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China announced at the Paris Climate Change Conference in 2015 that the country would reach peak carbon
emissions around 2030. Since then, widespread attention has been devoted to determining when and how
this goal will be achieved. This study aims to explore the role of China's changing regional development pat-
terns in the achievement of this goal. This study uses the logarithmic mean Divisia index (LMDI) to estimate
seven socioeconomic drivers of the changes in CO2 emissions in China since 2000. The results show that
China's carbon emissions have plateaued since 2012 mainly because of energy efficiency gains and struc-
tural upgrades (i.e., industrial structure, energy mix and regional structure). Regional structure, measured
by provincial economic growth shares, has drastically reduced CO2 emissions since 2012. The effects of
these drivers on emissions changes varied across regions due to their different regional development pat-
terns. Industrial structure and energy mix resulted in emissions growth in some regions, but these two
drivers led to emissions reduction at the national level. For example, industrial structure reduced China's
CO2 emissions by 1.0% from 2013 to 2016; however, it increased CO2 emissions in the Northeast and North-
west regions by 1.7% and 0.9%, respectively. Studying China's plateauing CO2 emissions in the new normal
stage at the regional level yields a strong recommendation that China's regions cooperate to improve devel-
opment patterns.
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1. Introduction

Global warming is a worldwide environmental challenge that hu-
manity faces. As the largest developing country and the largest car-
bon emitter in the world, China has made a series of solemn
commitments to mitigate climate change. In particular, at the Paris
Climate Change Conference held in November 2015, China an-
nounced that she will reach her carbon emission peak around 2030
and will strive to achieve this peak before then (Liu, 2015). If the
path chosen and policies implemented to reach that goal are appro-
priate, achieving this goal will not impose rigid constraints on
China's economic or social development (Auffhammer and Carson,
2008). Instead, reaching the goal will promote the transition of
China's economic development pattern into green growth and low
carbon (He, 2014). Therefore, in recent years, both the time span
and the implementation path of carbon emission reductions in
China have attracted widespread attention (Duan et al., 2018). A
S. Wang).

s an open access article und
number of related studies reach the consensus that addressing car-
bon emission reductions at the regional level is crucial for China to
achieve her goal in terms of policy (Chen and Groenewold, 2015),
scenario (Mi et al., 2017c) and city (Shan et al., 2018a). China has ac-
tively participated in international climate governance efforts to
fight climate change by top-down management, private voluntary
actions and nongovernmental organizations (Liu et al., 2017).

Greenhouse gas (GHG) emissions, especially CO2, and climate
change caused by emissions are an environmental issue that is
closely related to economic growth and social development (Moore
et al., 2016). Dramatic changes in the structure of the Chinese econ-
omy in newly emerging sectors have had profound effects on the
country's overall CO2 emissions. For example, China is rapidly catch-
ing up in the emerging photovoltaic industry with the production of
new energy (Gao, 2012). Due to the slow-down in China's economic
growth (Green and Stern, 2017), CO2 emissions in the country have
plateaued since 2012 (Guan et al., 2018). It is important to promote
models for sustainable development for China to achieve effective
emission reductions under the goal of stable economic growth (Yu
et al., 2018). As the Chinese government has already developed
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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many low-carbon strategies and policies, economic development in
China has entered a stage called the new normal. This new stage of
development is characterized by a change from rapid growth and
high-quantity development to high-quality development that is
more inclusive and sustainable with structural improvements. The
new development path will lead to higher per capita income and
more energy-efficient buildings, smart transportation, service-
based industries, etc. (Grubb et al., 2015). At present, a number of
policies are being implemented to transform development patterns
and to promote sustainable economic growth at both the national
and regional levels, which will lead to cleaner production and
lower carbon emissions (Shi and Xu, 2018).

Research on CO2 emission reductions has yielded robust results
andmade considerable progress. Related studies not only objectively
evaluate historical contributions and different influences but also
clarify the direction of and approaches to emission reductions in
the future (Dietzenbacher et al., 2012). The drivers of emission
changes at the national level include the population, the level of
economic development, technology, the employment structure, the
energy structure, the industrial structure, urbanization, industriali-
zation, and openness, and most studies analyse the impact of multi-
ple factors (Green and Stern, 2015;Mi et al., 2017a). For example, the
industrial structure change from heavy industry to the technology
and service sectors has been identified as one of the main drivers of
CO2 emission reductions (Green and Stern, 2017; Mi et al., 2017a).
Previous studies analyse factors from different perspectives based
on time series models; however, most of them pay attention to the
impact of structural economic changes on China's CO2 emissions at
the national level and ignore the differences in CO2 emission
changes across regions (Mi et al., 2017a). Whether at the interna-
tional or domestic level, regional emissions are crucial to consider
when discussing how to achieve emission reduction targets fairly
and at the lowest cost (Rios and Gianmoena, 2018). In particular,
the regional structure—measured by gross domestic product (GDP)
shares of the territory, a measure formulated according to adminis-
trative and geographical criteria—has become an important factor
driving the decline in CO2 emissions in China in the new normal
stage. In the future, it will also be necessary to further strengthen
synergistic cooperation and mutual learning among regions (Dong
et al., 2018).

This study discusses changes in China's CO2 emissions caused by
drivers in the context of economic structure and development pat-
terns at the regional level. Research at the regional level has thus
far focused on the transfer of emissions among regions and has failed
to analyse the structural changes across regions in the new normal
stage (Jiang et al., 2018). Previous studies have estimated carbon
emission transfer across Chinese regions over time (Guo et al.,
2012) and discussed the responsibilities of regions to reduce carbon
emissions (Zhang, 2015). The relationship and interaction between
interregional trade and regional emissions must also be considered
(Hering and Poncet, 2014; Mi et al., 2017b). This paper closes this re-
search gap by analysing China's regional CO2 emission reductions
from 2000 to 2016, which are attributed to structural changes and
development patterns at the regional level.

Currently, most index decomposition analysis (IDA) methods ne-
glect the direct and indirect effects of regional structure on emis-
sions, and methods based on structural decomposition analysis
(SDA) explain the influence of various factors only from the perspec-
tive of demand, despite considering the interaction among regions.
In addition, regions are crucial to mitigating carbon emissions in
China because different provinces, with developmental differences,
vary greatly in population, economy, and industry. However, studies
on drivers at the regional level are limited. Thus, this paper fills these
lacunae by using logarithmic mean Divisia index (LMDI) decomposi-
tion analysis to clarify how various drivers affect CO2 emissions at
the regional level.
2. Methods and data

2.1. LMDI

The methodology for analysing CO2 emission drivers can be divided
into two main categories. The first is based on decomposition analysis
(DA), which measures how various factors contribute to emission re-
ductions. The second is based on econometric methods that use panel
data at the regional level (Zi et al., 2016). In contrast to DA, econometric
models cannot decompose the contribution of each component to
emission reductions; instead, they estimate the coefficient of the elas-
ticity of each component in relation to emissions (Auffhammer and
Carson, 2008).

DA methods have been widely used to quantify the contribution of
socioeconomic drivers to environmental changes (Feng et al., 2015;
Guan et al., 2008; Guan et al., 2009; Liu et al., 2016). At present, the
two most popular decomposition methods are IDA (Ang, 2004; Chen
and Yang, 2015) and SDA (Wang et al., 2009; Weber et al., 2008;
Zhang and Tang, 2015). Based on input-output tables, SDA can distin-
guish indirect effects of changes among intermediate inputs and final
demands, while IDA is extensively applied to time series analysis with
section-detailed data (Hoekstra and Van den Bergh, 2003; Zhang et al.,
2009). The classification of the IDA is obtained using the Laspeyres
Index (Wang et al., 2005) and the Divisia Index (Dhakal et al., 2003).
According to different weight-determining methods, the interpreted
variable can be decomposed into the product of several factors, where
the factor represents the increment of each index (Peters et al., 2017).
The advantage of IDA is the relative simplicity of the data and method,
which can be easily applied at any level of aggregation (Ma and Stern,
2008).

According to existing research, among IDA methods, the LMDI
is preferable for its path independence, aggregation consistency, and
ability to handle zero values (Ang, 2005; Ang and Liu, 2001; Ang et al.,
1998). For example, the LMDI can be used to analyse CO2 emissions
per capita by energy efficiency, energy consumption structure and
energy intensity (Wu et al., 2005) as well as to study the effects of
various factors on emissions (Li et al., 2015; Qi et al., 2016; Wang
et al., 2016; Zhang et al., 2016). Consequently, LMDI is commonly used
in studies to provide policy-relevant insights into, for example, the
drivers of energy consumption (Ma and Stern, 2008; Zhang and Guo,
2013) and changes in CO2 emissions (Jeong and Kim, 2013; Kang
et al., 2014; Liu et al., 2007; Wang et al., 2013). LMDI analysis can be
used to compare a series of indices and discuss their impact on emission
trends during a given period from the base year to the reporting year
(Ma and Stern, 2008).

In this study, the regional energy-related industrial CO2 emissions in
China (Ct) are decomposed as follows:
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where Cijk is the CO2 emissions of sector j by fuel type i in province k,
representing regional energy-related industrial CO2 emissions; Eijk is
the energy consumption of sector j by fuel type i in province k; Gk is
GDP in province k; and P is the national population. Thus, based on
Eq. (1), Ct is represented by seven factors, as follows:

1) c = Cijk / Eijk is the emission intensity of fuel type i in sector j,
reflecting the carbon content of coal, oil and gas;

2) m= Eijk / Ejk is the proportion of fuel type i in sector j and represents
the energy mix effect, indicating the consumption of different fuel
types;

3) s = Ejk / Ek is sector j's share of the total energy inventory,
representing the energy industrial structure;
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4) e = Ek / Gk is the energy intensity in province k and measures
the energy consumption per unit of GDP, which indicates energy
efficiency;

5) r = Gk / G is province k's share of total GDP. The regional structure
is defined as the organization or arrangement of a large geograph-
ical territory or a designated division of a country or state that may
be formulated according to the economic criterion. Based on the
definition of regional structure, regional growth measured by
GDP, as an economic criterion, can be used to represent the diver-
gence of regions (Fagerberg and Verspagen, 1996). By referring
the measurement of regional production structure (Clark and Van
Wincoop, 2001) and regional distance relation (Kalemli-Ozcan
et al., 2003), shares of GDP are used to represent the regional struc-
ture in this study;

6) g= G / P stands for GDP per capita and measures economic growth;
and

7) p is population.

Hence, the change in national CO2 emissions (ΔCt) in year t com-
pared with year t-1 is calculated as
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ijk), a weighting factor, is named the logarithmic mean
weight. ΔCp, ΔCg ΔCr, ΔCe, ΔCs, ΔCm and ΔCc are CO2 emission changes
caused by population variation, economic growth, regional structure
adjustment, energy efficiency improvement, industrial structure up-
grade, energy mix and emission intensity change, respectively.

2.2. Data sources

This study uses two sets of data: the time series of regional CO2 emis-
sions and the corresponding energy consumption. There are two types
of provincial sectoral CO2 emissions: energy-related emissions (from
fossil fuel combustion) and process-related emissions (from cement
industry processes). The latter process-related emissions are calculated
by the emission factor for the cement process, which is measured
by CO2 emitted in unit cement production as 0.2906 t CO2 per tonne
of cement (Liu et al., 2015). Emissions are calculated for 17 different
energy types and 47 social economic sectors. Energy consumption data
are obtained from China's National Energy Statistical Yearbook, while
process-related data are obtained from China's Statistical Yearbook.
Published by the National Bureau of Statistics of China (NBSC), China's
GDP and population data can be derived from the National Statistics
Yearbook.

Given the data availability, this study includes 30 provinces, ex-
cluding Tibet, Hong Kong, Macau and Taiwan. The 30 provinces are
divided into eight Chinese regions (Feng et al., 2013; Mi et al., 2017b),
including Beijing-Tianjin (i.e., Beijing and Tianjin), North (i.e., Hebei
and Shandong), Northeast (i.e., Liaoning, Jilin andHeilongjiang), Central
Coast (i.e., Shanghai, Jiangsu and Zhejiang), Central (i.e., Shanxi, Anhui,
Jiangxi, Henan, Hubei and Hunan), South Coast (i.e., Fujian, Guangdong
and Hainan), Southwest (i.e., Guangxi, Chongqing, Sichuan, Guizhou
and Yunnan), and Northwest (i.e., Inner Mongolia, Shaanxi, Gansu,
Qinghai, Ningxia and Xinjiang). The data have been checked in detail.
The unit root test on CO2 emissions shows that the sample data are
stationary. Additionally, some missing data are addressed by inserting
values under the assumption of the same annual emission growth
rate: (1) Ningxia province sectoral CO2 emissions and energy inventory
in 2000, 2001 and2002, (2) Hainan province sectoral CO2 emissions and
energy inventory in 2002, and (3) Shaanxi province energy inventory
for the electric power, steam and hot water production and supply sec-
tor in 2011.

3. Results

3.1. Trends of CO2 emissions in China

According to our estimations, CO2 emissions in China from 2000
to 2016 grew significantly. Between 2000 and 2012, emissions grew
at an average annual rate of 9.7%, from 2.9 Gt in 2000 to the high
point of 8.9 Gt CO2 in 2012 (Fig. 1A). Emissions then started to decline,
bottoming out at 8.8 Gt in 2013, and they gradually plateaued, decreas-
ing at an average annual rate of 0.2% from 2012 to 2016. In that four-
year window, emissions peaked at 9.0 Gt CO2 in 2015. CO2 emissions
in China during the 2000–2016 period can be divided into four 4-year
stages: WTO accession (2000–2004), high economic growth (2004–
2008), post-financial crisis (2008–2012), and the new normal (2012–
2016). The lack of officially published annual emissions data for China
has led to considerable discrepancies in the current emissions estimated
by academic institutes and scholars (Shan et al., 2018b), while the
emission factor was used to adjust estimated emissions in this study.

The CO2 emissions of different contributors were estimated, in-
cluding three fuels (i.e., coal, oil, and gas), as shown in Table S1; twelve
industries (i.e., agriculture, mining, foods, light industry, chemicals,
metal and nonmetal products, equipment, energy, construction, trans-
port, wholesale and retailing, and other services), as shown in
Table S2; and eight regions (i.e., Beijing-Tianjin, North, Northeast,
Central Coast, Central, South Coast, Southwest, and Northwest), as
shown in Table S3. First, CO2 emissions were well controlled by using
clean energy rather than fossil fuel in the new normal stage. The
share of coal-caused emissions decreased from 82.8% to 80.7%, but the
share of gas-caused emissions increased from 3.3% to 4.4% (Fig. 1B).
Additionally, with the upgrade of industrial structure, emissions gradu-
ally shifted from the secondary industry to the service industry. For
example, the share of emissions in chemicals fell dramatically by
1.0%, while that of transport increased by 0.7% (Fig. 1C). In terms of re-
gions, in the new normal stage, the Beijing-Tianjin (−0.2%), Northeast
(−0.4%), Central (−0.1%), South Coast (−0.3%) and Southwest (−0.9%)
regions showed declines in the share of emissions, whereas this share in-
creased in the North (0.3%), Central Coast (0.5%) and Northwest (1.0%)
regions (Fig. 1D).

3.2. Seven drivers of China's CO2 emissions

Based on the LMDI, the contributions of seven socioeconomic factors
to China's CO2 emissions are analysed. These factors include population,
economic growth, regional structure, energy efficiency, industrial struc-
ture, energy mix, and emission intensity. To facilitate presentation
and discussion, results for 2000–2016 are subdivided from 2000 to
2016 into four 4-year stages, as mentioned above. The growth rate of
China's CO2 emissions in each 4-year stage fell from above 53% after
the WTO accession but before the financial crisis (year 2008) to 30.3%
after the financial crisis. Upon entering the new normal in 2012, it
dropped sharply to 0.7% (Fig. 2).

Seven drivers of CO2 emissions in China from 2001 to 2016 were
assessed, when the slowing of economic growth resulted in the deceler-
ation of the emissions growth rate. The increase in China's CO2 emis-
sions was predominantly driven by rapid and monotonic economic



Fig. 1. Trends of CO2 emissions in China. (A) Total CO2 emissions in China from2000 to 2016, according to different data sources: British Petroleum (BP) (BP, 2017), CarbonDioxide Information
Analysis Centre (CDIAC) (Boden et al., 2017), Emissions Database for Global Atmospheric Research (EDGAR) (Janssens-Maenhout et al., 2017), Global Carbon Budget (GCB) (Le Quéré et al.,
2016) and International Energy Agency (IEA) (IEA, 2017); (B) total CO2 emissions of three fuels (coal, oil, and gas) in China from 2000 to 2016; (C) total CO2 emissions of twelve industries
(agriculture, mining, foods, light industry, chemicals, metal and nonmetal products, equipment, energy, construction, transport, wholesale and retailing, and other services) in China from
2000 to 2016; (D) total CO2 emissions of eight regions (Beijing-Tianjin, North, Northeast, Central Coast, Central, South Coast, Southwest, and Northwest) in China from 2000 to 2016.
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growth that outpaced the growth of CO2 emissions. However, this
driver, falling from more than 40% every four years in the first three
stages to 19.7% in the new normal stage, gradually led to a decrease in
the emissions growth rate. China's economy,with a decelerating growth
rate, is shifting from a high-quantity pattern with a rapid growth to a
high-quality pattern with inclusive and sustainable improvements.
Thus, economic restructuring has achieved the initial goals, and the ef-
fect of energy conservation and consumption reduction has become in-
creasingly prominent, with more emphasis on quality and efficiency.

One of the important factors driving emission reductions during this
period was the regional structural adjustment in China. This led to a
change in emissions from positive values to negative values in the
fourth stage, from an increase of 1.1% after the financial crisis to a de-
crease of 3.3% in the new normal stage. Hence, the optimization of the
regional economic structure contributed immensely to emission reduc-
tions. Provinces in different regions have actively sought new economic
growth points and strictly controlled high-polluting and high-energy-
consuming projects for local economic development. Various growth
points, including the emergence of the internet and finance, the rapid
growth of e-commerce and logistics, the increase in information flows,
and a growth driven more and more by consumption, have created a
new impetus for development and become an important force in the
economic transformation.

Additionally, energy efficiency improvements accounted for the
greatest reductions in CO2 emissions, at about −20% in each stage.
The efficiency gains have benefited from the active promotion of
advanced energy-saving and environment-protecting technologies.
The industrial production structure has undergone positive changes
with the elimination of backward production capacity, which has pro-
duced remarkable results and brought about obvious energy-saving
effects. Therefore, energy consumption per unit of GDP is gradually de-
clining. The substantial improvement of the technical level in the energy
industry improves energy efficiency while creating social wealth.

Furthermore, the energy industrial structure continued reducing
CO2 emissions starting in the second stage, and it contributed −1.0%
in the new normal stage. The growth rate of high-energy-consuming



Fig. 2.Contributions of seven drivers to changes in national CO2 emissions. The periods selected are 2000–2004, 2004–2008, 2008–2012 and 2012–2016, and the length of the bars reflects
the contribution of each factor per stage.
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industries is slowing. Simultaneously, heavy industry, with high energy
consumption, is decelerating, and the service industry, with relatively
low energy consumption, continues to increase (Green and Stern,
2015;Mi et al., 2017b). Thus, the increasing proportion of tertiary indus-
tries, including service and high-tech industries, will alleviate the
bottleneck in the shortage of energy resources, increase the efficiency
of resource utilization, promote economic restructuring, and accelerate
the transformation of economic development patterns.

Moreover, the energy mix contributed to emission reductions by
−1.7% in the new normal stage. Over the past 30 years, with rapid
economic development, the production and consumption of high
energy-consuming and high-polluting products have caused serious
damage to the ecological environment. As a result, it is difficult to
sustain previous energy supply and consumption patterns. To opti-
mize the energy consumption structure, green and low-carbon
strategy development has been proposed, including vigorously
using non-fossil energy, actively developing hydropower, safely ap-
plying nuclear power, wind power and solar power, and solidly ad-
vancing geothermal and biomass energy (Guan et al., 2009; Mi
et al., 2017a). Therefore, clean energy has become an important
step in not only the energy structure adjustment but the entire eco-
nomic restructuring. By further increasing the proportion of energy-
saving and environmentally friendly clean energy consumption,
continuously optimizing the energy consumption structure, and
transforming the modes of energy development, the rapid growth
of the new energy industry, with a series of policies, saves energy
and reduces consumption.

Although population growth caused increases in emissions, the
growth rate decreased to 2.3%. The emission intensitywas almost stable,
at about 6% throughout the entire period, with small fluctuations.

3.3. Emission changes caused by regional structure

China's CO2 emissions have plateaued because the regional struc-
ture, measured by shares of regional economic growth, has changed.
Regional structure represents one of the most significant factors in
emission reductions. It went from increasing emissions by 1.1% in the
post-financial crisis stage to decreasing emissions by −3.3% in the
new normal stage. At the national level, population and economic
growth, as two emission-increased factors, first caused an increase
in emissions to 10.8 Gt in 2012, while regional structure then reduced
carbon emissions by−3.3% for 2012–2016.

In the absence of other drivers, the economic growth shares of eight
regions contributed differently in terms of their regional structure
(Fig. 3A). As the Northeast, Northwest, North and Central regions have
relatively weak economic development and high energy-consuming
emissions, regional structure adjustments in those regions have
resulted in CO2 emission reductions of −2.7%, −1.3%, −0.8% and
− 0.4%, respectively. All provinces in the Northeast and Northwest re-
gions showed decreases in emissions, among which Liaoning in the
Northeast contributed the largest reductions (−2.0%) nationwide (See
Table 1.). Therefore, the emissions caused by the regional structure in
these two regions turned negative in the new normal stage after being
positive in the post-financial crisis stage. However, emissions in the
Beijing-Tianjin, South Coast, Central Coast and Southwest regions,
which are relatively well developed, climbed slightly, by 0.1%, 0.39%,
0.43% and 1.0%, respectively. Among these areas, emissions in the two
coastal regions, Central Coast and South Coast, grew sharply; this
growth was driven by two rapidly developing provinces, Jiangsu and
Guangdong, respectively. In the Southwest, the increased emissions
were affected by the positive pulls of all provinces, with Guizhou ac-
counting for 0.6%, ranking first in China.

The changes in emissions caused by regional structure were a result
of changes in the shares of regional GDP because regional structure
represents the relative contributions of different regions to national
GDP. The linear trendline clearly showed a positive correlation between
changes in emissions by regional structure and changes in the shares of
regional GDP in the 2012–2016 stage (Fig. 3B). The increase in the share
of regional GDP to national GDP accounted for the corresponding
increase in emissions of the four well-developed regions mentioned



Fig. 3. Changes in CO2 emissions caused by regional structure. (A) Region-specific contributions of regional structure to changes in national CO2 emissions in the 2012–2016 period, with
the length of the bars reflecting the contribution of each region in the last stage; (B) positive correlation between changes in emissions by regional structure and changes in the shares of
regional GDP in the 2012–2016 period; (C) region-specific CO2 emissions per unit of GDP in 2016 (the length of solid-filled bars) and the difference between 2012 and 2016 (the length of
pattern-filled bars); (D) positive correlation between changes in GDP growth rate and changes in the shares of regional GDP in the 2012–2016 period.
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above (Beijing-Tianjin, South Coast, Central Coast and Southwest)
on the right side of the vertical axis; the more the share increased,
the more the emissions increased. In contrast, the more the share de-
creased, the more the emissions decreased.

However, the above conclusions require regional CO2 emissions per
unit of GDP as a prerequisite. To reduce emissions by regional structure,
the relative GDP shares of provinces with high CO2 emissions per unit of
GDP should decrease, while it might be better to increase the relative
GDP shares of areaswith low CO2 emissions per unit of GDP. One reason
is that the reduction in the share of regionswith higher pollution and in-
efficient energy use would make the emission-reducing effect stronger.
Another reason is that a partial decrease in regional shares requires a
corresponding increase in the remaining shares due to the 100% overall
national share; thus, it would be better to increase the shares of clean
and efficient regions. To be exact, the CO2 emissions per unit of GDP in
2016 in emission-reducing regions, including the Northeast (5.0),
Northwest (16.1), North (3.4), and Central (8.5) regions, were higher
than those of emission-increasing regions, including the Beijing-Tianjin
(1.1), South Coast (2.1) and Central Coast (2.3) regions (Fig. 3C). Only
the Southwest was an exception; this region's emissions increased,
with high CO2 emissions per unit of GDP of 5.4 in 2016. However, the
difference of 2.7 between 2012 and 2016 was large. This shows that
the relative value of CO2 emissions per unit of GDP in the Southwest
drastically decreased, although the absolute value was relatively high.

Going a step further, beyond the prerequisite discussed above,
conclusions about changes in the shares are explained by the fact
that the regional GDP share changed because the regional GDP
growth rate changed. The linear trendline clearly shows a positive
correlation between changes in the regional economic growth rate
and changes in the shares of regional GDP in the 2012–2016 stage
(Fig. 3D). The slight decrease in the growth rate of regional GDP
accounted for the corresponding increase in the regional GDP share
of four emission-increasing regions on the right side of the vertical
axis; the less the growth rate decreased, the more the share in-
creased. In contrast, if the growth rate dramatically decreased, the
share significantly decreased.



Table 1
Contributions of provinces in regional structure to CO2 emission changes for 2012–2016.

No. (k) Provinces Contributions Regions

1 Beijing 0.06% Beijing-Tianjin
2 Tianjin 0.03%
3 Hebei −0.84% North
15 Shandong 0.09%
6 Liaoning −2.04% Northeast
7 Jilin −0.21%
8 Heilongjiang −0.47%
9 Shanghai 0.01% Central Coast
10 Jiangsu 0.38%
11 Zhejiang 0.04%
4 Shanxi −1.08% Central
12 Anhui 0.19%
14 Jiangxi 0.10%
16 Henan 0.06%
17 Hubei 0.24%
18 Hunan 0.12%
13 Fujian 0.18% South Coast
19 Guangdong 0.19%
21 Hainan 0.01%
20 Guangxi 0.09% Southwest
22 Chongqing 0.21%
23 Sichuan 0.07%
24 Guizhou 0.55%
25 Yunnan 0.10%
5 InnerMongolia −1.03% Northwest
26 Shaanxi 0.00%
27 Gansu −0.10%
28 Qinghai −0.01%
29 Ningxia 0.00%
30 Xinjiang −0.21%
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3.4. Regional emission changes by drivers

As regional development patterns have changed, China's CO2 emis-
sions have plateaued because of three region-level drivers: energy effi-
ciency, industrial structure and energy mix.

Energy efficiency contributed the largest amount of emission reduc-
tions, at−21.0%, with no increases in emissions for all regions (Fig. 4A).
The most prominent regions, in order, were the North, Central and
Southwest regions. Two provinces in the North, Shandong and Hebei,
contributed the largest amount of emission reductions, at −5.5%.
These regions have become the top priorities in environmental protec-
tion governance, as they are major energy-consuming provinces
adjacent to the capital city. Consequently, those two provinces imple-
mented policies, including strict emission-limit standards, develop-
ment of circular economy, etc., with considerably high administrative
efficiency and steadily advanced the structure of de-capacity adjust-
ment, which resulted in a significant increase in the efficiency of its
unit energy use. By actively promoting innovation and improving
quality through technologies, Shandong accounted for the largest
emission reductions, at −4.6%. For example, energy corporations in
Shandong actively responded to various policies to boost revenues
for restructuring and upgrading. Similarly, Hebei promoted industrial
green transformation and implemented efficiency-improving plans
through “Internet Plus” and cloud computing. Thus, Hebei has achieved
a gain in industrial energy efficiency and a decrease in emissions
of −0.9%. More precisely, the full service and monitoring of energy
management for key energy-using enterprises was implemented by
building a network service information platform that included key en-
terprises in the province.

Second only to the North region, the Central region also contributed
tremendous reductions of −4.8%. Hubei (−2.0%) and Henan (−1.4%)
continued to upgrade their industrial layouts and structureswith strate-
gic support. Hubei has actively tried to use market-oriented measures
through the carbon trading market to constrain enterprises and realize
a low-carbon transition. As one of the first pilots of seven nationwide
carbon emissions trading markets, Hubei promoted technological
transformation, energy conservation and emission reduction. Henan
also improved energy conservation and emission reduction mecha-
nisms by establishing a sound supervision system to improve the visibil-
ity of project selection, reviews and publicity.

The third-ranked Southwest accounted for−3.6% in emission reduc-
tions. Five provinces in the Southwest contributed to these reductions,
among which Guizhou was the greatest contributor at −1.0% in the
new normal stage. Through the “double control” over energy consump-
tion and intensity, Guizhou, as one of the first ecological civilization
pilot areas in China, equally weighed the development and ecology.
By strengthening key energy-saving and carbon-reducing projects,
Guizhou has continuously explored new patterns for development, in-
cluding low-carbon parks, communities and campuses based on tech-
nological innovation and resource recycling.

Compared with the reductions of the top three regions, emissions
in the coastal regions declined less, with reductions of −2.6% in the
Central Coast region and − 2.3% in the South Coast region. In these re-
gions, Jiangsu, Zhejiang and Guangdong, with high-quality economic
and rapid development, performed well in energy consumption per
unit because of their developed science and technology. Due to the
relatively weak performance of Tianjin, the decrease in emissions in
Beijing-Tianjin was only−0.98%, but this figure was still slightly better
than the −0.96% in the Northwest. The Northwest was crippled
by Qinghai and Ningxia, though Shaanxi performed best among the
six Northwest provinces. Therefore, the improvement caused by
energy efficiency in the Northwest was unsatisfactory. Worse still,
the Northeast, at −0.2%, struggled to rebound. Two of three provinces
in the Northeast showed increases in emissions. Accumulated histori-
cal factors, including redundant state-owned enterprises, upgrading
difficulties caused by geographical disadvantages, population loss and
the economic downturn, led to few significant emission reductions
caused by energy efficiency in the Northeast, which strongly relied
on heavy industry.

CO2 emissions in general were reduced (−1.0%) in the new normal
stage due to the industrial structure, which varied by region (Fig. 4B).
The North, Beijing-Tianjin, Central Coast, South Coast, Southwest
and Central regions contributed different degrees of emission reduc-
tions (listed from the most to the least), but emissions increased
in the Northeast and Northwest. As with energy efficiency, the two
provinces in the North also contributed a maximum decrease (−1.2%)
in emission reductions driven by industrial structure. Shandong still
rankedfirst (−1.0%) in the nation. The overall large decline in Shandong
was due to the decreasing trends in emissions caused by heavy industry
represented by energy sector (−1.3%). The declining tendency after
the financial crisis has accelerated, since the government has strictly
controlled the growth of high-energy-consuming projects and industries
by suspending approvals. Additionally, policies in Shandong focus on
investing in energy-saving industries, accelerating emission-reducing
projects and eliminating excess capacities.

In addition to the North region, the Beijing-Tianjin, Central Coast
and South Coast regions, with a relatively developed economy and a
high degree of openness, have played positive roles in reducing CO2

emissions, accounting for −0.7%, −0.52% and − 0.46%, respectively.
Industrial structures continue to reduce emissions after the financial
crisis until the new normal stage because of the rapid development of
the tertiary industry in Beijing, the Yangtze River Delta and the Pearl
River Delta, which represent the forefront of industrial transformation
and upgrading.

Although the western and northern regions are not as open as the
southeast, especially the coastal areas, the Southwest (−0.39%) has
explored its own unique development path in recent years. Provinces
in the Southwest are adjusting their structures through energy conser-
vation breakthroughs that promote economic transformation and up-
grades through the development of a green recycling economy, the
elimination of backward production capacity and restrictions on high
energy consumption projects. Tertiary industries, including big data
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and cloud computing in Guizhou, the tourism industry in Yunnan and
Guangxi, and computer-related industries in Sichuan, are all of great sig-
nificance for this region high-quality development. More specifically,
Guizhou ranked second in the nation, contributing−0.6% to reductions.
The adjustment of the energy consumption industrial structure has
enabled Guizhou to shift its focus from high energy consumption to
high-tech industries that have rapidly developed in recent years; for
example, cloud computing is a typical representative in the nation. As
a result, the increase in the proportion of tertiary industry services has
led to a significant decrease in emissions. From the financial crisis to
the new normal stage, Guizhou has successfully reduced emissions
caused by heavy industry and light industry and vigorously developed
high-tech industry.

Similarly, the Central region was strategically supported and re-
duced emissions (−0.36%). Despite the open strategy in the east and
the Belt and Road policy in the west, provinces in the Central region
still performed well. Although the development roads in Hunan,
Hubei and Anhui in the Central region are still in the exploratory
Fig. 4. Changes in CO2 emissions caused by drivers at the regional level. (A) Region-specific c
period; (B) region-specific contributions of industrial structure to changes in national CO2

changes in national CO2 emissions in the 2012–2016 period; (D) regional comparison and cla
efficiency and regional structure in the 2012–2016 period, with the length of bars and marker
stage, these provinces are undertaking technological transfers from
coastal areas and developing characteristic industry upgrades with
a promising start. However, Shanxi increased emissions by 0.6%.
Although Shanxi is the top priority for supply-side reforms such as
de-capacity, removal without transformation cannot go beyond the
fundamentals. The suspension of production forced by administrative
policies can reduce absolute emissions only to a certain extent, but
the output will decline accordingly, and it will not be possible to opti-
mize the energy consumption structure and increase the relative effi-
ciency of emissions. Hence, for historical reasons, emissions increased
in energy sector (0.7%).

The situation in the Northwest, which is the focal point of develop-
ment in thewestern region,was not encouraging. It accounted for an in-
crease of 0.9%. Inner Mongolia (1.8%) ranked first in the country. Inner
Mongolia's failure to actively seek transformation and upgrading
as well as its relatively backward development are the main reasons
for the poor performance of emission reductions, with energy sector in-
creasing emissions by 1.9%. As the provinces in the Northwest have not
ontributions of energy efficiency to changes in national CO2 emissions in the 2012–2016
emissions in the 2012–2016 period; (C) region-specific contributions of energy mix to
ssification of changes in CO2 emissions driven by energy mix, industrial structure, energy
s reflecting the contribution of each region in the last stage.
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pursued the correct transformation and upgrading paths, they should
learn from the experience of the Southwest to develop advantageous in-
dustries and achieve structural optimization. Even worse than in the
Northwest, emission increases in the Northeast were as high as 1.7%
for three provinces: Liaoning, Jilin and Heilongjiang. Problems with
the industrial structure in the Northeast region have a long history.
Since most companies in the Northeast are traditional state-owned
enterprises,where corporate reformswere difficult to carry out, the econ-
omy lacks the vitality of the private economy. With a heavy industrial
past, the secondary industry occupies an excessive proportion of the
industrial structure. No measure has revitalized the economy, and the
aging industry problem is serious. Hence, the effect of industrial struc-
ture on reductions in the Northeast is extremely poor.

Since various regions have accelerated the development of renew-
able energy, actively promoted the application of environmentally
friendly materials, stimulated green consumption and built ecological
civilizations, emissions have decreased (−1.7%) due to the energy mix
(Fig. 4C). It is better to use relatively clean energies such as natural gas
than to use fossil fuels such as coal or oil. Therefore, the emission reduc-
tions performancewas good in the Southwest region (at−0.5%), where
gas storage is abundant. The performance of the Central Coast (0.3%)
and the South Coast (0.01%), at the end of the West-East Gas Pipeline,
was relatively poor. Compared with the Southwest gas mines, the
Northwest oil reserves are abundant, with a large number of high-
yield oil fields. In addition, oil production in the Northwest is still in-
creasing, unlike the trend of exhaustion in the Northeast. Consequently,
emissions caused by the energymix in the Northwest increased by 0.2%.
In contrast, the mining industry in the Northeast is facing slowing
growth and shrinking outputs. Hence, CO2 emissions caused by energy
mix in the Northeast fell to−1.1%. Simultaneously, due to the influence
of policies on pollution and the environment, emissions in Beijing-
Tianjin (−0.9%) and the Central region (−0.3%) were controlled.
Meanwhile, emissions in the North increased by 0.6% because of Hebei
(0.5%), the worst performer.

In terms of drivers at the regional level, the eight regions can be
divided into four types based on the reduction levels and driving ef-
fects: sustainability type (North and Central), quantity type (North-
east and Northwest), quality type (Central Coast and South Coast),
and potential type (Beijing-Tianjin and Southwest) (Fig. 4D). The
sustainability type, represented by the Central and North, provides
a good example of decreases caused by regional structure, energy ef-
ficiency and industrial structure, from which efficient administrative
policies can be learned to reduce emissions effectively. In addition,
the gap in terms of the energy mix between the North and Central
causes the emission reductions of the former to be lower than
those of the latter, which can be offset by a greater use of clean en-
ergy. The quantity type, represented by the Northeast and the North-
west, mainly needs to strengthen and upgrade the industrial
structure despite the satisfactory performance in the regional struc-
ture and energy efficiency. Similarly, the Northwest may follow the
Northeast and optimize its energy mix by adjusting fuel types. The
quality type, represented by the Central Coast and the South Coast,
demonstrates that even with high economic growth, improving en-
ergy efficiency and upgrading the industrial structure can reduce
emissions as a result of high-quality development. The potential
type, represented by the Southwest and Beijing-Tianjin, varies in
the final effect of emission reductions; however, driver changes in
energy efficiency, industrial structure and energy mix leading to re-
ductions are similar in this type of region, which reflects a promising
future based on a proper start and an appropriate path.

4. Discussion

CO2 emissions in China have plateaued, with a low growth rate
of 0.7% from 2012 to 2016 (the new normal stage), due to changes
in development patterns. Among the seven socioeconomic drivers
decomposed by LMDI, emission intensity remained stable. Economic
growth and population caused an increase in CO2 emissions; however,
a slow-down in the rates of economic growth and population growth
decreased the growth rate of emissions. The remaining four drivers
(i.e., regional structure, energy efficiency, industrial structure and
energy mix) contributed to emission reductions at the national level
in the new normal stage. In terms of regional structure, the optimiza-
tions of the regional GDP share made the regional structure lead to the
second largest reduction in emissions. At the regional level, different
regional development patterns resulted in different levels of changes
in regional emissions caused by energy efficiency, industrial structure
and energy mix.

The recent decline in emissions caused by shifts in China's economic
structure and changes in regional development patterns was the result
of sustainable strategies and low-carbon policies in the new normal
stage. Improved energy efficiency and structural factors, including re-
gional structure, industrial structure and energy mix, all resulted in
emission reductions in this stage. First, all regions have coordinated
and cooperated with each other to serve themajor goal of restructuring
the national economy from a high-speed pattern to a high-quality
pattern. Second, the government has devoted more effort to improving
energy efficiency; one example is the elimination of backward and out-
dated production capacity in energy-intensive industries in 2015. Third,
central and local governments have issued preferential tax policies and
investment dividends in the tertiary industry. Therefore, by improving
the industrial structure, emissions in industries with high pollution
and high energy consumption significantly declined, especially in
heavy industry. Finally, policies, including the gradual decrease in in-
vestments in coal-fired plants, the wider use of electric vehicles, etc.,
have been implemented effectively. Consequently, the share of coal-
caused emissions has continued to decrease based on upgrades in the
energy structure and a greater use of clean energy, which is consistent
with previous studies.

Regional structure, represented by changes in regional GDP shares,
has played an extremely important role in the emission reductions
during the new normal stage (Fig. 5A). The structure in the new normal
provides a good example to be continued, as emissions caused by share
changes in the sustainability type (North and Central) and the quantity
type (Northeast and Northwest) decreased, while the emissions and
shares of the quality type (Central Coast and South Coast) and the po-
tential type (Beijing-Tianjin and Southwest) increased. On the one
hand, to reduce emissions by regional structure, the shares of provinces
with lower energy efficiency and higher energy consumption should
decrease, while the shares of areas with superior industrial and energy
structures should increase. Hence, the optimization of the regional
structure in GDP can reduce emissions. On the other hand, the rate of
the decline in economic growth also affects the role of the regional
structure in emissions because the slowing growth rate reduced the
GDP share of the region. Compared with the post-financial crisis stage,
regions with a decelerating growth rate in those four years of the new
normal stage experienced a drop in total emissions. However, the corre-
sponding growth rate declines of regions with slight increases in emis-
sions caused by regional structure were relatively small. Consequently,
it is necessary to control both the total amount and intensity of energy
consumption based on GDP. In addition to introducing new projects to
create new growth points for urban and provincial economic develop-
ment, green development should be placed at the forefront of develop-
ment, with energy consumption, structure, intensity and efficiency
continuously improved.

The driving effects of energy efficiency, industrial structure and
energy mix varied at the regional level because of different regional
development patterns, which further led to the plateauing CO2 emis-
sions in the new normal stage. In particular, with emission reductions
in all regions, energy efficiency contributed the most to emission re-
ductions (Fig. 5B). The continuously improved industrial structure
has resulted in emission reductions, while Northeast and Northwest



Fig. 5. Changes in regional CO2 emissions caused by different drivers. (A) Changes in CO2 emissions driven by regional structure in the 2012–2016 period; (B) changes in CO2 emissions
driven by energy efficiency in the 2012–2016 period; (C) changes in CO2 emissions driven by industrial structure in the 2012–2016 period; (D) changes in CO2 emissions driven by energy
mix in the 2012–2016 period. Shaded colours in maps indicate proportions of changes in emissions from 2012 to 2016.
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increased their emissions because of poor transformation designs and a
history of underdevelopment (Fig. 5C). The energy mix varied across
regions but led to an overall decline in emissions, with a large decrease
in resource-rich regions, especially in areas with abundant clean energy
reserves. In contrast, eastern regions caused higher emissions (Fig. 5D).
According to the regional differences in the factors described above,
provinces should not blindly imitate others or change. Instead, the fol-
lowing twoprinciples should be followed. First, poor-performing factors
should be strengthened, whilewell-performing drivers should bemain-
tained according to each region's own decomposition results. Second, it
is more practical for regions to learn their advantages and strengths
based on areas with situations similar to their own rather than simply
embedding the experience from developed provinces. For example,
efficient control of energy efficiency should be continued with regula-
tions and policies under the administrative strategies in the North and
Central regions, and it is better to continue with the advantages of
transformation and upgrading in the Southwest. However, the reduc-
tions caused by energy efficiency in the Northwest and Northeast
have been relatively weak. These regions, as industrial centres similar
to the North and Central, can learn about their effective administrative
measures. Additionally, the Northwest and Northeast are geographi-
cally disadvantaged areas similar to Southwest; thus, they can learn
how the Southwest region designs its restructuring mechanisms by fo-
cusing on emerging industries with comparative advantages. Severe
problems also exist in the industrial structure of the Northwest and
Northeast. It may be difficult to imitate the high-speed and high-
quality development of the tertiary industry in developed regions. It is
therefore more practical for these regions to learn how to control
heavy industry from the North and Central regions and to learn how
to transfer knowledge from other industries to the high-tech industry
in the Southwest. In terms of energy mix, the oppositely driven results
of the North and Central, both classified as the sustainability type, can
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be adjusted by greater use of clean energy by the North. As above, char-
acterized by the quantity type, the Northwest can follow the Northeast
and optimize its energy mix by improving fuel types.

5. Conclusion

This study mainly analyses the causes of plateaued CO2 emissions in
China from 2012 to 2016 after a period of significant growth between
2000 and 2012. Based on the LMDI, the relative and absolute contribu-
tions of seven socioeconomic drivers to energy-related CO2 emissions
are decomposed. At the national level, population growth steadily in-
creased emissions in China during the 2013–2016 period; however,
there was a slow-down in the growth rate compared with the previous
stages. In addition, the emission increases in China were dominated by
strong economic growth, but the deceleration of this driver significantly
accounted for the decline in the emission growth rate in thenewnormal
stage. Most importantly, energy efficiency and structural changes re-
sulted in a decline in CO2 emissions in China in the new development
stage.

At the regional level, China's carbon emissions have plateaued since
2012 mainly due to changes in the regional structure and development
patterns. First, regional structure, estimated by regional GDP shares,
drastically reduced carbon emissions in the new normal stage, whereas
it used to be a cause of increased emissions. Second, due to changes
in regional development patterns, the upgrading and improvement of
energy efficiency, industrial structure and energy mix at the regional
level led to CO2 emission reductions inmost regions. In this study, policy
implications were discussed according to the results. CO2 emissions
varied by region due to different drivers; thus, corresponding counter-
measures should be taken for different causes. Our analysis provides
new insights into interregional cooperation, whereby regions can learn
from the experiences of areas in similar situations but with lower emis-
sions in order to improve their development patterns.
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