mon-
golia displayed varying degrees of increase, and the roles of
the main factors driving the changes of carbon emissions
were also quite different in the three provinces. Within the
entire period of 1996-2017, the contribution of economic
development to emissions growth in Henan, Jiangsu and
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Inner Mongolia were respectively 307.19%, 205.08% and
161.26%, indicating that the economic growth effect (4Cgg)
was the primary factor in promoting the increase of the three
provinces’ carbon emissions. This result may be explained
by two factors. On the one hand, growth in economic output
usually leads to an increase in fossil energy consumption
(Wang et al., 2017; Yu and Kong, 2017; Wang and Feng,
2018). As carbon emission mainly comes from fossil fuel
combustion, it can be said that economic development sti-
mulates the increase of carbon emissions. On the other hand,
since 2001, China has entered into an accelerated in-
dustrialization stage, and needs to vigorously develop the
economy to promote the people’s material life. Owing to the
large proportion of the secondary industry in China, the
economic growth driven by rapid industrialization mainly
depends on a large amount of fossil energy consumption,

Table 2 Cumulative decomposition results of various factors in the three provinces during 1996-2017

resulting in high carbon emissions. Table 2 demonstrates
that the cumulative effects of economic growth obviously
varied among the provinces. Economic growth in Jiangsu
yielded the greatest increment of carbon emissions, while
that in Inner Mongolia produced the least, and Henan’s in-
crement was between the two. These differences may be
attributed to the huge disparities in economic outputs and
economic growth rates among the three provinces. In ac-
cordance with our calculations, the GDP increments of He-
nan, Jiangsu and Inner Mongolia were respectively 2586.92
billion Yuan, 4851.05 billion Yuan and 1267.36 billion
Yuan from 1996 to 2017, with the largest annual growth
rate of GDP found in Jiangsu Province (Table 3). Hence, we
can conclude that the stimulating effect of economic growth
on carbon emissions may have a similar trend with the eco-
nomic growth.

(unit: X10° t)

Provinces ACr ACgg ACkgs ACg ACps ACy; ACrpg ACypgc ACrpgc
Henan 102.87 270.03 -9.76 —158.80 4.62 6.74 -4.93 0.14 -5.17
Jiangsu 181.89 373.04 -5.92 -210.89 6.17 6.60 -1.51 6.94 7.46
Inner Mongolia 153.36 246.98 -4.04 -99.35 0.10 1.40 -2.19 1.15 9.31

Inner Mongolia

o~ Henan —m=— Jiangsu

Fig. 4 Contribution rates of various factors to provincial
carbon emissions during the period of 1996-2017

Note: The contribution ratio is expressed as the ratio of each of the various
effects to the total change of carbon emissions. The same applies to Fig. 5
below.

Energy intensity is an important indicator that reflects the
level of energy consumption and energy use efficiency. Ta-
ble 2 shows that the energy intensity effect (4Cg;) was the
most prominent factor in curbing emissions growth in the
three provinces, which was similar to the findings from
Wang and Feng (2018). This result may due to the decrease
of energy intensity during the whole period examined. As

shown in Fig. 5, the energy intensities of Henan, Jiangsu
and Inner Mongolia experienced downward fluctuating
trends on the whole. Among the three provinces, Inner
Mongolia exhibited a larger energy intensity, while Henan
and Jiangsu had smaller energy intensities between 1996
and 2017. It is generally true that a lower energy intensity
value indicates less energy consumed, and therefore less
carbon released. As a result, energy intensity in Jiangsu and
Henan had larger restraining effects on their carbon emis-
sion increases than in Inner Mongolia during this period
(Table 2), and this could be verified by their different con-
tribution rates to emission reductions (Fig. 4). Similarly, the
energy structure effect (4Cgs) also had negative influences
on carbon emissions of the three provinces in 19962017,
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Mongolia during the period of 1996-2017
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leading to emission reductions of 9.76 Mt, 5.92 Mt and 4.04
Mt in Henan, Jiangsu and Inner Mongolia, respectively (Ta-
ble 2). However, compared with the main inhibiting factor
such as energy intensity, energy structure change did not
exert a significant inhibitory role in carbon emissions over
the years, and its contribution rates to emission reductions in
the three provinces were very small (Fig. 4). This result may
be related to smaller adjustments of the energy structures of
three provinces during 1996-2017. Energy structure ad-
justment refers to the energy substitution between a
low-carbon energy type and a high-carbon energy type. As
can be seen from Fig. 2, although the proportions of coal
consumption in Henan, Jiangsu and Inner Mongolia

decreased by 24.86%, 18.63% and 10.62%, respectively,
from 1996 to 2017, the overall energy structures of the three
provinces did not have significant changes due to the impacts
of the energy policies and macroeconomic situations during
the period examined. This is especially true in Inner
Mongolia, where coal still accounted for nearly 80% of
the total energy consumption, which may be due to the
coal-dominant energy endowment and economic growth
pattern driven predominantly by energy industries in In-
ner Mongolia (Shao et al., 2016). Thus, effective policies
and active measures should be taken to increase the
utilization of renewable energy, thereby reducing the
reliance on coal.

Table 3 Statistical indicators related to carbon emissions in the three provinces during the period of 1996-2017  (unit: %)
Provinces PGR AGGR ACREI AUGR GRRPR AGRUPEC AGRRPEC AGRCC
Henan 18.33 34.66 -3.35 8.23 -38.93 0.10 -1.92 -1.45
Jiangsu 12.92 40.86 -3.34 7.22 -57.02 7.81 26.08 -1.13
ir/}giiéolia 9.64 26.98 -3.01 2.92 -38.28 2.29 32.35 -0.57

Notes: PGR—population growth rate; AGGR—annual GDP growth rate; ACREI—annual change rate of energy intensity; AUGR—annual urbanization
growth rate; GRRPR—growth rate of rural population ratio; AGRUPEC—annual growth rate of urban per-capita energy consumption; AGRRPEC—annual
growth rate of rural per-capita energy consumption; AGRCC—annual growth rate of coal consumption. The same apply to Table 5 below.

In addition, population size effect (4Cps), urbanization
effect (4Cy;) and urban per-capita energy consumption ef-
fect (4Cypgc) also exerted different positive roles in emis-
sions growth in the three provinces between 1996 and 2017
(Table 2). Compared with the economic growth effect,
however, their contribution rates were all obviously smaller
(Fig. 4). More specifically, population scale played the larg-
est role in promoting carbon emissions in Jiangsu, increas-
ing carbon emissions by 6.17 Mt, followed by Henan and
Inner Mongolia. The positive effect caused by urban
per-capita energy consumption was also largest in Jiangsu,
with 6.94 Mt of growth in carbon emissions, followed by
Inner Mongolia and Henan. With regard to the urbanization
effect, Henan and Jiangsu displayed increases that were
relatively large in carbon emissions compared to Inner
Mongolia. The results above may be attributed to the
varying degrees of total population, urbanization level and
urban per-capita energy consumption in the three
investigated provinces (Table 3). For example, based on our
calculations, during the whole study period, the annual
urbanization rates of Henan and Jiangsu increased by 8.23%
and 7.22%, respectively; while that of Inner Mongolia only
increased by 2.93%. Comparing the positive effects of
population, urbanization and urban per-capita energy
consumption in the three provinces, we found that the first
two were also the main factors promoting emissions growth.
Although urban per-capita energy consumption played a
positive role in carbon emissions growth, it was the weakest
in the two provinces other than Jiangsu. Therefore, for the
provinces with high emissions due to the expanding
population scale and the rapid urbanization, appropriately

and the rapid urbanization, appropriately controlling the
population scale and actively promoting the process of
low-carbon urbanization are expected to have larger effects
on abating provincial carbon emissions.

The rural population ratio effect (4Crpg) was the third
factor inhibiting emissions growth, after the energy intensity
and energy structure, in the three provinces during the
1996-2017 period (Table 2), demonstrating that the declin-
ing rural population ratio was conducive to the emissions
reduction (Fig. 4). However, obvious gaps also existed in
the emissions reductions caused by decreases in the rural
population proportions across three provinces. As shown in
Table 2, in Henan it had the largest impeding effect on car-
bon emissions, while in Jiangsu it had the lowest inhibitory
role in emissions, being far below the level of Henan. The
major reason was that, in addition to the discrepancy be-
tween provincial rural population levels, provincial rural
residential carbon emissions were also affected by some
other factors, such as energy supply and consumption pat-
terns, production activity, living environment and lifestyle.
As for the effect of rural per-capita energy consumption
(4Crpec), Table 2 and Fig. 4 show that ACgpgc contributed
to emissions reduction in Henan Province, while it contrib-
uted to emissions increases in Jiangsu and Inner Mongolia.
The reason for this effect was that the rural per-capita en-
ergy consumption in Henan decreased, while those in Ji-
angsu and Inner Mongolia increased. According to our cal-
culations, between 1996 and 2017, the annual growth rate of
rural per-capita energy consumption in Henan decreased by
1.92%, while those in Jiangsu and Inner Mongolia increased
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by 26.08% and 32.35%, respectively (Table 3). Therefore,
for provinces with poor carbon performance and high rural
per-capita energy consumption, it is imperative to promote
low-carbon consumption patterns and lifestyles.

3.3 Decomposition of provincial carbon emissions at
different stages

Considering the distinct discrepancies in different periods,
we further decomposed the influences of various factors
driving the changes of provincial carbon emissions and
analyzed the reasons behind the decomposition results in the
different economic stages. Table 4 demonstrates the de-
composition results of the three provinces’ carbon emissions
in the different Five-Year Plan periods.

As shown in Table 4, during the 9th Five-Year Plan
(1996-2000), the carbon emissions of Henan and Inner
Mongolia increased slightly, and in Jiangsu there was a neg-
ative growth of 16.41 Mt. The major reason for these trends
is that owing to the impacts of the Asian financial crisis,
macroeconomic policy regulation and three consecutive
years of deflation (Xu et al., 2017), during this stage the
sharp decline of domestic investment led to a slowdown of
economic growth. Moreover, there was a large decrease in
the energy intensity of Henan and Inner Mongolia (Table 5),
which to some extent offset the increase of carbon emissions
brought by the economic development effect. With regard to
Jiangsu, in addition to the financial crisis and macroeco-
nomic policy regulation mentioned above, another impor-
tant reason lies in other inhibitory factors, such as the en-
ergy intensity decline, energy structure adjustment, urban
per-capita energy consumption decline, and rural population
ratio change, which substantially exceeded the promoting
effects from the economic growth, urbanization develo-
pment, population expansion and rural per-capita energy
consumption increase (Table 4). Comparing these eight
driving factors, we observed that economic growth was the
decisive contributor in the emissions increases in the three
provinces, followed by urbanization and population size;
while energy intensity had the greatest negative effect on
carbon emissions increases, followed by the energy struc-
ture and rural population proportion (Table 4, Fig. 6). In
addition, residential per-capita energy consumption had dif-
ferential effects across the provinces. For instance, urban
per-capita energy consumption increased carbon emissions
in Henan Province, while it reduced emissions in Jiangsu
and Inner Mongolia (Table 4). The influencing directions
here may depend on the changing directions of urban and
rural per-capita energy consumption in the different prov-
inces (Table 5).

Unlike the 9th Five-Year Plan, during the 10th Five-
Year Plan (2001-2005), the three provinces experienced the
greatest carbon emissions growth among the five stages.
Especially in Jiangsu Province, where the growth in carbon
emissions increased from —16.41 Mt in the 9th Five-Year

Plan to 83.50 Mt in the tenth Five-Year Plan (Table 4). This
dramatic change may be attributed to the following three
reasons. First, since 2001, China has entered a stage of ac-
celerating industrialization, which has promoted remarkable
economic growth and energy consumption, and therefore
carbon emissions. Especially in this period, Jiangsu’s eco-
nomic output and population both underwent rapid growth
(Table 5), which substantially drove up provincial emissions.
Second, China joined the World Trade Organization during
this period, and the provincial export-oriented economy
developed rapidly, especially in Jiangsu Province in China’s
eastern region. In addition, China implemented the strate-
gies of western development and central rise, resulting in an
improved domestic investment environment and accelerated
investment growth. Although the relative contribution rate
of economic growth was significantly lower here than in the
other periods (Fig. 6), the rapid growth of GDP made eco-
nomic growth remain as the primary factor stimulating
emissions increases. In 2001-2005, the carbon emissions of
each province increased by more than 51 Mt. Third, in the
previous stage (the 9th Five-Year Plan), energy intensity
was the most prominent curbing factor, which showed an
active effect on emissions reduction in the three provinces.
However, in the 10th Five-Year Plan, energy intensity be-
came the second largest contributor to accelerating emis-
sions growth, and thus had a prominent positive effect on
carbon emissions. The increase of energy consumption in-
tensity in this period may explain why energy intensity ex-
erted such a strong promoting effect in the 10th Five-Year
Plan. As indicated in Fig. 5, the three provinces’ energy
intensities maintained a steady downward trend over the
entire period, but had varying degrees of increase during
2003-2005 as the proportion of secondary industry in the
three provinces increased greatly and the production of high
energy consuming products increased (e.g., the proportion
of secondary industry in Jiangsu increased 3.14% compared
to the 9th Five-Year Plan), which meant that producing a
unit of industrial output consumed more energy. Further-
more, the increases of carbon emissions may be related to
the effect of energy structure conversion in the different
provinces. We found that in the three provinces, the influ-
ence of energy structure on carbon emissions changed from
a negative effect in the 9th Five-Year Plan to a positive ef-
fect in the 10th Five-Year Plan, which may be mainly due to
the increasing proportion of coal consumption in the total
energy consumption (Table 5) and coal consumption usually
has relatively high carbon emissions. Similar to the energy
structure, the effect of conversion resulted from residential
per-capita energy consumption occurred in Jiangsu and In-
ner Mongolia. The above reasons ultimately led the large
increases in carbon emissions of the three provinces. As for
other effects, such as population size effect, urbanization
level effect and rural population ratio effect, they did not
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have obvious changes in this period compared with the 9th
Five-Year Plan.

During the 11th Five-Year Plan (2006-2010), Jiangsu
and Inner Mongolia still witnessed the larger growth in car-
bon emissions, while Henan had an inconspicuous emission
growth, and the economic growth remained the largest of
the driving factors (Table 4). For example, although the
total net growth of carbon emissions in Henan Province was
only 6.76 Mt, the economic growth resulted in about 101.0
Mt of carbon emissions growth, which contributed more
than 1495% to the total net increase in carbon emissions
(Fig. 6a) because this stage was a period of rapid economic
development. Despite the impact of the subprime mortgage
crisis in 2008, the economies of the provinces of Henan,

Jiangsu and Inner Mongolia continued to develop rapidly
due to the national “Four Trillion Yuan Stimulus Plan” (Ta-
ble 5). Meanwhile, their economic growth still mainly de-
pended on high energy-consuming secondary industries, so
the overall energy consumption was high, thus causing a
large increase in carbon emissions. Moreover, while the
population size effect and urbanization effect also played
active roles in three provinces’ emissions increments, their
contributions to carbon emissions were not significant (Fig. 6).
For instance, the contribution ratios of population size and
urbanization in Jiangsu and Inner Mongolia only ranged
from 0.3% to 2.0%, indicating that the effects of population
size and urbanization on driving emissions growth were
very weak.

Table 4 Decomposition results of various factors affecting carbon emissions in the three provinces during different periods

(unit: x10° t)

Periods Provinces ACT A CEG A CES A CE[ ACPS A CUL A CRPR A CUPEC A CRPEC
Henan 271 2648 —042  -25.65 1.00 122 -0.90 0.83 0.15
The Sth Five-Year % 1641 3673 2.04 50.73 0.74 0.91 027 222 0.47
(1996-2000) iangsu -16. . -2. -50. . . -0. -2. .
Inner Mongolia 5.02 16.33 -0.58 -9.84 0.15 0.16 -0.12 —-0.89 -0.19
Henan 7840  57.30 2.75 19.78 034 041  -1.11  —2.99 1.92
The 10th Five-Year % 83.50  58.67 Yl 15.34 137 2.00 0.18 2.80 021
(2001-2005) S : : ' : : : e : e
Tnner Mongolia ~ 70.84 5152 218 3.76 0.20 036  —0.23 8.31 475
Henan 676 10111 —-030  —89.64 127 130  -120  -388  —1.90
The 1th Five-Year Ji 5588 96.61 201 44.83 1.00 1.04 0.16 3.16 1.07
(2006-2010) iangsu . : -2. —44. X . -0. . .
Inner Mongolia 61.21 83.06 -2.60 -28.70 0.23 0.79 —-0.83 6.51 2.75
Henan 5855  73.62  -1003  —121.07 0.63 124 —133  —121 040
The 12th Five-Year % 1219 9174 5.60 78.64 0.36 0.77 027 2.69 1.14
(2011-2015) iangsu . . -5. —78. ! : —0. d .
Inner Mongolia ~ -31.51  69.83  —231  —85.40 0.14 056  —0.61 -12.08 —1.64
3 Henan 1457 1431 -638 6.88 0.19 031 -022 222 274
Initial stage of the
13th Five-Year Jiangsu -2.15 18.22 -0.16 -21.53 0.18 0.21 -0.08 0.73 0.28
(2016-2017) Inner Mongolia —-13.04 7.36 -1.33 -22.04 0.07 0.05 —-0.16 0.18 2.83

Table 5 Description of statistical indices related to carbon emissions in the three provinces during different periods

(unite: %)

The 9th Five-Year The 10th Five-Year

The 11th Five-Year

The 12th Five-Year Initial stage of the 13th

Statistical (1996-2000) (2001-2005) (2006-2010) (2011-2015) Five-Year (2016-2017)
indicators Henan Jiangsu Inner- Henan Jiangsu Inner- Henan Jiangsu Inner- Henan Jiangsu Inner‘ Henan Jiangsu Inner-
Mongolia Mongolia Mongolia Mongolia Mongolia
PGR 3.00 3.05 285 -1.83 3.12 0.91 0.14 279 2.36 098 098 1.18 0.28 0.38 0.36
AGGR 10.54  12.82 1193 1438 2476 16.67 1503 16.03 2223 10.19 10.59 10.36 7.81 7.20 4.00
ACREI -7.06 -10.29  —4.88 4.43 3.34 127 851 -488 477 -10.66 -637 -8.35 3.54 -748 -10.13
AUGR 6.54 1298 243 6.37 437 2.10 464 418 3.54 387 1.87 1.62 342 1.54 1.36
GRRPR -589 -19.51 -6.07 -823 -13.76 —-6.49 -893 -18.06 -13.42 -10.57 -12.13 -848 322 -322 -2.14
AGRUPEC 425 -15.80 -1026 -7.21 5498 13946 -10.16 1574 4946 -330 7.15 -18.51 26.81 5.37 4.82
AGRRPEC 020 11.79 -2.62 521 =397 7526 -121 73.03 1524 -0.52 1821 =531 -33.10 11.44 4518
AGRCCR -0.63 -3.05 -0.66 1.77 2.24 238 -0.81 -124 -2.16 -632 -2.62 209 -16.65 -2.59 -3.69

One observation calling for special attention is that the
energy intensity and energy structure were emissions-
growth contributors in the 10th Five-Year Plan, while they

became emissions-reduction contributors during this period.
The restraining effect of energy intensity and structure may
have resulted from their obvious decreases in this stage. In
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particular, energy intensity became the primary determinant
of emission mitigation during the 11th Five-Year Plan.
Comparing the energy intensity changes in the three prov-
inces during 2006-2010, we found that the energy intensity
in Henan Province had a remarkable decline (Table 5),
causing an 89.64 Mt decrease in carbon emissions. This was
because in this stage, the industrial restructuring or techno-
logical progress of Henan Province had a great flexibility
in impacting carbon emissions, and the level of energy
efficiency was improved rapidly, which led to a great inhi-
bition of carbon emissions. Correspondingly, the contribu-
tion of energy intensity to emissions reduction in Henan
was significantly greater than those in the other two prov-
inces (Fig. 6), which made the limiting effect from energy
intensity in Henan Province offset the stimulating effect of
economic growth on carbon emission to a large extent.
This balance could explain why the carbon emissions in
Henan Province displayed a slight increase during the 11th
Five-Year Plan. Besides, compared to the former two
stages, the rural population effects in Henan and Jiangsu
did not display obvious changes in this stage (Table 4).
However, the inhibitory effect of the rural population ratio
in Inner Mongolia clearly strengthened, resulting in 0.83
Mt of emission reduction, which may be due to the dra-
matic decline of the rural population ratio in Inner Mongo-
lia during this period. From Table 5, the growth rate of the
rural population ratio in Inner Mongolia dropped from
—6.49% in the 10th Five-Year Plan to —13.42% in the 11th
Five-Year Plan. This change was far larger than those
coming from the growth rate of the rural population ratio
in Henan and Jiangsu. Furthermore, the rural production
conditions and living environment in Inner Mongolia are
worse than those in Henan and Jiangsu. According to Wu
et al. (2005), worse production and living conditions lead
to more energy consumption and carbon emissions. As a
result, the significant decline of the rural population ratio
in Inner Mongolia ultimately led to a remarkable decrease
in carbon emissions compared with the other periods. In
addition, the reduction of the proportion of the rural popu-
lation also meant the acceleration of modern agriculture to
replace the traditional agriculture with high carbon emis-
sions, thus driving the reduction of rural carbon emissions.

(b) Jiangsu

(a) Henan ES

EG

- —¢ -1996-2000 —=—2001-2005

Nevertheless, the absolute contribution of the rural popu-
lation proportion to the total emissions growth was obvi-
ously lower than those of the main factors such as eco-
nomic growth and energy intensity in the three provinces,
which was consistent with the conclusions of previous
studies (Chen et al., 2019; Zhu et al., 2010). Only in Henan
Province did the proportion of rural population contribute
over 17% reduction to the total emissions increase (Fig. 6a).
Compared to the 10th Five-Year Plan, urban and rural
per-capita energy consumption had the same alternative
impacts on carbon emissions, except for the differential
degrees of influence in the 11th Five-Year Plan. Their in-
fluencing directions still depended on the changing direc-
tions of urban and rural per-capita energy consumption in
these provinces (Table 4).

During the 12th Five-Year Plan (2011-2015), the carbon
emissions in Henan and Inner Mongolia declined 58.55 Mt
and 31.51 Mt, respectively, which were the smallest growths
of carbon emissions in the five Five-Year Plan periods; and
simultaneously, Jiangsu’s carbon emissions also only in-
creased by a small amount: 12.19 Mt (Table 4). This indi-
cated that, after a prolonged increase, the three provinces’
carbon emissions began to decrease sharply, demonstrating
that the emissions reduction efforts have produced active
results in the three provinces. In this period, economic
growth in the three provinces of Henan, Jiangsu and Inner
Mongolia slowed significantly due to the global economic
recovery and national macroeconomic conditions (Table 5),
but economic growth was still the primary promoter in ac-
celerating carbon emissions increases. This factor contrib-
uted the greatest positive effects in Jiangsu. It is interesting
to note that the contribution of economic development to
total carbon emissions of Henan was substantially reduced
(Fig. 6), which may due to the relatively low GDP growth in
Henan during the 12th Five-Year Plan (Table 5). Moreover,
population scale and urbanization had positive effects on the
growth of carbon emissions, and the promoting effect re-
sulting from the acceleration of urbanization was larger than
that coming from the expansion of population size (Table 4).
This means that actively promoting the processes of
low-carbon oriented urbanization should be the focus of
emission reduction for these provinces.

ES (c) Inner Mongolia ES

2006—2010 —<— 2011-2015 —— 2016—2017 Unit: %

Fig. 6 Contribution rates of various factors to the provincial carbon emissions during different periods
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During this period, energy intensity, energy structure and
rural population ratio played active roles in emissions re-
ductions. Among them, energy intensity reduction was pri-
marily responsible for the decrease in emissions. However,
the inhibiting effects of energy intensity in Jiangsu and In-
ner Mongolia were obviously less than that in Henan Prov-
ince (Table 4), which might be attributed the energy inten-
sity differences in the three provinces. Specifically, as He-
nan has undertaken some late-model industries from the
eastern region, and merged and shut down local high en-
ergy-consuming enterprises, the energy intensity dropped
dramatically and exhibited a prominent curbing effect on
emission growth. As for Jiangsu in the eastern region, its
industrial restructuring has been accomplished preliminarily
during this period; hence the potential for emission reduc-
tion from energy intensity was basically exhausted at the
current technology level. Inner Mongolia is a coal-rich
economy province, with a large proportion of traditional
industries and economic dependence on resource-based in-
dustries, so the inhibitory effect of energy intensity on car-
bon emissions was relatively weak. Energy structure was the
second major factor curbing carbon emissions growth, and it
contributed to the carbon emissions reductions, indicating
that the energy structure adjustments of the three provinces
gradually tend to be reasonable. In particular, the combined
inhibitory effects of energy intensity and energy structural
changes had completely offset the stimulatory effects of
economic and population expansion in Henan and Inner
Mongolia, the result of which was an absolute (net) reduc-
tion of provincial carbon emissions during 2011-2015. Be-
sides, although rural and urban per-capita energy consump-
tion still displayed mixed results among the different prov-
inces, these two factors yielded prominent roles in terms of
abating emissions in Inner Mongolia (Table 4). This devel-
opment implied that during this period, the per-capita en-
ergy consumption in Inner Mongolia was developing in a
direction that was conducive to carbon emission reduction.

During the initial stage of the 13th Five-Year Plan
(2016-2017), the two provinces of Henan and Inner Mon-
golia (but not Jiangsu) witnessed rebounds in total carbon
emissions. In particular, Henan experienced a positive
growth in carbon emissions (Table 4), which may have two
possible reasons. On the one hand, since the beginning of
the 13th Five-Year Plan, China’s economy has actively
adapted to and led the “new normal”, showing a steady, pos-
itive and progressive trend. Especially in 2017, China’s
economy achieved a medium-speed growth in the world
economic downturn, which led to a rapid increase in carbon
emissions in most provinces of China. (Note, however, that
the economic growth in Inner Mongolia was relatively slow,
leading to small effects in promoting carbon emissions). On
the other hand, this may be attributed to the conversion of
energy intensity effect. In other words, in the former period,
the emissions reductions mainly benefited from a prominent

energy intensity effect. However, in this stage, the inhibiting
effects coming from energy intensity converted to a pro-
moting effect induced from the energy efficiency decline in
Henan. Thus, specific attention should be paid to facilitating
the energy efficiency improvement in Henan Province.
Moreover, because some energy-intensive industries in the
eastern region gradually transferred to the central region, the
restraining effect of the energy structure in Henan Province
was significantly reduced, compared with the situation dur-
ing the 12th Five-Year Plan. Meanwhile, the growth of ur-
ban per-capita energy consumption also led to an obvious
emission increase in Henan Province, although its contribu-
tion was relatively small. With regard to the negative growth
of carbon emissions in Jiangsu and Inner Mongolia, it may
indicate that the curbing effects obtained from the energy
intensity decline, energy structure adjustment (coal con-
sumption decline) and rural population decline exceeded the
promoting effects coming from the economic development,
population scale expansion, acceleration of urbanization,
and urban per-capita energy consumption growth. On the
whole, in this stage, economic growth was still the primary
stimulating factor, causing 18.22 Mt of carbon emissions
growth in Jiangsu, but its contributions were substantially
reduced in Henan and Inner Mongolia (Table 4, Fig. 6). En-
ergy intensity was the strongest curbing factor, which con-
tributed the most to carbon emissions reduction in the prov-
inces examined, except for Henan. Energy structure change
was conducive to emissions reduction in Henan and Inner
Mongolia, while it had a marginal effect in Jiangsu (Table 4),
and its absolute contribution only accounted for 7.52% of
the total in Jiangsu (Fig. 6). The main cause of this small
effect may be that Jiangsu is a major energy consumption
province in the east of China, and its energy has always
been dominated by external inputs. In recent years, the in-
dustrial restructuring and energy structure optimization in
this province has been completed (Wang and Wang, 2011).
In contrast, the other two provinces of Henan and Inner
Mongolia were important energy supply bases, and their
economic growth levels were mainly driven by large-scale
energy industries and the coal chemical industry. Thus, the
energy structural adjustment effectively curbed the growth
of carbon emissions in Henan and Inner Mongolia. Other
factors, such as population size, urbanization and rural
population proportion had marginal effects on carbon emis-
sions in the three provinces. Additionally, the impact of
rural per-capita energy consumption on carbon emissions
still exhibited differential effects in the different provinces
(Table 4).

4 Discussion

This paper analyzed and decomposed the changes of en-
ergy-related carbon emissions in the three typical provinces
of Jiangsu, Henan and Inner Mongolia, respectively located
in the eastern, central and western regions of China from
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1996 to 2017. Based on the composition of carbon emis-
sions, the three strata of industry was the top contributor to
carbon emissions increases. Although the proportions of
carbon emissions caused by residential consumption in the
three provinces were relatively small, they represented more
than 5% of the total emissions of each province, and this
proportion had an obvious increase particularly in Jiangsu
province. This suggested that the impact of residential con-
sumption on carbon emissions cannot be ignored.
Decomposition results indicated that economic growth
was the leading contributor to carbon emission growth in all
economic stages, although the extents of promotion were
different in various provinces and different economic peri-
ods due to the discrepancies between provincial levels of
economic development. This is because economic develop-
ment, along with a large amount of fossil energy consump-
tion, directly led to large amounts of carbon emissions
(Kang et al., 2016). Moreover, in order to maintain rapid
economic growth and social development, China will inevi-
tably increase the demand and consumption of fossil energy,
thus causing increasing carbon emissions to the environ-
ment. Therefore, effectively carrying out economic trans-
formation and upgrading is the key to reducing the carbon
intensity of economic production of the three provinces in
the near future. Comparatively speaking, the economic
transformation and upgrading of Jiangsu and Henan in the
eastern and central regions has been better than that of Inner
Mongolia in the Western Region (Ye et al., 2017). For the
developing western provinces, like Inner Mongolia, the
economic growth driven by the energy-intensive industries
have predominantly made the emissions mitigation goals
quite difficult to realize, owing to the high energy intensity
and poor carbon performance. It has been proven that tech-
nological progress can reduce energy intensity, thus indi-
rectly reducing carbon emissions (Zhang and Da, 2015).
Hence, the local government should encourage the introduc-
tion and innovation of advanced energy-processing tech-
nologies to reduce energy intensity and improve carbon
performance in Inner Mongolia. In this study, energy inten-
sity was the most important factor for restraining carbon
emissions growth in all economic stages, except during the
10th Five-Year Plan. The decline of energy intensity has
greatly mitigated carbon emissions growth of the three
provinces. However, although energy intensities of Jiangsu
and Henan have achieved great declines during the past
years (Fig. 5), they are still higher than the average level of
developed countries, and so they have a great potential for
reduction with the aim of reducing China’s carbon intensity
of GDP by 60%—65% (NDRC, 2015). Therefore, the eastern
and central provinces, such as Jiangsu and Henan, should
persistently extend the effects of their energy intensity de-
clines by technical progress on emissions abatement.
Moreover, energy intensity is closely related with industrial
structure, thus, efforts should focus on promoting the low-

carbon oriented industrial restructuring, increasing the pro-
portion of the third industry and taking a low-carbon devel-
opment road focusing on high value-added and low en-
ergy-intensive options.

Compared with energy intensity, although energy struc-
ture was the second major curbing factor and led the mitiga-
tion in emissions growths to some extent, it did not exert the
full inhibitory effect on carbon emissions because the en-
ergy structure adjustment was relative marginal (Meng et al.,
2018). Coal remained the primary energy source in the var-
ious provinces of China, especially Inner Mongolia. This
implies that there is still a lot of room for emission reduc-
tion through energy structure optimization. Sun et al. (2018)
found that the energy consumption structure had a signifi-
cant impact on China’s regional carbon emissions. On this
account, net energy-consumption provinces such as Jiangsu
and Henan should persistently expand the diversified alloca-
tion of low-carbon oriented energy sources to achieve car-
bon emissions reduction, and strengthen the demand-side
management to restrain the growth of energy demand.
Meanwhile, net energy-production provinces like Inner
Mongolia should reduce industrial reliance on coal and the
proportion of fossil energy consumption, and further pro-
mote the generation of renewable energies such as wind,
solar, and biomass.

Population size and urbanization were always contribu-
tors to carbon emissions growth in the three provinces ex-
amined, although their respective contributions were far
smaller than that of economic growth. Moreover, we were
quite surprised to note that the impact of urbanization on
carbon emission outstripped that of population scale. One
reason for this phenomenon is that the increase of popula-
tion size will lead to high population density and intensive
energy consumption, and thereby yield a positive effect on
carbon emissions. However, with the progress of urbaniza-
tion, in addition to high population agglomeration and resi-
dential energy consumption, large-scale infrastructure con-
struction is needed in the early stage of urbanization, which
brings about an increase in energy consumption and there-
fore more carbon emissions. At present, China is in a stage
of rapid urbanization and its energy consumption is still
growing, but with the acceleration of new urbanization
processes, the improvement of infrastructure and the en-
hancement of environmental awareness, the impact of ur-
banization on carbon emissions will be diminished in the
mid-late stages of urbanization. In our study, the effect of
urbanization on provincial carbon emission growth in the
former four stages was greater than that in the final stage.
This result is consistent with Ma (2015), who found that
carbon emissions will eventually be reduced in the later
stage of urbanization. Moreover, the influence of population
size on carbon emissions showed a decreasing trend with
time, but with some differences across the provinces. How-
ever, for the populous province of Henan in the central re-
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gion, the growth of carbon emissions caused by population
size and rapid urbanization cannot be ignored.

The effect of rural population proportion was the weakest
among all of the curbing factors, but it was always a con-
tributor to facilitating emission-reduction in all provinces
and economic stages. The effects of residential energy con-
sumption per capita on carbon emissions varied across the
provinces. For example, in the developed and highly urban-
ized Jiangsu Province, residential per-capita energy con-
sumption contributed over 7.9% to the total carbon emission
growth in the entire period of 1996 to 2017, among which
urban residents per-capita energy consumption contributed
more than 3.8%. In another instance, during the tenth Five-
Year Plan, the highest level of carbon emissions growth
caused by residential per-capita energy consumption appea-
red in the coal-rich Inner Mongolia (Table 4), in which the
growth in carbon emissions surpassed 13.0 Mt, accounting

for more than 18.4% of the total growth in carbon emissions.

Although carbon emissions from per-capita energy con-
sumption and its contributions to the total provincial emis-
sions growth were still relatively low, the per-capita energy
consumption in Inner Mongolia and Jiangsu began to play
increasingly important roles in driving up carbon emissions
growth. This means that the residential consumption is ex-
pected to become the emerging engine of provincial carbon
emissions increases. Therefore, a variety of measures should
be formulated to prevent the possibly large growth of resi-
dential carbon emissions that may occur in the mid-late
stages of urbanization. Zhang and Lin (2012) pointed out
that promoting the low-carbon consumption pattern and
lifestyle is one feasible way to reduce residential emissions.
Besides, residential per-capita energy consumption dis-
played two obvious patterns in different provinces and eco-
nomic stages, and its influencing direction was sensitive. We
also found that in the same province, the absolute effect
resulting from urban resident’s per-capita energy consump-
tion was distinctly greater than that from rural resident’s
per-capita energy consumption in most economic stages
(Table 5). In addition to energy supply and demand, energy
efficiency and production technology, the major reason was
that the urban per-capita energy consumption was also af-
fected by some other factors, such as urbanization, income
per capita, and lifestyle. High energy efficiency in urban
areas usually reduces per-capita energy consumption, while
the acceleration of urbanization and increase of per-capita
disposable income lead to the growth of urban per-capita
energy consumption. In the process of urbanization, the
transformation of a rural resident into an urban resident will
cause an estimated increase of 1085.3 kg standard coal
consumption (Zhang et al., 2011). Furthermore, with the
improvement of the rural living standard, rural resident’s
consumption tendency has gradually changed from that of
survival consumption to development consumption, leading
to the continuous growth of indirect energy consumption in

the fields of transportation, communication, education and
entertainment, medical and health care, etc. Therefore, the
impact of rural per-capita energy consumption on carbon
emissions should be paid serious attention in the future.

There can be no doubt that this study has certain limita-
tions. For example, investment intensity and R & D inten-
sity may have important impacts on carbon emissions,
however, the relationships of these factors to energy inten-
sity are not tested in the extended LMDI model. Second, the
factors affecting carbon emissions are usually highly in-
ter-correlated (Subhes and Wataru, 2010; Tan et al., 2011).
In this study, our model assumes that these drivers are in-
dependent, thus, with the LMDI approach it is difficult to
distinguish the individual impacts of each factor on carbon
emissions. Third, this study only uses population urbaniza-
tion of each province. If the impacts of land urbanization
and population urbanization on carbon emissions are con-
sidered comprehensively, more interesting conclusions could
be obtained on the influences of urbanization on carbon
emissions. These enhancements need to be explored in the
future.

5 Conclusions

In order to raise the awareness among China’s decision
makers of the spatial characteristics and factors influencing
carbon emissions at the provincial level, this study used an
extended LMDI approach to decompose the driving factors
of carbon emissions in three typical provinces during the
whole study period and different economic stages. Three
conclusions were reached herein.

First, the energy-related carbon emissions of the three
provinces were on the rise across the whole period, but in
different economic stages, the provincial carbon emissions
displayed diverse growth characteristics. The three strata of
industry was the top contributor to provincial carbon emis-
sions. Carbon emission from residential consumption was
relatively small, but accounted for more than 5% of the pro-
vincial emissions. In particular, the carbon emissions from
residential consumption in Jiangsu showed an increasing
trend.

Second, the decomposition results showed that the effects
of various factors on carbon emissions varied across prov-
inces. Economic growth was the leading contributor to in-
creasing carbon emissions in the three provinces during all
economic stages, followed by urbanization level and popu-
lation size. In addition, the impacts of urbanization in the
earlier four stages were larger than that in the last stage, and
the influence of population size on carbon emissions also
showed a downward trend over time.

Third, the decline of energy intensity and the adjustment
of energy structure both curbed the increases of carbon
emissions in three provinces during different economic
stages, except for during the 10th Five-Year Plan. The en-
ergy intensity exerted a remarkable effect in offsetting pro-
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vincial emissions growth, followed by energy structure and
rural population proportion. The effect of residential per-
capita energy consumption on carbon emissions displayed
two obvious patterns in different provinces and economic
periods, and its influencing direction was sensitive. Ina
given province, the absolute effect resulting from urban
residential per-capita energy consumption was distinctly
greater than that from rural residential per-capita energy
consumption in most economic stages.
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