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Abstract
China, as the world’s largest carbon dioxide emitter, is bound to assume the important responsibility of energy conservation 
and emission reduction. To this end, each city, led by representative municipalities, must enhance efforts in carbon emis-
sion reduction to jointly realize China’s low-carbon transition. Taking four representative municipalities, namely, Beijing, 
Tianjin, Shanghai, and Chongqing as the case cities, this paper establishes a decomposition analysis for the driving factors 
of carbon emissions by applying the LMDI method covering data from 2007 to 2017. Kaya identity is used to decompose 
the effects into eight driving factors: GDP effect, industrial structure effect, energy intensity effect, overall energy structure 
effect, population effect, urbanization effect, per capita energy consumption effect, urban and rural energy structure effect. 
The results show that at the municipality level, the driving factors that contribute to carbon emissions are the GDP growth 
effect and the population effect, with the former still being the most important factor in the municipalities with faster eco-
nomic growth; and industrial structure effect is the most important factor that inhibits carbon emissions, followed by energy 
structure effect. This paper considers the driving factors of both the production side and the residential consumption side 
from the city level. The research reveals the main driving factors that effect the carbon emissions of megacities in developing 
countries, and highlights the leading role of megacities in terms of carbon emission reduction in China and even the world. 
The paper thereby puts forward policy implications for China’s economic policies.
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Introduction

Global warming is one of the major environmental prob-
lems facing human society and the large amount of carbon 
dioxide produced by burning fossil energy is the main rea-
son for it. In recent years, with the continuous economic 
development, China’s energy consumption has continued 
to grow rapidly, which has not only aggravated the energy 
crisis, but also raised the level of carbon emissions. Having 
become the largest energy consumer and carbon emitter 
in the world, China is required to assume the responsibil-
ity for carbon emission reduction regardless of external 
environmental pressure or internal development needs. 
Therefore, the promotion of energy conservation, emis-
sion reduction, and a low-carbon economy will not only 
help solve domestic energy and environmental problems, 
but also promote global emission reductions and ease inter-
national pressure. To fulfill its responsibility as a major 
country and make its contribution to addressing global 
climate change, China has set a goal of peaking carbon 
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dioxide emissions by 2030 and achieving carbon neutral-
ity by 2060.

For a long time, the resource endowment of being “rich 
in coal, poor in oil and little in gas” has determined China’s 
coal-based energy structure. To prevent the further deteriora-
tion of global warming and solve domestic energy and envi-
ronmental problems caused by economic development, the 
Chinese government has promulgated several energy devel-
opment policies since the first mentioning of carbon emis-
sion reduction policies in 2007, as shown in Table 1. It aims 
to promote the sustainable development of the economy, 
energy, and the environment by reducing energy consump-
tion and carbon emission. According to actual statistics, 
“China’s National Climate Change Program (June 2007)” 

set the goal of “reducing China’s energy consumption per 
unit GDP by about 20% in 2010 compared to 2005”. In 2010, 
China’s energy consumption per unit GDP was 0.875 tons 
of standard coal per 10,000 yuan, a decrease of 37% from 
2005, 17 percentage points higher than that of the target. 
In addition, in 2015, China’s total energy consumption was 
4.3 billion tons of standard coal, energy consumption per 
unit of GDP 0.624 tons of standard coal per 10,000 yuan, 
and carbon dioxide emissions per unit of GDP 0.013 tons 
per 10,000 yuan. According to the “Twelfth Five-Year Plan 
for Energy Development”, although the total control target 
was not achieved, the energy consumption per unit of GDP 
fell by 29% compared with 2010, 13% above the target, and 
the carbon dioxide emissions per unit of GDP fell by 33% 

Table 1   Key policies for China’s energy development

Policy document Year of release Target year Content

China’s Agenda 21 1994 – Putting forward the strategy of sustainable development 
and implementing the policy of putting equal emphasis 
on development and economy.

Renewable Energy Law of the People’s Republic of 
China

2006 – Strengthening guidance and support for the development 
of renewable energy and promoting large-scale devel-
opment and utilization of clean renewable energy.

China’s National Climate Change Programme 2007 2010 By 2010, China’s energy consumption per unit of GDP 
will be about 20% lower than that in 2005. Carbon 
dioxide emissions will be reduced and the proportion 
of the total amount of renewable energy development 
and utilization (including hydropower) in the primary 
energy supply structure will be increased to about 10%.

The Twelfth Five-Year Plan for Energy Development 2013 2015 Controlling both energy consumption intensity and total 
consumption, with 4 billion tons of standard coal, and 
energy consumption per unit of GDP falling 16% from 
2010; improving overall energy efficiency to 38%; 
carbon dioxide emissions per unit of GDP falling 17% 
from 2010.

Air Pollution Prevention and Control Action Plan 2013 2017 Reducing the emission of pollutants by adjusting the 
industrial structure, promoting cleaner production, and 
encouraging energy conservation.

The 13th Five-Year Plan for Energy Development 2017 2020 By 2020, the total energy consumption will be controlled 
within 5 billion tons of standard coal, with energy con-
sumption per unit GDP falling by 15% compared with 
2015 and carbon dioxide emissions per unit GDP fall-
ing by 18% compared with 2015; adjusting the energy 
structure, increasing the proportion of non-fossil energy 
consumption to more than 15%, striving to reach 10% 
of natural gas consumption, and reducing the propor-
tion of coal consumption to less than 58%.

Energy Supply and Consumption Revolution Strat-
egy(2016-2030)

2016 2030 By 2030, the total energy consumption will be controlled 
within 6 billion tons of standard coal, and the propor-
tion of non-fossil energy in total energy consumption 
will reach about 20%; carbon dioxide emissions per 
unit of GDP will fall 60%-65% from 2005, and carbon 
dioxide emissions will peak no later than 2030.

Three-Year Action Plan for Cleaner Air 2018 2020 The total coal consumption will decrease by 10% com-
pared with 2015 in the five provinces (municipalities) 
of Beijing, Tianjin, Hebei, Shandong, and Henan, and 
by 5% in the Yangtze River Delta, and achieve a nega-
tive growth in Fenwei Plain.
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compared with 2010, which exceeded the target by 16%. 
In 2019, China’s energy consumption per unit of GDP was 
0.490 tons of standard coal per 10,000 yuan, down 21.4% 
from 2015, and carbon dioxide emissions per unit of GDP 
was 0.010 tons per 10,000 yuan, down 25.6% from 2015 and 
48.5% from 2005, which completed the target that “the car-
bon intensity in 2020 will be reduced by 40%-45% compared 
to 2005” ahead of schedule. This shows that China’s “top-
down” energy policy has played a positive role in reduc-
ing energy consumption and curbing the growth of carbon 
emissions.

China is the largest carbon emitter in the world. Its carbon 
emission reduction is not only closely related to countries 
around the world but also vital to its own development. At 
present, reducing carbon emissions in China is one of the 
research focuses of many scholars. By now, several studies 
have analyzed the driving forces of carbon emissions at the 
national, regional, provincial and city levels. For example, 
at the national level, Guan et al. (2008) decomposed car-
bon emissions into five driving forces, population, emission 
intensity, economic production structure, consumption pat-
tern, and per capita consumption volume, and found that 
GDP growth and production structure were the main factors 
contributing to the increase in China’s carbon dioxide emis-
sions, and the improvement in efficiency only reduced part 
of the emissions. Wang et al. (2018) compared the decou-
pling relationship between economic development and CO2 
emissions in China and the USA from 2000 to 2014 and 
found that both income and population effects promoted car-
bon emissions in China and the USA, while energy intensity 
effect and the energy structure effect limited the growth of 
carbon emissions. In addition, the carbon intensity effect had 
increased China’s carbon emissions and curbed that of the 
USA. At the regional level, Gao et al. (2016) analyzed CO2 
emissions of six east and south coastal provinces in China 
and found that economic development and energy efficiency 
were the two leading factors contributing positively and neg-
atively to emission growth, respectively. At the provincial 
level, Ye et al. (2017) tried to analyze the energy-related 
CO2 emissions of 30 provinces in China and found that the 
energy industry was the largest sectoral contributor to the 
growth of carbon emissions in most provinces, while the 
service and household sectors had played an increasingly 
significant role in promoting provincial emissions. The key 
to reducing carbon emissions is to identify and analyze the 
key sectors for carbon reduction in each province. And  at 
the city level, Xu et al. (2021) selected Chinese prefecture-
level cities as the research object and analyzed its data in 
2005 and 2012. The final result showed that gross domestic 
product, research and development, direct foreign invest-
ment, and urban built-up area were major factors affecting 
CO2 emissions. These research conclusions generally show 
that economic development is the main factor driving the 

growth of carbon emissions, and economic structure and 
energy structure have great potential for emission reduction 
in China.

In addition, some articles focus on the role of certain 
driving factors based on previous studies. Wang et al. (2019) 
believes that a comprehensive understanding of the interde-
pendence between China’s economy and carbon emissions 
can better help China transit to a low-carbon economy, and 
can also provide references for other developing countries. 
Sun and Huang (2020) analyzes the correlation between the 
level of urbanization and carbon emission efficiency, and 
provides a theoretical reference for government decision-
makers in urban planning and the green economy. However, 
the influencing factors of carbon emissions are relatively 
complex, involving natural factors such as resource endow-
ments and climate conditions, as well as social factors such 
as economic level, population size, industrial structure, and 
energy consumption intensity. Due to the limited factors in 
analyzing carbon emissions, the research results are often 
one-sided.

It is acknowledged that decomposition methods have been 
widely used to analyze carbon emissions and energy con-
sumption. Commonly, the decomposition analysis mainly 
includes two methods, structural decomposition analysis 
(SDA) (Das and Paul 2014; Cansino et al. 2016) and index 
decomposition analysis (IDA) (Wang et al. 2019; Akbostancı 
et al. 2011). SDA is based on input-output data, whereas 
IDA uses departmental aggregate data. Compared with SDA, 
IDA has the advantages of simplicity and flexibility, and 
lower data requirements, and it comes from energy system 
analysis, which means that IDA has a closer relationship 
with energy system research (Wang et al. 2017). There-
fore, many scholars apply the IDA method to the driving 
force analysis of energy. The LMDI method belongs to the 
IDA method, and Ang and Choi (1997) were the first to 
apply the LMDI method to analyze industrial carbon emis-
sions. After that, more and more scholars began to decom-
pose and analyze energy consumption and energy-related 
emission gases (Jeong and Kim 2013; Xu et al. 2014; Zhao 
et al. 2010). For example, Jeong and Kim, (2013) used the 
LMDI method to decompose the changes in CO2 emissions 
from the Korean industrial manufacturing sector into the 
impact of five different factors including overall industrial 
activity (activity effect), industrial activity mix (structure 
effect), sectoral energy intensity (intensity effect), sectoral 
energy mix (energy-mix effect), and CO2 emission factors 
(emission-factor effect), and found that the structure effect, 
intensity effect, and emission-factor effect played roles in 
reducing greenhouse gas emissions, and the energy-mix 
effect increased greenhouse gas emissions. In addition, 
structure effects play a greater role in reducing greenhouse 
gas emissions than intensity effects. Xu et al. (2014) ana-
lyzed the impact of five driving factors (energy structure, 
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energy intensity, industry structure, economic output, and 
population-scale effects) on carbon emission for energy con-
sumption in China, the result showed that the major driver 
of carbon emissions is the economic output effect, followed 
by population-scale and energy structure effects. The energy 
intensity effect is a main inhibitory factor. Wang et al. (2020) 
applied the LMDI decomposition technique extended by 
Kaya identity to identify and analyze the contribution of 
population, affluence, energy intensity, carbon intensity, 
and some other factors of the decoupling process. Their 
results implied that affluence level was the key offsetting 
effect of decoupling process, while energy intensity was the 
most significant effect to promote the decoupling process. 
All these researches illustrated the great advantages of the 
LMDI method in analyzing driving factors. Therefore, this 
paper adopts the LMDI method based on Kaya identity to 
analyze the driving factors of carbon emissions.

At present, China has made certain achievements in 
energy conservation and emission reduction. However, in 
the long run, under the severe situation of intensified climate 
change, deterioration of the ecological environment, and 
prominent contradictions of resource mismatches, the top 
priority should be understanding the driving factors of car-
bon emissions growth to successfully peak carbon dioxide 
emissions by 2030 and achieve carbon neutrality by 2060. 
Based on the literature review, many scholars have stud-
ied China’s carbon emission drivers from various aspects, 
but there is still a research gap. Most of these studies were 
launched either at the national or at the provincial level, 
and a few studies that take cities as the starting point select 
either a large number of cities as the research objects or 
only one city. Although most researches at the provincial-
level have also included the four cities involved in this study 
(Chen et al. 2019; Zhang et al. 2016), they mainly analyze 
from the overall or the classification of the provinces. The 
internal reasons for the driving factors of each city to affect 
the changes in carbon emissions have not been elaborated. 
In light of the huge size of China’s economy and popula-
tion, and the large differences in energy types and economic 
development levels between regions and cities, analyzing the 
driving factors of carbon emissions growth from an over-
all or individual level could only bring relatively one-sided 
experience and results. Therefore, the existing literature 
could provide little city-level energy-driven experience in 
developing countries.

The large cities in China are the main contributions of 
carbon dioxide emissions and the main driving force of 
growth, whose carbon emissions account for more than 5% 
of the total. This paper takes four super-large municipalities 
in China as the research objects and thoroughly researches 
the impact of different factors on carbon emissions from 
the city level, which is believed to fill the research gap. As 
municipalities, these four cities have unique political and 

economic status, and they also play a leading role in reduc-
ing carbon emissions in China and even internationally. 
Based on the previous research, we expand the driving fac-
tors to cover both the production side and the residential 
consumption side, to conduct a more detailed analysis of 
the changes in carbon emissions. The results not only give 
reference for other cities and the whole country to promote 
the energy-saving and emission reduction process but also 
provide countries around the world with the experience 
of large cities in developing countries. Moreover, existing 
studies have shown that the COVIID-19 pandemic caused a 
huge impact on global carbon emissions. When dealing with 
carbon emissions changes after the COVID-19 pandemic, it 
may be helpful to take a lesson from the 2008 global eco-
nomic crisis (Wang et al. 2020; Wang et al. 2021). This 
study considers the driving factors of the four municipalities 
from 2007 to 2017, which will help to better understand the 
carbon emissions changes and their driving factors to avoid 
the rebound in carbon emissions in China.

The rest of the paper is organized as follows: Part 2 
describes the data and methodology. Part 3 depicts the CO2 
emissions situation in China and discusses the main decom-
position results. Part 4 presents the conclusions and policy 
suggestions.

Data and methodology

Data sources

In this paper, four representative municipalities in China, 
namely Beijing, Tianjin, Shanghai, and Chongqing, were 
selected as the research subjects, and the data of them from 
2007 to 2017 were chosen to analyze the driving factors of 
carbon emissions in them. Since 2007, when the policy of 
carbon reduction was first proposed by the Chinese gov-
ernment, the intensity of China’s carbon emission has kept 
declining with the introduction and implementation of the 
new carbon reduction policy. Therefore, we can find the 
main carbon emission drivers of the municipalities in this 
period through temporal analysis.

The data used for this empirical study includes data on 
carbon emissions and energy consumption of different sec-
tors in each municipality from the CEADS database (China 
carbon emission accounts databases)1, and data on GDP, 
population, and added value in different sectors from the 
National Bureau of Statistics of China. The eight different 
sectors are farming, forestry, livestock and fishing, industry, 
construction, transportation, wholesale, retail and accom-
modation, others, as well as resident-side towns and villages.

1  Database website: http://​www.​ceads.​net/​data/
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To exclude the effect of inflation on GDP, this paper uses 
GDP Deflator Method to adjust the 2017 GDP and added 
value of sectors to the current price of 2007.

Exponential decomposition method

The idea of exponential decomposition is to decompose the 
variation of the explained variables into a combination of 
variations of different factors, and then determine the weight 
according to different decomposition methods to identify the 
contribution of each factor. In building factor-decomposition 
models, the common methods used are Laspeyres exponen-
tial method, IPAT model, Paasche, and AMDI decomposition 
method, which all have their advantages and disadvantages, 
but most of them cannot decompose multiple factors and are 
often followed by a large residual value after decomposition. 
At present, LMDI, one of the IDA exponential decomposition 
methods, is widely used in the study of carbon emissions, 
which can eliminate the unexplained residual term and deal 
with the “0” value problem in the data. It has the advantages 
of a simple calculation process and a clear decomposition 
result (Ang 2004). Based on these advantages and suitability 
for the research objects, the LMDI model can better and more 
effectively explore the research purpose of this paper.

The Kaya identity decomposes the influencing factors of 
carbon emissions into four factors: population scale, eco-
nomic development level, energy intensity, and energy struc-
ture. The specific expression is shown in Eq. (1).

C denotes carbon dioxide emissions, P denotes popula-
tion scale, E denotes energy consumption, and GDP denotes 
gross domestic product. As hinted by the previous studies, 
the changes in the total scale of carbon emissions are influ-
enced by economic scale, industrial structure, energy inten-
sity, energy structure, population size, urbanization level, 
and per capita energy consumption. Considering the inherent 
differences between economic and household sectors, the 
identity is broken down into two parts: economic sectors 
and residential sectors, as presented in Eq. (2). The carbon 
emissions of economic sectors are mainly determined by 
economy scale, industrial structure, energy intensity, and 
energy structure, while the resident-side urban-rural sec-
tors are mainly affected by population size, urbanization, 
per capita energy consumption, and energy structure.

i denotes sectors, j denotes fuels, GDPi denotes car-
bon dioxide emissions of economic sector i, Pi denotes 
population scale of residential sector i, Ei denotes energy 

(1)C = P ×
GDP

P
×

E

GDP
×
C

E

(2)

C = GDP ×
GDPi

GDP
×

Ei

GDPi
×
Eij

Ei

×
C

Eij

+ P ×
Pi

P
×
Ei

Pi

×
Eij

Ei

×
C

Eij

consumption of different sectors, Eij denotes energy con-
sumption of different fuels in different sectors.

Based on the extended kaya identity, this paper analyzes 
the driving factors of carbon dioxide emissions in six eco-
nomic sectors and two residential sectors of the four repre-
sentative municipalities by using the LMDI decomposition 
method and decomposes them into eight driving factors: GDP 
effect, industrial structure effect, energy intensity effect, total 
energy structure effect, population effect, urbanization effect, 
per capita energy consumption effect, urban and rural energy 
structure effect. The concrete expression is shown in Eq. (3):

C denotes carbon dioxide emissions, Y denotes the gross 
domestic product of each municipality, E denotes energy 
consumption, P denotes population size, and according to 
the driving factors selected herein, formula (3) is reformu-
lated as formula (4):

The meaning of the specific variables in Eqs. (3) and (4) 
is shown in Table 2.

Assuming the emission factors of fuels do not change 
with time, Cn(t − 1) and Cn(t) are defined as carbon emis-
sions from energy consumption at the primary and end of 
the period respectively, and then the effect of each factor on 
carbon emissions is expressed as formula (5) through 
decomposing with LMDI. The weighting factor is equal to 
the share of CO2 emissions caused by j fuel consumption in 
the i sector Cn

ij
(t∗) in the total provincial emissions Cn(t∗) at 

the t∗ moment, and t∗ ∈ [t − 1, t]

In addition, in this paper, the logarithmic function is used 
to calculate the weight factor 

Cn
ij
(t∗)

Cn(t
∗)

 , as shown in formula (6):
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21793Environmental Science and Pollution Research (2022) 29:21789–21802



1 3

Compared with the previous studies, the innovation of 
this paper is to apply the existing methods to new research 
objects and analyze the driving factors of carbon emissions 
in megacities. At the same time, the factors to be studied are 
expanded to cover both the production side and the resident 
side for a more detailed analysis.

Empirical analysis

Analysis of carbon emissions characteristics of each 
municipality

Overall, China’s GDP grew from 27.94 trillion yuan in 2007 
to 84.58 trillion yuan in 2017, an increase of 203 %, while 
the total amount of carbon emissions in the whole society 
increased from 6.822 billion tons to 9.867 billion tons, an 
increase of 44.63% (National Bureau of Statistics 2020; 
Shan et al. 2020). The data shows that the growth of carbon 
emissions is much lower than that of GDP, which demon-
strates that China, led by various carbon reduction policies, 
has managed to curb the growth of carbon emissions during 
its economic development.

From the municipal level, the changes in GDP and carbon 
emissions in each municipality during 2007–2017 are shown 
in Figure 1 and Figure 2.

The data show that the growth of GDP in all munici-
palities far outpaced that of carbon emissions, especially 
in Beijing, where total carbon emissions decreased by 17% 
over the decade mainly because of its unique location as the 

political and economic center of China. The introduction and 
strict implementation of policies such as moving out or shut-
ting down local energy-consuming and polluting industries 
and reducing coal consumption for power generation and 
heating have resulted in decreased coal consumption from 
17.17 million tons in 2007 to 2.68 million tons in 2017. As 
a result, carbon emissions have been curbed and Beijing has 
become the largest carbon emission reduction contributor 
compared with other municipalities. Most of the policies 
are made from the energy consumption structure. A con-
siderable number of scholars have affirmed the impact of 
energy consumption structure on carbon emission intensity, 
indicating that the clean energy consumption structure plays 
a positive role in carbon emission reduction (Xia et al. 2021; 
Sun and Ren 2021).

In the four municipalities studied in this paper, carbon 
emissions fell after a peak over the decade, as shown in 
Table 3: the carbon emissions of Beijing reached a peak of 
103 million tons in 2010; in Tianjin and Chongqing, peaks 
of 158 million tons and 164.8 million tons were reached 
in 2012, and the carbon emissions of Shanghai reached a 
peak of 201.2 million tons in 2013. It can be seen that the 
peak times of carbon emissions are mainly concentrated in 
the Eleventh Five-Year Plan (2006-2010) and the Twelfth 
Five-Year Plan (2011-2015) periods. The total carbon emis-
sions of each municipality have declined in varying degrees 
through adjusting the industrial structure, promoting renew-
able energy, and encouraging energy conservation.

In the four municipalities directly under the Central 
Government, Shanghai has always ranked first in carbon 

Table 2   Meaning of variables in 
LMDI model

Variable Meaning

t Year of data used in calculations
n Code of municipality, n = 1, 2, 3, 4
i Serial number of sectors
j Serial number of fuels
Cn Total carbon emissions of municipality n
Cn
ij

Carbon emissions of fuel j of sector i in municipality n
Yn GDP of municipality n
Yn

i
Added-value of sector i in municipality n

Pn Total population of municipality n
Pn

i
Urban or rural population in municipality n

En

i
Total energy consumption of sector i in municipality n

En

ij
Fuel j consumption of sector i in municipality n

GSn
i

Share of the added value of sector i out of total GDP in municipality n
URn

i
Share of the urban or rural population in the total population of municipality n

GEn

i
Energy consumed per unit of the added value generated by sector i in municipality n

GESn
ij

The proportion of fuel j consumption in total energy consumption of sector i in municipality n
PEn

i
Energy consumed per capita of sector i in municipality n

PESn
ij

The proportion of fuel j consumption in urban and rural areas in municipality n
CIn

ij
Sector emission coefficient for fuel j in sector i in province n
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emissions, followed by Chongqing, which is mainly due to 
Shanghai’s unique economic status and industrial structure. 
Li et al. (2021) show that there is a long-term equilibrium 

relationship between the intensity of carbon emissions and 
the three factors of energy consumption structure, energy 
intensity, and industrial structure. The three driving factors 
can be arranged according to their importance as follows: 
industrial structure, energy consumption structure, and 
energy intensity. As the economic center of China, Shang-
hai is characterized by rapid industrialization and urbani-
zation with the advantage of various resources. Therefore, 
industry and transportation are the main carbon emission 
sources of Shanghai, which account for more than 80% of 
the total emissions. In addition, the main energy consump-
tion products in Shanghai are coal and oil products, account-
ing for more than 75% of the total. As a result, an energy 
consumption structure dominated by coal and petroleum 

Fig. 1   Changes in GDP of each 
municipality from 2007 to 2017
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Fig. 2   Changes in carbon emis-
sions of each municipality from 
2007 to 2017
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Table 3   Peaks and peak times of carbon emissions in each municipal-
ity

Municipality Peaks of carbon emissions/mil-
lion tons

Peak time

Beijing 103 2010
Tianjin 158 2012
Shanghai 201.2 2013
Chongqing 164.8 2012
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resources is formed. Chongqing, as an old industrial base 
and an important modern manufacturing base, is character-
ized by an unbalanced energy consumption structure for a 
long time, with coal as the main energy, and natural gas, 
oil, and electricity as the auxiliary ones, resulting in high 
carbon emissions. Although coal is still the main source of 
energy consumption in Beijing and Tianjin, the development 
of high-pollution and energy-consuming industries is strictly 
controlled and energy-saving and environment-friendly new 
energy sources are developed in these two cities. In addition, 
the proportion of natural gas consumption, which is featured 
by fewer carbon emissions, is higher in Beijing and Tianjin 
than that in Shanghai and Chongqing.

The carbon emission intensity per unit of GDP is one of 
the important indicators to measure the changing trend of 
the industrial structure and energy structure (Wang et al. 
2020). In terms of carbon intensity per unit of GDP, Chi-
na’s carbon intensity per unit of GDP decreased from 2.44 
tons per10,000 yuan to 1.17 tons per10,000 yuan from 
2007 to 2017, a decrease of 52%. Moreover, significant 
declines can be seen in all provinces, as shown in Table 4. 
Among them, Beijing’s carbon emission intensity per unit 
of GDP reduced by 71.0%, which is the largest, mainly 
because Beijing has promoted energy conservation and 
consumption reduction and optimized energy structure to 
reduce coal use. What’s more, it also developed natural gas 
and other clean energy sources for power generation and 
heating, making clean energy more reasonably and effi-
ciently used. Compared with the CO2 emissions per unit of 
GDP, each municipality’s carbon intensity per unit of GDP 
is at a lower level, and the decrease is greater than the 
overall number, which is due to its reasonable industrial 

structure with a higher proportion of tertiary industry and 
manufacturing industry. The differences in carbon emis-
sion intensity per unit of GDP among municipalities are 
small, with Chongqing having the highest amount of 2.121 
tons per10,000 yuan and Beijing the lowest amount of 
0.303 tons per 10,000 yuan.

In terms of carbon emissions per capita, the number has 
always been high in China. In 2017, China’s carbon emis-
sions per capita were 0.32 tons per person, higher than 
the global average of 0.26 tons per person. This is mainly 
because there is a large amount of low-efficiency and high-
emission coal burned in a scattered way at the residential 
side of China, thus increasing per capita carbon emis-
sions. Therefore, the per capita carbon emissions of each 
municipality, calculated by dividing the carbon emissions 
at the residential side by the population, are distinguished 
from that calculated by dividing the carbon emissions of 
the whole society by population. As shown in Table 5, 
in 2017, carbon emissions per capita in Beijing, Tianjin, 
Shanghai, and Chongqing were 0.77 tons per person, 0.55 
tons per person, 0.54 tons per person, and 0.30 tons per 
person respectively. Although Beijing is the only one of 
the four municipalities that have decreased carbon emis-
sions, its per capita carbon emissions is the highest due to 
its high urbanization level and high energy consumption 
per capita caused by winter heating. The figure shows that 
carbon emissions per capita in the northern provinces are 
higher than those in the southern ones, which is due to the 
differences caused by winter heating. Comparing Table 4 
and Table 5, we can see that Chongqing and Shanghai have 
high carbon emissions intensity per unit of GDP and low 
carbon emissions per capita, while Beijing is the opposite.

To sum up, the carbon emissions of the four munici-
palities selected in this paper mainly have the following 
characteristics: (1) The carbon emissions of each munici-
pality have reached the peak and show the trend of over-
all decline; (2) The carbon emission intensity per unit of 
GDP in each municipality has decreased greatly, and is 
ahead of the national average level; (3) The carbon emis-
sion intensity per capita of each municipality is generally 
higher than that of the whole country except Chongqing, 
and it is greatly affected by regional distribution and 
urbanization.

Table 4   Carbon emission intensity per unit of GDP in each munici-
pality

Municipality Year 2007-ton/ per 
10,000 yuan

Year 2017-ton/ per 
10,000 yuan

Trend

Beijing 1.045 0.303 − 71.0%
Tianjin 1.968 0.760 − 61.4%
Shanghai 1.399 0.622 − 55.6%
Chongqing 2.121 0.813 − 61.7%

Table 5   Carbon emissions per 
capita of each municipality in 
2017

Municipality Resident-side carbon emis-
sions—million tons

Population—10,000 Carbon emissions 
per capita—ton per 
person

Beijing 16.62 2171 0.77
Tianjin 8.49 1557 0.55
Shanghai 13.06 2418 0.54
Chongqing 9.08 3075 0.30
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Analysis of the driving factors of carbon emissions 
in different municipalities from 2007 to 2017

Changes in carbon emissions vary considerably among 
municipalities. As shown in Figure 3, during 2007–2017, 
Beijing, Tianjin, Shanghai, and Chongqing changed by 
− 17.4%, 36.3%, 9.0%, and 59.3% respectively. Only Bei-
jing’s carbon emissions changed negatively, falling by 
17.4%, while the remaining municipalities’ carbon emissions 
rose in varying degrees, with Chongqing having the highest 
increase by 59.3%.

In the above, driving factors of carbon emissions are 
divided into many aspects, such as GDP effect, industrial 
structure effect, and energy intensity effect. The data show 
that all factors have different effects on carbon emissions at 
the provincial level.

Economic development is the most important factor 
driving the growth of carbon emissions. Except for Chong-
qing, the positive contribution of economic growth to the 
growth of carbon emissions in the other three municipali-
ties is no more than 50%: Beijing (21.5 %), Tianjin (23.2 
%), and Shanghai (2.6 %). This is because Chongqing’s 
industry and manufacturing are well developed and the 
rapid economic development contributes to the growth of 
carbon emissions. What’s more, the continuous expansion 
of the tertiary industry in recent years has ensured a rela-
tively rapid GDP growth. In contrast, Shanghai’s economy 

is already at the forefront in the country with a slowing GDP 
growth, which contributes less to carbon emission changes. 
Therefore, economic growth directly affects carbon emis-
sion growth. This result is consistent with the conclusion of 
(Jiang et al. 2017; Jia et al. 2018; Shen et al. 2018; Li and 
Qin 2019; Liao et al. 2019; He et al. 2020). To meet the high 
energy demand of industry, urbanization and transportation 
in developing countries, economic growth has made a great 
contribution to carbon emissions. However, different voices 
have emerged that carbon emissions have nothing to do with 
economic growth in developed countries and there is less 
evidence of dependence between energy consumption and 
economic growth (Waheed et al. 2019; Saidi and Mbarek 
2016; Cai et al. 2018).

The industrial structure effect contributed negatively to 
the growth of carbon emissions in the four municipalities: 
Beijing (− 17.1 %), Tianjin (− 13.8 %), Shanghai (− 7.6 %), 
and Chongqing (− 17.4 %). Since “adjustment of industrial 
structure and transformation of economic growth pattern” 
was listed as the strategic priority and the main task in the 
Eleventh Five-Year Plan, China’s industrial structure has 
been gradually adjusted and optimized in the decade. Under 
the guidance of new development concepts and supply-side 
structural reform, China has reversed the traditional exten-
sive growth pattern. In the process of economic growth, the 
proportion of the secondary industry has decreased while 
that of the tertiary industry has continued to rise, as shown 

Fig. 3   Contribution of driving 
factors of carbon emissions 
in each municipality during 
2007–2017
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in Figure 4. Thus, the reduction of dependence on industrial 
development will lead to a reduction in carbon emissions. 
Beijing achieved energy saving and emission reduction 
targets through adjusting its industrial structure (Mi et al. 
2015), and the development of high-tech manufacturing 
with relatively lower carbon emissions in Chongqing was 
upward and rapid than the other cities (Tian et al. 2019). The 
transformation and upgrading of the industrial structure in 
Beijing and Chongqing have made the effect more negative 
than that in Tianjin and Shanghai.

While proposing the policy of industrial restructuring, 
China also set the goal of reducing energy intensity: by 2010, 
energy consumption per unit of GDP should be reduced by 
20% compared with 2005, and by 2015, be reduced by 16% 
compared with 2010. Changes in energy intensity of GDP in 
each municipality during 2007–2017 are shown in Figure 5.

Of the four municipalities, only in Beijing, a negative 
contribution, − 14.8%, is seen in terms of contribution of 
energy intensity effect to the growth of carbon emissions, 
while in the other three municipalities, the effect has a posi-
tive contribution to carbon emission growth, including Tian-
jin (15.9 %), Shanghai (10.2 %), and Chongqing (12.3 %). 

This result is different from the findings of other studies. For 
example, Zhang et al. (2016) find that energy intensity is the 
significant driver for the decrease of carbon intensity. The 
energy intensity effect of each municipality is the sum of the 
energy intensity effect of different sectors, among which, 
the effect of the industry sector plays a leading role whether 
being positive or negative. The change of energy intensity 
in Beijing shows that the Beijing Municipal Government 
attaches great importance to energy intensity and is taking 
active measures to maintain this index. The energy intensity 
reduction lies not only in the optimization of industrial struc-
ture but also in the improvement of energy efficiency in the 
secondary industry. In contrast, with the improvement of the 
technical level of the secondary industry, the rapid growth in 
energy consumption of the other three municipalities did not 
appear synchronously when China’s GDP increased rapidly.

However, some of the negative effects of increased energy 
intensity were offset by the cleanliness of energy consump-
tion structures, such as Beijing (− 30.9 %), Tianjin (− 7.5 
%), and Shanghai (− 0.9 %). The weakening effect of energy 
structure effect on carbon emission growth is greatly affected 
by renewable energy sources, which are used for end-use 

Fig. 4   Changes in the propor-
tion of the secondary industry 
in each municipality from 2007 
to 2017
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energy consumption in the form of one-off electricity, reduc-
ing the dependence on fossil energy and making the energy 
structure cleaner. As shown in Figure 6, the proportion of 
fossil energy decreased in different degrees in each munici-
pality from 2007 to 2017. Beijing and Tianjin, though rela-
tively scarce in renewable energy resources, receive elec-
tricity from neighboring provinces, which can be regarded 
as clean energy locally and has a more obvious inhibitory 
effect on the growth of carbon emissions. In 2017, Beijing 
purchased 67.3 billion kWh of electricity from other regions; 
this electricity accounts for 63.1% of its total electricity con-
sumption (China Electric Power Yearbook 2018).

From the residential side, the population effect promoted 
carbon emissions in these four municipalities: Beijing (22.4 
%), Tianjin (16.7 %), Shanghai (4.1 %), and Chongqing (7.5 
%). Except for Beijing, this effect on carbon emissions is 
weaker than the GDP effect. Urbanization effect and energy 
structure effect have only a weak, even no influence on each 
municipality, but the per capita energy consumption effect 
has a positive effect on carbon emissions.

From 2007 to 2017, carbon emissions grew rapidly with 
the economic growth and rapid development of industriali-
zation and urbanization. Among them, the GDP effect is the 
main driving factor to promote carbon emissions and has 
the greatest influence on carbon emissions. In addition, the 
effect of energy intensity, population effect, and per capita 
energy consumption effect all have obvious positive effects 
on carbon emission growth, while the industrial structure 
effect and energy structure effect have inhibitory effects 
on carbon emissions. Under the guidance of national poli-
cies, the trend towards energy conservation and consump-
tion reduction, as well as industrial structure transforma-
tion and upgrading, has become more obvious, which has 
effectively suppressed the growth of carbon emissions 
caused by economic development and population growth. 
Because of its unique political status and high priority to 

the implementation of policies, Beijing has seen an overall 
decline of carbon emissions and a weakened contribution 
of energy intensity to carbon emissions growth. Therefore, 
the following analysis will focus on the effects of various 
factors in Beijing.

Impact of urban development on carbon emissions

The analysis shows that changes in urban carbon emissions 
are closely related to various driving factors, with GDP 
growth being the main one on the economic side and popula-
tion growth on the residential side. From 2007 to 2017, GDP 
in Beijing, Tianjin, Shanghai, and Chongqing has increased 
by 185%, 253%, 145%, and 315% respectively, and the per-
manent resident population increased by 29.53%, 39.64%, 
17.15%, and 9.2% respectively. Economic and population 
growth contributed to carbon emissions by 43.9%, 39.9%, 
6.7%, and 60.6% respectively. In addition, the economic side 
industry structure and energy intensity contribution rate 
also occupied a large proportion, while on the residential 
side, except for the population effect, which has an obvious 
effect, the per capita energy consumption effect in Tianjin 
and Shanghai is characterized by slow growth and has little 
impact on overall carbon emissions.

Over the past decade, GDP growth has been the primary 
target of each municipality, and the achievement of this eco-
nomic target has inevitably led to a rapid increase in carbon 
emissions. Industrial development is the main driving force 
of GDP growth and the key factor that determines changes 
in carbon emissions among provinces in China. The Chi-
nese government has attached great importance to energy 
conservation and has put forward clear reduction targets 
of energy consumption per unit of GDP in many five-year 
plans. Since the Eleventh Five-Year Plan, it has become a 
binding index. Therefore, accelerating economic transforma-
tion and strengthening policy implementation mechanisms 

Fig. 6   Changes in the propor-
tion of fossil energy in each 
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are important measures to strengthen the inhibitory effect 
of industrial structure effect and energy intensity effect on 
carbon emission growth.

The development of Beijing in this decade shows that 
economic growth has inevitably brought a considerable 
increase in carbon emissions (Cui et al. 2020). However, 
since 1995, the proportion of the secondary industry in Bei-
jing has been declining continuously from 23.68% in 1995 
to 19.26% in 2016. The proportion of the tertiary industry 
continued to rise from 52.52% in 1995 to 80.23% in 2016. 
The cleanness of the industrial structure has effectively pro-
moted the economic transformation of Beijing. In 2005, the 
seventh edition of Beijing City Master Plan (2004–2020) 
continued the urban development strategy of the fifth edition 
of Beijing City Construction Master Plan (Draft) that “heavy 
industry is no longer developing basically,” and proposed 
that the economic center gradually fade out of Beijing’s core 
development goals. This created more room for the develop-
ment of high-precision industries, and the industrial struc-
ture effect became an important driving factor to restrain the 
growth of carbon emissions in Beijing.

During the periods of the Eleventh Five-Year Plan and 
Twelfth Five-Year Plan, under the clear requirements of 
reduction in the energy consumption per unit of GDP, the 
Beijing Municipal Government took active measures to con-
trol this indicator through saving energy and diminishing 
energy consumption, which reduced energy intensity and 
carbon emissions when the industrial energy consumption 
intensity of the other three cities was relatively high. At the 
same time, under the coal control policy, Beijing’s energy 
structure has undergone major changes with a continuous 
decline of both quantity and proportion of coal and a con-
tinuous growth of natural gas share. The trend of decarboni-
zation of the energy structure is so obvious that carbon emis-
sions begin to fall (Guo and Meng 2019).

Compared with industry, the carbon emissions related to 
people’s livings are more complex and closely related to 
the consumption behaviors of residents. Carbon emission 
in consumption areas such as transportation is becoming an 
important factor limiting the continuous decline of carbon 
emissions. Due to the increase of permanent population and 
promotion of urbanization in Beijing, the carbon emissions 
in construction and transportation are increasing continu-
ously, which makes the per capita energy consumption effect 
positively promote carbon emissions.

Conclusions and policy implications

Conclusion

As the largest developing country, China is also the largest 
energy consumer and carbon emitter in the world and its 

carbon emission reduction is important not only for domes-
tic economic transformation but also for achieving global 
climate goals. Therefore, China has proposed a series of 
goals and policies, which directly or indirectly affect the 
growth of carbon emissions. Based on the data of four repre-
sentative municipalities, namely Beijing, Tianjin, Shanghai, 
and Chongqing from 2007 to 2017, this paper discusses the 
contribution of each driving factor to carbon emissions by 
using the LMDI decomposition method. Starting from the 
city level, the driving factors of energy-related CO2 emis-
sion in Chinese megacities are uncovered. Other cities in 
China and even other countries around the world can draw 
on the experiences of municipalities to identify the main 
driving factors of carbon emissions and better design the 
roadmap of carbon emission reduction. The municipality 
itself should also try to give full play to its innate advan-
tages and lead the construction of low-carbon clean cities. 
The analysis of the driving factors of carbon emissions in 
municipalities shows that at the municipality level, the driv-
ing factors of carbon emission growth are GDP effect and 
population effect, and in municipalities with fast economic 
growth, the most important driving factor is GDP effect; the 
driving factors that inhibit the growth of carbon emissions 
include industrial structure effect and energy structure effect, 
with the former being dominant. However, these factors are 
not identical in the degree of influence of each municipal-
ity, which varies greatly because of the economic growth 
rate, urban planning, and policy focus of each municipality, 
especially Beijing.

Policy implications

The conclusion shows that the main driving forces for 
China’s low-carbon transition include developing high-tech 
industries, adhering to the concept of energy conservation, 
making efforts to increase the proportion of clean energy 
sources such as wind energy and nuclear energy, build-
ing a clean energy-based supply system and consumption 
structure, and adopting advanced science and technology as 
well as policy plans to reduce energy consumption and car-
bon emission intensity while striving to promote economic 
development. Therefore, China’s economic policy should 
focus on the following:

(1)	 Transforming development thoughts. It is undeniable 
that the GDP effect is still the most important driv-
ing factor of carbon emission growth. Under the high 
carbon path dominated by fossil energy, energy con-
sumption will inevitably cause carbon dioxide emis-
sions due to the development of the economy, which 
shows that the result of increasing carbon emissions 
caused by economic development is almost inevitable. 
To reduce the effect of economic development on car-
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bon emissions, we can change our mode of thinking, 
and choose a path that is more in line with the actual 
situation. While promoting economic development, we 
can reduce the growth rate of carbon emissions and 
keep long-term carbon emissions decline through other 
efforts.

(2)	 Optimizing the industrial structure. There are great dif-
ferences in the industrial structures in different regions 
of China. To change the existing high carbon industrial 
structure, we should adopt different policies in different 
regions and guide the flow of capital to the optimi-
zation of industrial structure. In addition, we should 
vigorously develop advanced manufacturing, high-end 
service industries, and high-tech industries, foster stra-
tegic emerging industries, and increase the proportion 
of tertiary industries in the national economy while 
reducing the proportion of high-carbon industries so 
that the industrial structure effect can play a greater role 
in economic growth and low carbonization (Ma et al. 
2019).

(3)	 Adjusting energy structure. Although the energy struc-
ture effect is not the main driving factor to restrain the 
increase of carbon emissions, it still contributes to the 
reduction of carbon emissions in China, indicating that 
optimizing energy structure is also an effective measure 
to restrain the increase of carbon emissions. Therefore, 
clean coal should be used more to replace raw coal, 
and clean energy such as hydro energy, nuclear energy, 
wind energy, solar energy, and bioenergy should be 
developed to reduce the proportion of coal and oil in 
China’s energy consumption, thus reducing China’s 
carbon emissions.

(4)	 Innovating technologies to reduce emissions (Yang 
et al. 2020b). While determined path and method of 
emission reduction are important, energy-saving and 
emission reduction technologies are key factors to 
determine whether emission reduction is effective. 
We should take active measures to introduce funds, 
and encourage innovative progress in technologies for 
renewable energy development and for the clean and 
efficient use of coal to further improve energy utili-
zation and energy efficiency. Furthermore, we should 
develop energy conservation technologies, and imple-
ment the mechanism of clean and sustainable develop-
ment.

It should be noted that although this study reveals the 
important driving factors regarding carbon emissions in 
megacities of developing countries by using LMDI based 
on the extended kaya identity, several limitations remain. 
For instance, in addition to other large cities in China and 
other countries, the findings of this paper may be difficult to 
apply to the small cities or county level. In addition, further 

decomposition could be achieved by integrating various use-
ful ecological indicators, such as the decoupling index. We 
intend to address these limitations in future studies.
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