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Abstract

Energy and environmental policies are important methods for the government to restrain carbon emissions growth. Identifying
the potential dynamic trends of China's carbon emissions under different scenarios has important reference significance for
the government's policy implementation. This paper firstly predicted China's carbon emissions from 2017 to 2040 based on
three energy transition scenarios at the industrial level. Then, Logarithmic Mean Divisia Index decomposition model was
applied to evaluate the driving forces of emissions changes during 1997-2040. Finally, the Spatial-Temporal Logarithmic
Mean Divisia Index model was used to explore the emissions reduction potential and the potential reduction path at provin-
cial level. The results showed that (1) as the reduction in energy intensity cannot offset the growth of industrial scale, the
carbon emissions of all industries have shown an increasing trend from 1997 to 2017; (2) In the current policies scenario,
China's carbon emissions cannot reach the peak before 2040. And only in the sustainable development scenario, the carbon
emissions of the three industries will all reach the peaks before 2030. And the development of non-fossil energy will reduce
carbon emissions by more than 30%; (3) Hebei, Shanxi, Inner Mongolia, Ningxia, and Heilongjiang are key provinces and
improving energy efficiency of the secondary industry is a potential way to promote carbon emissions reduction.
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Introduction

As human activities promote global economic growth,
related energy consumption has led to a continuous
increase in carbon emissions (CEs) (Ikram et al. 2021).
The increase in global CEs has caused serious damage to
the environment and biodiversity (Sharma et al. 2021).
The United Nations (UN) has put forward the Sustainable
Development Goals (SDGs), aiming to solve the develop-
ment problems of the three dimensions of society, econ-
omy, and environment in an integrated manner and turn to
the path of sustainable development (UN 2015). In a series
of SDGs, clean energy and climate action are of great sig-
nificance to the sustainable development of human society
(Malik et al. 2021). It requires governments to take urgent
action to deal with climate change and its impact, and
to develop clean energy to ensure global energy supply
(Ghazouani et al. 2021). However, recognition to action
requires a transition process. This requires policymakers
to consider various practical factors to formulate reason-
able and effective policies. Therefore, studying energy
and environmental policies are of great significance to
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promoting energy transition, curbing the growth of CEs,
and realizing SDGs.

China's economy has grown rapidly in recent decades
(Jiang et al. 2018). However it also brings serious environ-
mental problems. In 2009, China surpassed USA to become
the world's largest carbon emitter (Wang et al. 2010). In
2017, total CEs in China were 9866Mtons, accounting for
30.05% of the global total (IEA 2018). Resources and envi-
ronmental problems have brought huge potential threatens to
the sustainable development of China (Liu et al. 2018). Due
to the process of industrialization and urbanization, China's
air pollution problem has gradually increased, and public
health has been seriously threatened (Tian et al. 2013). For
example, starting in 2013, from November to January of the
following year, severe smog frequently occurred in North
China, and the health of more than 300 million people was
seriously threatened (Bing et al. 2014). Considering the co-
benefits between air pollution and CEs, to reverse the current
air quality situation in China, it is essential to control fossil
energy consumption and reduce CEs (Dong et al. 2015).
Therefore, the Chinese government has issued a series of
policies aimed at energy consumption transformation and
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industrial structure optimization in an attempt to control the
fossil fuel consumption and related CEs (Deng et al. 2019).
In 2016, the State Council promulgated the "13th 5-Year
Plan," requiring China to decrease the carbon intensity (CI)
by 18% in 2020 compared to 2015 (NDRC 2017). In 2017,
the Chinese government promulgated the National Inde-
pendent Contribution Program (INDC), promising to reduce
CI by 60-65% from the 2005 level, and peaked China’s CEs
in 2030 (Yuan et al. 2018). In 2021, according to the 14th
5-Year Plan, China pledged to achieve carbon neutrality by
2060 (NDRC 2021).

The implementation of a series of emission reduction
policies has had a certain effect on restraining the growth
of CEs of China (Ding et al. 2019). From 2013 to 2017,
China's CEs increased from 9492.9 to 9866Mtons, with an
average annual growth rate of 0.98%, which was much lower
than the 7.61% during 1997-2013 (NBSC 1998-2018b).
However, these are far from enough for carbon peaking and
carbon neutrality goals. At the current stage, the Chinese
government has only proposed some binding indicators
for these goals, and the specific policies and action plans
are still unclear. This raised some questions: What are the
characteristics of China's CEs at different stages? How will
China's CE change under different emission reduction poli-
cies? What are the main drivers for the dynamics of CEs?
To achieve the carbon emission reduction target, what kind
of policies are practical and effective? In addition, China
has a huge territory. The industrial structure and resource
endowments vary greatly among provinces. There are seri-
ous inequalities in CEs among provinces. In 2017, the five
provinces with the largest CEs were Shandong (806Mtons),
Jiangsu (736Mtons), Hebei (726Mtons), Inner Mongo-
lia (639Mtons), and Guangdong (542Mtons), account-
ing for 34.96% of the national total. On the contrary, the
five provinces with the least CEs were Hainan (42Mtons),
Qinghai (53Mtons), Beijing (§85Mtons), Tianjin (141Mtons),
and Gansu (151Mtons), accounting for only 4.78% of the
national total. Considering that CEs reduction targets are
closely related to each province, evaluating the driving fac-
tors of provincial CEs changes and identifying potential
ways to reduce CEs in each province is of great significance
for achieving China's CEs reduction targets.

To solve the above problems, this paper first analyzed
the evaluation trends and driving forces of China's CEs dur-
ing 1997-2017. Then, three energy demand scenarios were
constructed to estimate the evolution trend of China's CEs
in different scenarios during 2017-2040, and assessed the
potential impact of the energy transition on CEs. Further-
more, Logarithmic Mean Divisia Index (LMDI) method was
used to assess the main driving forces for the dynamics of
China's CEs during 2017-2040. Finally, the Spatial-Tempo-
ral Logarithmic Mean Divisia Index (ST-LMDI) model was
used to evaluate the CEs reduction potential of each province

in different scenarios. In particular, this paper analyzed the
relative contribution of the proportion of fossil energy in
total energy consumption to CEs to indirectly illustrate the
effect of non-fossil energy consumption on CEs changes.
As this paper covered main types of primary energy sources
including fossil and non-fossil energy, impacts of techno-
logical progress and non-fossil energy substitution can be
presented. This supplemented more detailed information for
assessing the potential for future CEs reduction, and pro-
vided new evidences for relevant government departments
to make decisions.

The reminder of this paper was as follows. Section Lit-
erature review presents an overview of existing relevant
research. Section Methodology and data introduces Kaya
identities, Scenario analysis, decomposition analysis and
the data sources. Section Results provides the results. And
Sect. Policy recommendations concludes the research and
gives the policy recommendations.

Literature review

Many scholars have explored the co-benefits of air pollu-
tion and CEs. The early studies mainly focused on devel-
oped countries (Rafaj et al. 2013; Shrestha and Pradhan
2010). However, the air pollution and CEs problems faced
by developing countries are more serious, and the pursuit
of co-benefits is even more urgent (Takeshita 2012). He
et al. (2010) combined energy prediction models, emis-
sion estimation models, air quality simulation models, and
health benefit evaluation models to evaluate the co-benefits
of different energy policies. Mao et al. (2012) studied the
co-benefits of carbon dioxide emission reduction and air
pollutants in China’s transportation sector based on policy
tools such as carbon tax and clean energy subsidies. Liu
et al. (2013) applied the GAINS-City model to analyze the
synergistic effect of Beijing’s air pollution and CEs. These
studies have confirmed that energy and environmental poli-
cies have significant co-benefits for air quality and CEs.
Implementing proactive energy and environmental policies
can not only curb the growth of CEs, but also promote air
quality improvement.

Therefore, an increasing number of researchers focused
on the issue of China's CEs through different kinds of mod-
els such as decomposition (IDA and SDA) model (Wang
and Zhou 2018), STIRPAT model (Zhang and Zhao 2019),
decoupling indicator (Wang et al. 2018b), and regression
analysis (Wen and Liu 2016). Wang et al. (2021a) applied a
decomposition analysis model based on World-Input—Out-
put Database to explore the key drivers of changes in CI in
55 sectors in China, aiming to curb the possible rebound
in CI after the COVID-19 pandemic. Wang et al. (2021b)
conducted a study on CEs from the perspective of energy
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demand, and found that structural changes in energy con-
sumption have a significant impact on CEs. Guo et al. (2021)
studied the impact of clean energy development on provin-
cial CEs and found that clean energy is a viable solution to
alleviate China’s environmental degradation. Fatima et al.
(2021) studied the relationship between energy transition
and the environment and found that the development of non-
fossil energy can significantly inhibit the negative impact
of economic growth on the environment. These studies
confirmed that the energy transition especially the develop-
ment of non-fossil energy will have a significant impact on
CEs. Therefore, exploring the trends of CEs under different
energy transition scenarios can provide an important ref-
erence for the government and is of great significance for
policy making.

Logarithmic Mean Divisia Index (LMDI) model was used
by many scholars to identify the impact factors of CEs (Liu
et al. 2019). Compared with other decomposition analysis
methods, the LMDI method mainly used final consumption
data and relied on the Kaya identity to decompose changes
in CEs into factors such as intensity, structure, economy, and
population (Du and Lin 2015). The LMDI method has low
data requirements and a wide range of applications, and has
been widely used by many scholars. Xu et al. (2014) ana-
lyzed influencing factor of China’s CEs. The results showed
that economic activity was the major force for the growth
of CEs. Li et al. (2017b) explored the drivers of China’s
growth of CEs. Results showed that energy intensity was
the dominant driver to restrain the growth of CEs. Previ-
ous studies have fully demonstrated that economic activity
and energy intensity are the main driving forces in promot-
ing and curbing China's growth of CEs. Furthermore, an
increasing number of scholars have shifted their focus to
CEs at the regional level. Song et al. (2021) studied the
dynamics of China's provincial CEs and found that the CEs
center shifted from east to west China during 2000-2017.
Wang and Feng (2017) explored the drivers of CEs changes
at China’s provincial level and found that the influencing
factors vary greatly among different provinces. Jiang et al.
(2017) analyzed the differences in the impact factors of CEs
growth of various provinces, and found that Shanxi, Anhui,
and Hebei have made increased contributions on China’s
growth of CEs. Wang and Han (2021) used multi-regional
input—output (MRIO), Tapio decoupling model and decom-
position analysis to study the decoupling of CEs in Sino-US
trade and its driving factors, and found that the decoupling
status of CEs reflected in China’s exports to USA is gradu-
ally improved. Wang and Wang (2020) applied the LMDI
model to explore the driving factors of CEs in various coun-
tries before and after the 2008 global financial crisis, and
discussed specific measures to prevent the retaliatory growth
of CEs after COVID-19.
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These studies have conducted extensive discussions on
historical CEs changes. However, there is limited researches
on the potential evaluation trends and driving factors of
future CEs. Zhang et al. (2019) assessed the influencing
forces affecting growth of CEs in China during 2000-2016,
and estimated the decline trend in CI in 2020 and 2030. It
was found that energy intensity was the leading factor for
CEs reduction, and industrial structure optimization would
have an important impact on 2020-2030 CEs reduction. Sun
et al. (2019) found that benefiting from non-fossil energy
consumption, China's CI can be reduced by up to 72.7%
in 2030 compared to 2005. Some studies have predicted
the CEs of a single province in China. Zhang et al. (2017)
predicted that future emission pattern of Henan province
will show an increasing initially and follows by a downward
trend, which mainly depended on the population growth rate
and changes in per capita GDP. Wang et al. (2019) found
that based on the continuous economic development and
urbanization process, CEs in Guangdong will maintain a
growth trend in 2015-2030. Qin et al. (2019) predicted the
changes of CEs in Xinjiang and found that its CEs will peak
at 626.21-662.25Mtons in 2030-2040. Yu et al. (2019) pre-
dicted the CEs reduction in the Beijing-Tianjin-Hebei region
up to 2030, and found that energy intensity is the key driver
for achieving CEs reduction targets. Wang et al. (2018a) pre-
dicted the CI of six provinces of Southeast coast of China,
and found that by 2030, the CI of these provinces will be
reduced by 59.1-69.7% compared to 2005.

Existing research is insufficient in predicting China’s sub-
sectoral CEs and CI, and analyzing the CEs reduction poten-
tial at the provincial level. In limited research, Zhang et al.
(2020) estimated the dynamic trends of CEs in 30 provinces
up to 2030, and found that most provinces can achieve the
CEs reduction target. Sun et al. (2019) estimated that China’s
CI can be reduced by up to 72.7% in 2030 compared to 2005,
and Hebei, Shandong, Shanxi, Liaoning, Xinjiang, and Inner
Mongolia were the key provinces. Besides, existing studies
ignore the impact of different energy transition policies on
CEs at industrial perspective. Given that the energy transi-
tion, especially the development of non-fossil energy, can
significantly inhibit the growth of CEs, assessing the trend
of changes in CEs under different energy transition sce-
narios has an important reference value for the government
to formulate energy policies. Therefore, this paper applied
Kaya identities to predict China’s potential CEs of three sub-
sectors during 2017-2040 based on three different energy
transition policies, evaluated the impact of energy transi-
tion on China’s CEs dynamic trend. Besides, this paper also
applied ST-LMDI model to analyze the spatial and temporal
differences of CEs between each provinces and predicted
scenario, and evaluated the influencing factors of CEs reduc-
tion in each province.
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This paper contributes the literature as follows. First, this
paper combined the scenarios of IEA and OECD to predict
the trend of China's CEs during 2017-2040 based on Kaya
identity, and explored the potential impact of the energy
transition, especially the impact of non-fossil energy on
CEs. With the support of the government, China has devel-
oped rapidly in the field of non-fossil energy. By 2030, Chi-
na's non-fossil energy power generation installed capacity
is expected to account for more than 50%, and non-fossil
energy power generation will account for more than 30%.
This will have an important impact on China's CEs, and it
is of great significance to study the impact of energy transi-
tion on China's CEs. Besides, previous studies have mainly
emphasized the inter-industry differences in historical CEs.
Few studies have predicted China’s CEs by sectors. Then,
this paper applied LMDI method to evaluate the drivers
of China's CEs in different scenarios from 2017 to 2040.
Finally, ST-LMDI model was applied to analyze the spatial
and temporal differences of CEs between each provinces
and predicted scenario. This will help to explore the poten-
tial path for CEs reduction in provincial level, and provide
important references for the governments to formulate emis-
sion reduction policies.

Methodology and data
Kaya identities

Kaya identities has been widely applied in the study related
to CEs drivers. This paper utilized different Kaya identities
to study CEs at both national and provincial levels respec-
tively. At national level, CEs was decomposed into six influ-
encing factors including the carbon coefficient, fossil energy
structure, energy consumption structure, energy intensity,
activity, and population. At provincial level, to eliminate
the influence of geographic factors, this paper chose CI as
the research object. CI was decomposed into four drivers
including carbon coefficient, fossil energy structure, energy
consumption structure, and energy intensity.

consumption; ES means fossil energy structure, represented
by the proportion of fuel coal, oil, and gas consumption in
fossil energy consumption respectively; 7 means energy
consumption structure, represented by the proportion of
fossil energy consumption in total energy consumption; EI
means energy intensity, represented by energy consumption
GDP per capita; A means activity, represented by economic
output; P means population, represented by the number of
employed population.

Scenario analysis

Prediction research is forward-looking for evaluating future
development trends, and has been favored by many scholars.
Wang and Zhang (2021) predicted the impact of China's eco-
nomic recovery after the COVID-19 pandemic on the eco-
nomic growth and energy consumption of other countries.
Scenario analysis is a commonly used multi-factor forecast-
ing method. Based on multi-scenario assumptions, it studies
the possible results of a combination of multiple factors. Pre-
dicting the dynamic trend of CEs is of great significance for
assessing the potential impact of economic development on
CEs, predicting the negative environmental effects of human
activities, and proposing forward-looking policies to pre-
vent risks caused by the greenhouse effect. In recent years,
environmental issues have gradually received widespread
attention, many scholars predicted the future trend of CEs
through scenario analysis. Cui et al. (2021) applied scenario
analysis to predict the CI of five urban agglomerations in
China in 2025. Zhu et al. (2020) estimated the peak of CEs
in China’s transportation sector under three scenarios. Niu
et al. (2020) evaluates China's CI in 2030 under different
scenarios and finds that under the BAU scenario, China can-
not meet its 2030 CEs reduction commitments. However,
the existing scenario analysis is mainly based on the growth
rate of various socioeconomic indicators, ignoring the differ-
ence between industries and the impact of non-fossil energy.
According to the scenario analysis method, this study fore-
casted the CEs of China's three industries and related influ-

CEni Fni Fi Ei Qi
CE = z,- CE, = Z,- Zn F X_Fi XEiX_QiX_PiXPiz Z zn CF,; XES,; X T; XEIl, X A; X P; €))
j nij nij ij ij
CIJ-ZKZ E E TXFXEXaZ E ECF,”]XES,”]XTUXEIU )
J i n ny y y y i n

where CI means carbon intensity, represented by CEs GDP
per capita; E means total energy consumption, equal to
the sum of fossil and non-fossil energy consumption; CF
means carbon coefficient, equal to the ratio of CEs to energy

encing factors from 2017 to 2040. In different scenarios, the
prediction methods for GDP and population are consistent.
The relevant forecast data of GDP and population growth
rate come from OECD and UN, respectively, (OECD 2019;
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UN 2018). The GDP and population in year ¢ is calculated
in Egs. (3) and (4), respectively.

Q;=Q§—1x<1+r?) 3)

Pi=P7 x (1+7]) 4)

where r[Q and rf represents the annual growth rate of value
added and employed population in industry i during the
period respectively. The future employment population of
various industries cannot be directly obtained from obser-
vational data. This paper assumes that the trend of the pro-
portion of the employed population in each industry to the
total population is stable. Thus, this study calculated the
average annual growth rate of the employed population in
each industry during 1997-2017. And based on this growth
rate, this paper calculated the employment population data
of each industry in 2040. Therefore, the predicted GDP and
employment is shown in Table 1.

Based on the forecasts given by World Energy Outlook
2018 (IEA 2018), three scenarios ware considered in this

Table 1 Predicted GDP and employment in 2025, 2030, and 2040

paper. The three scenarios reflect different energy poli-
cies and emission reduction targets. Given that different
energy policies will have a significant impact on energy
demand and structure (Shahzad et al. 2021), this research
mainly focuses on changes in the demand for various types
of energy in different scenarios. Current policies scenario
(CPS) is a baseline scenario that takes into account the
potential environmental impact of documents or policies
that have been already published. New policies scenario
(NPS) is the medium scenario, which aims to provide pol-
icy recommendations for achieving short-term energy and
emission targets. In addition to considering the policies that
have been implemented by the government, the NPS also
considered the official goals and goals already mentioned
in the plan. The Nationally Determined Contributions of
the Paris Agreement provide an important reference for the
government’s policy making, although some of them have
been supplemented or replaced by more specific documents.
NPS reflects the impact of climate and environmental poli-
cies on CEs based on these agreements and documents. In
this scenario, this paper assumes that the government lacks
additional incentives to implement low-carbon strategies.
Therefore, when the emission reduction target is a range,
this paper assumes that the government is more inclined to
achieve its lower threshold. Stainable development scenario
(SDS) is a scenario that aims to achieve the climate change

Variables 2025 2030 2040 i R ] )
target. This scenario aims to achieve the sustainable develop-
Population (Million ~ 1,448.98 1,453.30 1,435.50 ment targets proposed by the United Nations (SDGs). The
people) . . .
GDP (Billion Yuan) assumptions of each scenarios are shown in Table 2.
_ In CPS, since only policies which formed the specific action
Primary 6,235.14 6,735.70 6,601.32 . . . .
plan were considered, China's energy demand in various sec-
Secondary 44,049.37 51,608.10 59,490.79 . O . ..
i tors will change steadily in accordance with current policies,
Tertiary 50,662.83 65,194.27 90,661.89 . . . .
and China's total primary energy demand will continue to
Table 2 Assumptions of each scenarios
Scenario  Assumptions
NPS NDC GHG targets: achieve peak CO2 emissions around 2030, with best efforts to peak early; lower CO2 emissions per unit of GDP

60-65% below 2005 levels by 2030

NDC energy target: increase the share of non-fossil fuels in primary energy consumption to 20% by 2030

13th 5-Year Plan targets for 2020

“Made in China 2025” transition from heavy industry to higher value-added manufacturing

Expand the role of natural gas

ETS expansion to domestic aviation and selected industry sectors

Three-year action plan for cleaner air, announced in July 2018

Energy price reform, including more frequent adjustments in oil product prices and reduction in natural gas price for non-residential

consumers
CPS Action Plan for Prevention and Control of Air Pollution
ETS for the power sector

SDS Universal access to affordable, reliable and modern energy services by 2030

A substantial reduction in air pollution

Effective action to combat climate change: to hold the increase in the global average temperature to well below 2 °C above pre-

industrial levels
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rise during 2017-2040. In the NPS, in addition to the current
policies, some binding targets that have not yet been transi-
tioned including the energy consumption and carbon emission
reduction targets mentioned by the Chinese government in the
INDC and the 13th 5-Year Plan have been specifically quanti-
fied. This puts more restrictive requirements on the growth
of China's energy consumption and CEs, which will curb the
growth of energy consumption and CEs, and meanwhile pro-
mote the energy transition process including the development
of coal-to-combustion and non-fossil energy. And in SDS, in
addition to China's current policies and carbon emission reduc-
tion targets, SDGs proposed by UN are considered. SDGs put
forward additional requirements for non-fossil energy and cli-
mate change, which will lead to a substantial increase in the
proportion of non-fossil energy consumption and a substan-
tial decline in the growth rate of energy demand. The specific
predicted energy data in 2025, 2030, and 2040 are shown in
Table 3. And the predicted energy data in year t is calculated
in Eq. (5).

t coal
Ecoalz_ coalzx(1+r >
_ =1 Eoil
E01l i Eallz (l + }" )
t t—1 gﬂS (5)
Egast = Egdsz (1 + ri >
t _ pt-1 Enon
Enont Enonz (1 + ri )
where E! . represents the coal consumption in industry i in
year t; E! , represents the oil consumption in industry 7 in
year f; E’ ,; fepresents the gas consumption in industry i in

Z‘
year t; E
1 1 ’ TlOn' 1 Ecoal Eml
inindustry i in year £; r, ", r;", r,
annual growth rate of coal, oil, gas, and non-fossil energy in

; Tepresents the non-fossil energy consumption
“ and r;™" represents the

Decomposition analysis
LMDI method

As mentioned above, IDA model was widely utilized in the
research related CEs reduction. In this paper, we applied
additive LMDI model to evaluate the specific influence of
various drivers on the evolution trend of China's CEs. In par-
ticular, this study considered the impact of non-fossil energy
consumption on CEs. The evaluation trend of CEs can be
expressed as Eq. (6).

CE® = ACF + AES + AT + AEI + AA + AP

(6)
where ACE stands for the evaluation of China’s CEs during
this period; CE' and CE® stands for China’s CEs in year ¢ and
year 0, respectively; ACF, AES, AT, AEI, AA and AP stands
for the changes of China’s CEs derived from various drivers.
The impact of each driver can be calculated as Eqgs. (7-12).

ACF = ZZ [ (CE, -

ACE = CE' —

)/(nCE!, ~ InCE? )| % (InCF}, = InCF},) (7

CEO
(1n CE!,

AES = Z Z [ (CE, - lnCES[)] (InES!, —In ES’”) )
2 0

AT = 2 2 [(CEni - CE"i)/(ln CE;I. _ lnCESi)] X (11‘1 Tfli —1In T;?i)

)]

W) (inc;, - mcg)| % (WEL, ~WEL) (10)

AEI = Z Z [ (CE;, -

AA = 2 Z [(CE;,,' - CES,')/OH CE' . —1In CEO.)] X (lnA’t“. _ lnASi)

. . . ) an

industry i during the period, respectively.

Table 3 Predicted energy data in 2025, 2030, and 2040

Sector Energy (Mtces) 2025 2030 2040

CPS NPS SDS CPS NPS SDS CPS NPS SDS

Primary Coal 112.86 111.43 105.71 117.14 110.56 102.86 121.43 109.21 97.14
Oil 54.91 54.91 53.58 62.90 61.57 58.57 75.55 70.89 64.90
Gas 18.57 18.57 20.00 21.43 21.43 20.00 22.86 24.29 22.86
Non-fossil 2.86 2.86 5.71 4.29 5.71 10.00 5.71 5.71 11.43

Secondary  Coal 2,652.86  2,555.71  2,172.86  2,752.86  2,500.00 1,750.00  2,875.71  2,270.00 948.57
Oil 161.43 155.71 144.29 152.86 140.00 118.57 131.43 112.86 71.43
Gas 340.00 322.86 324.29 437.14 394.29 412.86 604.29 520.00 521.43
Non-fossil 592.86 617.14 712.86 720.00 791.43 1,011.43 957.14 1,130.00  1,605.71

Tertiary Coal 98.57 68.57 67.14 84.29 47.14 41.43 64.29 12.86 4.29
Oil 644.29 594.29 534.29 712.86 622.86 472.86 765.71 612.86 290.00
Gas 171.43 174.29 170.00 198.57 201.43 204.29 241.43 231.43 220.00
Non-fossil 151.43 157.14 140.00 151.43 161.43 128.57 160.00 175.71 167.14
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to_ 0 " [ T
AP = z Z [ CE E’” ln CEf”. —In CEgi)] % (lan. - lnPgl.) < mj/Gt m#/G ) CF ..
l (12) ACFj = exp| Z -In Cij
_ ~ (e,
In many studies, due to the specific characteristics of | l yrom 1
energy resources, researchers often assume that the car- (14)

bon coefficient is constant. Therefore, in this paper, the
carbon coefficient effect was ignored, and the impact of
the remaining five driving factors on China's CEs changes
were evaluated.

ST-LMDI method

At the provincial level, to make the CI of different prov-
inces comparable, this paper applied the ST-LMDI model
to assess the requirements and potential of CEs reduction
in different provinces. Different from the traditional LMDI
method, ST-LMDI model can analyze the differences
between CI of each province and the target value across
temporal and spatial dimensions by constructing a bench-
mark. Spatial-temporal comparative analysis includes three
methods: bilateral-regional (B-R), radial-regional (R-R) and
multi-regional (M-R) analysis. The B-R model is mainly
used for comparative analysis between two regions. The R-R
model is only suitable for static comparative analysis in a
specific year. In dynamic research, the benchmark in the R-R
model will change over time, and the final calculated results
between various years are not comparable. The M-R model
overcomes the shortcomings of the B-R and R-R models. In
the M-R model, the comparison benchmark for each region
is constant. And the calculation results between different
years are comparable. This paper applied M-R compara-
tive analysis to study the differences between each provinces
and the benchmark. In this paper, the projected CI in 2040
of the three scenarios was established as the benchmark.
Then, the CI of each province in 2017 was compared with
the benchmark, respectively. The specific calculation method
is shown as Eq. (13).

t
ACL = OB /ey = ACF, x AES; X AT, x AEJ, (13)

where ACI stands for the spatial differences of CI; CIj and
CI,, stands for Cl in province j and the benchmark, respec-
tively; ACF, AES, AT, and AEI stands for the spatial differ-
ences of CI caused by various factors. Since the decomposi-
tion object was an intensity indicator, this paper utilized the
multiplicative decomposition method to evaluate the spatial
differences of each factor. The specific calculation method
is shown in Egs. (14, 15, 16, and 17).
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For the same reason, in this section, this paper assumed
that the carbon coefficient is constant during studying
period. The spatial differences of the carbon coefficient
effect on CI have not been evaluated, and the impact of
remaining three factors was analyzed.

Data description

Due to the limitations of data acquisition, this paper only
studied the data of 30 provinces in China (except Hong
Kong, Macau, Taiwan, and Tibet) from 1997 to 2040. The
historical GDP and Population data was obtained from
“National Bureau of Statistics of China” (NBSC 1998-
2018a). The projected GDP data were from OECD (OECD
2019) and the projected population data were from the
United Nation (UN 2018). The GDP data of each year
were calculated based on the constant prices of sub-sector
of each province and in 2010. The historical fossil energy
data were obtained from “China Energy Statistics Year-
book” (NBSC 1998-2018b). The historical non-fossil
energy data were acquired from “China Electricity Statisti-
cal Yearbook” (NBSC 1998-2018c). Besides, the projected
fossil and non-fossil energy data were both acquired from
“World Energy Outlook 2018 published by IEA (IEA
2018). According to Yuan et al. (2018), the economic indi-
cator of power generation (tce/kwh) was utilized to convert
the power generation by non-fossil energy (kwh) to energy
consumption (tce). According to the method published by
the IPCC in 2006 (IPCC 2006), historical CEs were calcu-
lated based on fossil energy consumption data. This paper
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considered four types of energy including fuel coal, fuel
oil, fuel gas, and non-fossil energy.

Results
Evaluation trend and drivers of China’s CEs

China’s CEs increased dramatically from 2931.6 to
9865.83Mtons during 1997-2017, with an average annual
growth rate of 6.26% (Fig. 1). This process can be divided
into four stages according to CEs growth characteristics. The
first stage is 1997-2002. The annual growth rate of CEs
in this stage was 3.69%. The second stage is 2002-2007.
During this period, the CEs increased significantly, with an
average annual growth rate of 14.19%. The third stage is
2007-2012. The CEs growth at this stage is relatively flat,
with an average annual growth rate of 6.85%. The fourth
stage is 2012-2017. The CEs hardly increased, with an
average annual growth rate of 0.77%. From industrial per-
spective, the CEs of different industries varied greatly. The
primary industry’s CEs increased from 76.7Mtons in 1997
to 139.44Mtons in 2017, with an average annual growth
rate of 3.03%. The secondary industry's CEs increased from
2447 .1Mtons in 1997 to 8261.85Mtons in 2017, with an
average annual growth rate of 6.27%. The tertiary industry’s
CEs increased from 407.8Mtons in 1997 to 1464.54Mtons
in 2017, with an average annual growth rate of 6.60%. From
proportion perspective, the secondary industry contributed
the most to CEs, accounting for 83.74% of national total in
2017. The CEs of tertiary industry has the fastest growth
rate. In 1997, the tertiary industry accounted for 13.91%
of the national total CEs. However in 2017, this proportion
rose to 14.84%.

LMDI model was applied to analyze the drivers of Chi-
na’s CEs growth in these four period. Results are shown
in Fig. 2. From 1997 to 2002, the effects of fossil energy
structure and energy consumption structure hardly inhibited
growth of CEs in various industries. It is mainly attributed

Fig.1 China’s CEs during 10,000 1
1997-2017 9.000 1
8,000 -
7,000 -
6,000 A
5,000 4
4,000 A
3,000 A

Annual Emissions (Mtons)

2,000 4
1,000 A

to the slow development of energy structure optimization
and non-fossil energy application (Li et al. 2017a). Energy
intensity effect was the leading driver for all three industries
to restrain the growth of CEs. Benefiting from technological
progress, the energy efficiency of the secondary and tertiary
industries has been significantly improved. Energy intensity
has reduced the CEs in secondary and tertiary industries
by 42.19% (— 1022.85Mtons) and 33.49% (— 136.13Mtons)
in this period, respectively. While it only reduced the CEs
of the primary industry by 11.21% (— 8.56Mtons). Activity
effect was the leading force to promote the growth of CEs.
From 1997 to 2002, the average annual growth rate of value
added in secondary and tertiary industries was 9.12% and
9.62%, while that of the primary industry was only 2.88%.
Therefore, the promoting role of activity effect on CEs in
secondary (1693.65Mtons, 69.87%) and tertiary industries
(162.34Mtons, 39.94%) was much greater than that of the
primary industry (11.85Mtons, 15.53%). The population
effect is positively correlated with changes in the employ-
ment number in various industries. During this period, the
employment number in primary and tertiary industries
increased by 5.17% and 13.70%. Therefore, the population
effect increased the CEs of primary and tertiary industries by
5.5% (4.20Mtons) and 13.87% (56.37Mtons), respectively.
However, due to the development of industrialization pro-
cess, the employment number in secondary industry dropped
by 5.23% during this period. This also led to a population
effect that reduced the secondary industry’s CEs by 6.57%
(—159.31Mtons).

From 2002 to 2007, due to the rapid expansion of the
industries, the employees and the added value of sec-
ondary and tertiary industries increased rapidly, which
became the main reason for promoting the growth of
CEs. Population and activity effect promoted the second-
ary industry's CEs growth by 35.58% (1037.29Mtons) and
20.60% (100.02Mtons), and promoted the tertiary indus-
try's CEs growth by 70.35% (2050.70Mtons) and 58.77%
(285.38Mtons). But for the primary industry, due to the
continuous reduction of employees, the population effect

0
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Fig.2 Decomposition result of historical CEs during 1997-2017 a Primary sector; b Secondary sector; ¢ Tertiary sector; d National total

reduced its CEs by 19.48% (— 16.26Mtons). At this stage,
various industries paid their attention to scale expansion,
ignoring energy structure improvement and technological
progress. Therefore, the effect of fossil energy structure,
energy consumption structure, and energy intensity on CEs
changes were not significant.

From 2007 to 2012, the scale of each industry continued
to expansion, and the value added of each industry grew
rapidly. Activity effect became the main driver for promot-
ing the CEs growth, which promoted primary industry's
CEs by 43.92% (48.22Mtons), secondary industry's CEs
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by 56.47% (3290.39Mtons), and tertiary industry's CEs by
50.28% (427.29Mtons). Due to the increasing employment
number, population effect also promoted the growth of CEs
in secondary (16.35%, 952.66Mtons) and tertiary (15.65%,
133.03Mtons) industries. Benefiting from the continuous
improvement of mechanization, the employment number
in primary industry gradually decreased, and the popula-
tion effect inhibited CEs growth in primary industry by
19.01% (—20.87Mtons). Besides, during this period, due
to the transformation from extensive to energy-saving espe-
cially in secondary industry, energy intensity dramatically
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curbed the growth of CEs from the primary industry by
6.2% (— 6.8Mtons), from the secondary industry by 32.61%
(—1900.22Mtons), and from third industry’s by 11.28%
(—95.87Mtons). Particularly, benefiting from the application
of non-fossil energy in secondary industry, the energy con-
sumption structure effect has slightly restrained the growth
of CEs in secondary industry (2.23%, — 129.70Mtons).
From 2012 to 2017, due to the implementation of envi-
ronmental protection policies and the improvement of
energy efficiency, energy intensity was the dominant driver
restraining the CEs growth, which restrained CEs growth
from the primary industry by 15.14% (— 19.73Mtons), sec-
ondary industry by 6.77% (—543.31Mtons), and tertiary
industry by 36.39% (—475.69Mtons). Activity effect was the
main driver promoting growth of CEs especially in primary
industry (46.99%, 61.23Mtons). Benefiting from poverty
alleviation and agricultural policies, output value of primary
industry has grown rapidly at this stage. Besides, activity
effect promoted CEs growth from secondary industry by

12.76% (1024.85Mtons), and tertiary industry by 23.69%
(309.65Mtons) respectively. It is worth noting that there has
been a clear labor transfer between industries at this stage.
A large amount of labor resources have been transferred
from primary to tertiary industry. This caused the popula-
tion effect to promote the tertiary industry's CEs by 25.68%
(335.70Mtons), while inhibited the primary industry's CEs
growth by 24.66% (— 32.13Mtons). For the secondary indus-
try, energy consumption structure (1.9%, — 152.54Mtons)
and population (1.40%, — 112.25Mtons) effect respectively
had a slight inhibitory effect.

Scenario analysis of China’s CEs

According to the assumptions in Sect. 3.2, this paper pre-
dicted the CEs in China during 2017-2040. Figures 3 and
4 presented the evolution trend of CEs and CI of various
industries in different scenarios from 2017 to 2040, respec-
tively. In CPS, China's CEs show an overall upward trend
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Fig.3 China’s CEs during 1997-2040 in different sector. a New policies scenario; b Current policies
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Fig.4 China’s CI during 1997-2040 in different sector. a New policies scenario; b Current policies scenario; ¢ Sustainable development sce-

nario

and will reach 10,729.00Mtons in 2040. The CI will con-
tinue to decrease from 0.144Mt/By in 2017 to 0.085 Mt/
By in 2030 and 0.068 Mt/By in 2040. Thus, the total CEs
of China will not reach the peak before 2040, and the 2030
CI reduction target will not be achieved. From an industrial
perspective, the increase in CEs is dominantly attributed to
tertiary industry. The CEs increase from 1464.54Mtons in
2017 to 2048.59Mtons in 2040. This is mainly due to the
process of industrial upgrading. Benefiting from the dra-
matically expansion of the industries, the proportion of the
tertiary industry will rise from 46.04% in 2017 to 57.84%
in 2040.

In NPS, China's CEs will continue to grow and reach the
peak of 9917.79Mtons in 2030. Then, the CEs will begin to
decline and reach 8584.45Mtons in 2040. It is worth not-
ing that CEs from the tertiary industry continue to increase
from 1464.54Mtons in 2017 to 1601.1Mtons in 2040. The
key to helping China's CEs peak in 2030 is in the secondary
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industry. From 2017 to 2030, the CEs of secondary indus-
try drop from 8261.85 to 7946.47Mtons. The CI continues
to decrease to 0.080 Mt/By in 2030, with a decrease rate
of 60.19% compared to that of 2005. This also means that
China achieves the lower limit of 2030 CEs reduction target.

In SDS, the CEs will continuously decrease from 2017
to 2040. This is mainly caused by the significant drop of
CEs from the secondary industry. Subject to strict energy
consumption and emission policies, from 2017 to 2040, the
proportion of fossil energy consumption in secondary indus-
try dropped from 87.14 to 48.98%, and the energy intensity
decreased from 0.11 to 0.05Mt/By. It caused that CEs in
secondary industry dropped from 8261.85 to 3294.29Mtons.
Particularly, the CEs of the primary and tertiary industries
have shown an increasing trend between 2017 and 2025.
This means that the energy and emission policies of the gov-
ernment are lagging in primary and tertiary industries, and
the relevant policies mainly have effects on the secondary
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industry. Besides, the CI decreased to 0.058Mt/By in 2030,
with a decrease rate of 72.46% compared to that of 2005.
This means that China better achieves its 2030 CEs reduc-
tion target, and sustainable energy and industrial policies
can play a huge role on environmental improvement and
energy conservation.

Decomposition analysis of predicted

According to the LMDI method, this paper analyzed China's
CEs in different scenarios during 2017-2040 at industrial
level. The decomposition results are shown in Fig. 5. In
CPS, with the rapid expansion of the scale of the indus-
try, the activity effect promotes the continuous growth
of China's CEs, which respectively contributes to CEs
increasing by 191.80% (267.79Mtons) in primary industry,
26.38% (2179.27Mtons) in secondary industry, and 55.89%
(818.49Mtons) in tertiary industry. In view of the targeted
energy policies for energy-intensive industries, energy inten-
sity as a leading force reduces CEs in secondary industry
by 17.19% (— 1420.18Mtons), and in tertiary industry by
50.98% (— 1993.59Mtons). However for primary industry,
due to the increase of energy consumption, energy intensity

promotes the CEs growth by 124.04% (173.18Mtons).
With the application of non-fossil energy, energy consump-
tion structure effect inhibits the CEs growth in primary
industry by 3.03% (—4.23Mtons), the secondary industry
by 4.95% (—408.71Mtons), and the tertiary industry by
14.95% (—218.87Mtons). The result of population effect is
a manifestation of labor transfer between industries. From
2017 to 2040, the employment number in primary and sec-
ondary industries decreases by 75.71% and 11.38%, while
the employment number in tertiary industry increased by
60.72%. This is in line with the trend of agricultural mecha-
nization and industrial intelligence. It is worth noting that
the fossil energy structure has a 2.9% (239.79Mtons) promo-
tion effect on CEs growth in secondary industry. It means
that current fossil energy policy cannot curb growth of CEs
process.

In NPS, activity effect is still the main impact fac-
tor, which increases CEs in primary industry by
183.37% (256.02Mtons), secondary industry by 36.96%
(3052.83Mtons), and tertiary industry by 53.5%
(783.46Mtons). In NPS, the government implements a series
of stricter energy consumption and energy substitution poli-
cies. Energy intensity effects have a more obvious effect
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on CEs decrease in secondary (32.96%, —2722.41Mtons)
and tertiary (66.87%, — 979.33Mtons) industries. The new
policies require the non-fossil energy consumption to reach
24.85% in 2040, which reduce CEs by 3.08% (—4.3Mtons)
in primary industry, 13.60% (- 1123.07Mtons) in sec-
ondary industry, and 19.17% (—280.70Mtons) in tertiary
industry. Besides, the proportion of coal consumption drop
to 45.36% in 2040. This makes the fossil energy structure
effect slightly reduce the CEs from the secondary industry
(1.07%, — 88.32Mtons). Compared with the development
of non-fossil energy, the impact of fossil energy structure
optimization on CEs reduction is limited.

In SDS, the activity effect on CEs growth is fur-
ther suppressed, increasing CEs in primary industry by
169.67% (236.89Mtons), in secondary industry by 30.51%
(2520.03Mtons), and in tertiary industry by 39.30%
(575.60Mtons). Energy policies in SDS further reduce the
energy intensity. In secondary and tertiary industries, energy
intensity effect reduces CEs by 41.77% (—3450.21Mtons)
and 80.54% (—1179.45Mtons), respectively. Due to the
substantial decline in coal consumption and the increase of
non-fossil energy consumption, fossil energy structure and
energy consumption structure effects have had significant
effects in reducing CEs. Especially for the energy consump-
tion structure effect, in SDS, the proportion of the non-fos-
sil energy consumption is 44.33% in 2040, which results
in a reduction in CEs by 6.26% (— 8.74Mtons) in primary
industry, 33.84% (—2794.70Mtons) in secondary industry,
21.25% (—311.21Mtons) in tertiary industry. This further
proves that vigorously developing non-fossil energy is of
great significance for achieving CEs reduction targets.

Provincial emission analysis
Evaluation trend of provincial emissions

The dynamic of provincial CEs during 1997-2017 is shown
in Fig. 6. The CEs have undergone different evolutionary
trends at the provincial level during 1997-2017. In primary
industry, due to the continuous expansion of the industry,
the most provinces have experienced rapid growth in CEs
except Beijing, Shanxi, Shanghai, Chongqing, and Guizhou.
The decrease in fuel coal consumption led to CEs reduction
of Shanxi, Shanghai, Chongqing and Guizhou by 46.23%,
95%, 70.34% and 30%, respectively. For Beijing, the CEs
reduction was mainly due the decrease of fuel oil consump-
tion. On the contrary, during this period, Hebei, Inner Mon-
golia, Heilongjiang and Sichuan had the largest CEs growth
in the primary industry, which increased by 4.54Mtons
(189.17%), 10.56Mtons (440.00%), 7.51Mtons (144.42%),
and 4.14Mtons (591.43%), respectively. It is mainly caused
by the growth of fuel coal and fuel oil consumption. In
secondary industry, only CEs in Beijing declined between
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1997 and 2017. This is mainly due to the shutdown or trans-
fer of energy-intensive industries, which is Beijing's great
achievement in easing the functions of the capital (Liu
et al. 2019). The CEs of secondary industry in other prov-
inces have experienced different degrees of growth espe-
cially for Hebei, Inner Mongolia, Jiangsu and Shandong.
With the rapid increase in industrial output value, industrial
energy, especially coal consumption in various provinces
has increased significantly (Qiao et al. 2019). This directly
causes a growth of CEs. In tertiary industry, the CEs of all
provinces showed a clear upward trend, which is consist-
ent with the continuous expansion of the tertiary industry.
Especially in developed provinces such as Beijing, Shanghai,
Jiangsu, Zhejiang, Shandong, and Guangdong, rapid devel-
opment of the tertiary industry has also driven their energy
related CEs to grow rapidly by 314.24% (39.28Mtons),
416.67% (63.75Mtons), 311.72% (47.07Mtons), 345.43%
(43.87Mtons), 424.57% (73.45Mtons), and 401.23%
(101.11Mtons), respectively. In particular, there are clear
differences in the CEs growth pattern among secondary and
the tertiary industries. The CEs growth of secondary indus-
try mainly derived from coal consumption, while that of
the tertiary industry mainly derived from oil consumption
(Wang et al. 2019).

Figure 7 showed the changes on CI at the provincial level
from 1997 to 2017. Form 1997 to 2002, the CI of most prov-
inces declined except Shanxi, Hainan and Ningxia. This is
mainly affected by the secondary industry. Only the second-
ary industry's CI in Hainan and Ningxia increased between
1997 and 2002. Particularly, the CI of various industries in
Shanxi showed a downward trend during this period. How-
ever, due to the significant growth in the proportion of the
secondary industry, its CI has increased slightly. From 2002
to 2007, the CI of 18 provinces showed an increasing trend.
Especially for Fujian, Shandong, and Yunnan, the growth
rate of CI was all above 30%. This is the result of extensive
economic development. It is worth noting that the CI of Bei-
jing and Shanghai both decreased more than 20% during this
period, especially the CI of the secondary industry, which
decreased more than 30%. It depends on the city positioning
of Beijing and Shanghai. As an international metropolis,
Beijing and Shanghai have been committed to alleviating
energy-intensive industries, but these policies has also led to
the CEs growth in neighboring provinces (Sun et al. 2019).
From 2007 to 2012, local governments introduced a series
of environmental and energy policies, and only Ningxia and
Xinjiang showed a growth in CI. It is dominantly caused
by the increase of CEs of secondary industry. Due to the
relatively backward development, the economic growth of
Ningxia and Xinjiang is more dependent on resource-driven
development of the coal industry, which has caused the con-
tinuous increase of CEs. From 2012 to 2017, only CI in
Xinjiang showed a growth trend. Moreover, from industrial
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perspective, the CI of the secondary and tertiary industries in
most provinces has declined except Xinjiang. Governments
should give more policy support to Xinjiang, and develop
clean energy in accordance with local conditions to reduce
CEs.

Provincial decomposition results

Analyzing the spatial difference of CI between each province
and the ideal state is of great significance for identifying
key provinces and assessing potential approaches for CEs
reduction. Based on the above analysis, the SDS is the most
ideal scenario. Therefore, in this section, China's average CI
in 2040 under SDS is established as a benchmark, and ST-
LMDI model was applied to evaluate the spatial differences

between provinces and the benchmark. Table 4 presents the
spatial-temporal decomposition results. For primary indus-
try, the spatial differences mainly depends on fossil energy
structure and energy intensity effects. With the process of
agricultural mechanization, modern large-scale agricultural
machinery has gradually replaced manpower, leading to a
dramatic growth of energy consumption in 2040 (Lin and
Liu 2017). The energy intensity effect of most provinces is
lower than the benchmark except Tianjin, Inner Mongolia,
Heilongjiang, and Shanghai. Inner Mongolia and Heilongji-
ang are the provinces with the largest energy consumption
in primary industry, accounting for about 20% of national
total. Reducing their energy consumption is critical to con-
trolling CEs in primary industry. The energy structure effect
of Shanxi, Inner Mongolia, Hunan, Guizhou, and Yunnan
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Table 4 Decomposition

result of provincial CI during
2017-2040 in different sector ES T EI ES T EI ES T EI ES T EI
from sustainable development

Provinces Primary Secondary Tertiary Total

scenario Beijing 089 1.04 0.66 0.82 182 078 108 132 196 091 1.67 0.82
Tianjin 063 1.03 1.06 096 202 124 109 132 179 1.03 178 1.59
Hebei 062 1.04 051 126 190 293 128 128 297 130 1.69 343
Shanxi 1.02 1.05 093 121 194 772 149 127 388 126 171 9.09
Inner Mongolia 132 1.05 124 123 183 425 142 127 3.04 136 162 528
Liaoning 041 1.02 071 112 1.87 286 126 130 355 119 1.67 344
Jilin 0.17 1.04 056 116 186 184 152 126 258 124 1.66 237
Heilongjiang 095 1.04 101 116 191 232 185 124 348 121 170 2.86
Shanghai 047 1.01 113 092 200 137 116 131 265 101 174 148
Jiangsu 044 1.03 068 1.14 193 135 109 131 126 118 170 1.62
Zhejiang 043 1.01 094 110 172 126 111 131 165 1.12 156 1.52
Anhui 052 1.03 048 123 190 184 1.14 131 337 125 170 247
Fujian 048 1.03 048 1.06 149 140 1.16 130 168 1.11 137 1.76
Jiangxi 043 1.03 047 121 182 140 119 130 281 123 163 194
Shandong 042 1.03 053 029 193 140 1.15 130 213 121 172 182
Henan 037 1.03 046 117 194 143 1.15 131 272 120 172 198
Hubei 079 1.04 048 119 137 164 129 129 351 1.18 133 220
Hunan 146 1.06 049 120 167 133 142 127 289 121 155 1.74
Guangdong 049 1.03 050 1.06 170 104 1.17 130 208 1.08 156 1.34
Guangxi 033 1.02 055 122 149 180 123 130 269 123 138 220
Hainan 023 1.00 095 006 164 297 119 130 3.01 1.01 152 222
Chongqing 086 1.05 036 116 174 1.05 106 132 371 1.12 1.60 1.68
Sichuan 033 1.02 061 108 105 210 106 132 398 1.07 1.06 2.80
Guizhou .13 1.05 075 127 147 372 215 124 562 130 143 454
Yunnan 1.17 1.05 047 121 086 356 142 128 357 123 088 4.06
Shaanxi 045 103 046 1.14 193 253 115 130 276 1.16 171 3.23
Gansu 071 1.04 053 121 149 363 129 129 467 122 139 427
Qinghai 046 1.03 053 1.01 1.17 408 116 131 762 1.04 114 583
Ningxia 053 1.04 041 082 181 871 1.16 131 328 144 1.60 9.64
Xinjiang 082 1.04 072 115 179 645 128 130 6.76 122 1.60 7.25

was higher than that of benchmark. In these provinces, coal
consumption accounted for more than 60% of the energy
consumption in primary industry. Increasing oil and gas con-
sumption may significantly reduce their CI of the primary
industry. Besides, the energy consumption structure effect of
all provinces is higher than the benchmark, and there is no
obvious spatial difference among these provinces.

In secondary industry, energy intensity effect is the lead-
ing driver for inter-provincial differences of CI. The energy
intensity effect of most provinces is higher than the bench-
mark except Beijing. This indicates that the energy intensity
of secondary industry in Beijing is lower than that of the
benchmark. As a developed province, Beijing is commit-
ted to alleviating non-capital functions, vigorously develop
high-tech industries, and eliminate low-value-added energy-
intensive industries. On the contrary, the energy intensity
effect of Shanxi, Ningxia, and Xinjiang is much higher
than that of other provinces. Traditional energy-intensive

industries have always been pillar industries in Shanxi prov-
ince, and the economic development of Shanxi is heavily
dependent on fossil energy consumption (You et al. 2021).
Due to the weak industrial base, the manufacturing industry
in Ningxia and Xinjiang developed slowly and their energy
efficiency was relative low. Therefore, Shanxi, Ningxia, and
Xinjiang have great potential for CEs reduction, and pro-
moting industrial upgrading and technological progress is a
valid method to decrease their CI. The energy consumption
structure effect of most provinces is higher than the bench-
mark except Yunnan. This is mainly due to the development
of hydropower in Yunnan, and its non-fossil energy con-
sumption accounts for much higher proportions than other
provinces.

In tertiary industry, the spatial differences mainly derive
from energy intensity effect. The energy intensity effects
of all provinces are higher than the benchmark, especially
Guizhou, Qinghai, and Xinjiang. In these provinces, tourism
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takes a high proportion of the tertiary industry. However,
tourism industry in these provinces is still in a stage of rapid
development, and their energy efficiency is relatively low.
It is critical to integrating tourism resources and vigorously
developing eco-tourism to reduce CEs (Wang et al. 2016).
On the contrary, the CI of tertiary industry in the developed
provinces such as Beijing, Tianjin, Jiangsu, Zhejiang, and
Fujian was relatively low compared to other provinces. This
is mainly due to the relatively high consumer demand and
the relatively mature development of the service industry
in these provinces. The spatial differences of fossil energy
structure effect and energy consumption structure effect are
similar. All provinces have great potential in optimizing the
energy structure. Vigorously developing non-fossil energy
sources take a crucial position in decraesing CI.

In general, the GDP of the secondary industry accounts
for less than 50%, but related CEs occupy more than 80%
of the national total. Therefore, evolution of CI is mainly
affected by the secondary industry. Reducing energy inten-
sity is the most valid method to reduce CEs in all prov-
inces except Beijing. For the secondary industry, there are
two major ways to improve energy intensity. The first is to
promote technological progress and improve energy effi-
ciency. The second is to optimize the industrial structure
and develop modern manufacturing. For provinces domi-
nated by traditional manufacturing, such as Hebei, Jilin,
and Liaoning, improving energy efficiency is the most valid
method to reduce the CI of secondary industry. For prov-
inces dominated by modern manufacturing such as Tianjin
and Jiangsu, improving technological innovation capabilities
and developing high-tech industries are of great significance
to achieving CEs reduction goals. For Beijing, improving
the energy structure and increasing non-fossil energy con-
sumption are the most active method to decrease CEs. The
development of clean energy power generation in accord-
ance with local conditions and improving the long-distance
transmission capacity of the power grid are essential to pro-
mote non-fossil energy consumption.

Discussion

During 1997-2017, the impact of energy intensity on CEs
showed obvious temporal characteristics. Its inhibitory
effect on the growth of CEs decreased significantly during
2000-2007. Many scholars thought that this is the nega-
tive impact of rapid economic growth (Zhang et al. 2018).
Decomposition results show that the decline of energy
intensity of the secondary industry in this period was much
lower than that of the primary and tertiary industries, indi-
cating that the low-carbonization process of the secondary
industry in China was suppressed from 2002 to 2007. With
the implementation of the "12th 5-Year" and "13th 5-Year"
industrial transformation policies, the energy intensity of
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the secondary industry has continued to decline after 2012.
Therefore, this paper thinks that in addition to technologi-
cal progress, industrial structural improvement is also an
effective means to promote energy intensity reduction. This
will still play a positive role in curbing the growth of CEs.
In addition, the impact of fossil energy structure and energy
consumption structure on CEs is very limited. It indicates
that the effects of clean energy policies such as coal-to-gas
and renewable energy have not appeared. This is mainly
due to the relatively low proportion and slow growth rate of
clean energy. With the continuous growth of clean energy,
its inhibitory effect on the growth of CEs will continue to
appear.

The results of the scenario analysis show that China will
not be able to achieve the 2030 carbon emission reduction
target in the CPS, which is different from some previous
studies (Zhang et al. 2020). This is mainly due to that the
CPS in this study only considered existing energy and envi-
ronmental policies. The long-term emission reduction goals
which do not have specific policies were only considered in
NPS and SDS. This result shows that although the Chinese
government has put forward a series of emission reduction
targets, these targets are still in the stage of recognition and
have not been transitioned into specific action plans. And
these targets cannot be achieved by existing energy and
environmental policies. From decomposition results of pre-
dicted CEs, the development of non-fossil energy is the key
to China's carbon emission reduction goals. However, from
the results of NPS, it could be found that existing targets
mainly put forward strong requirements for the decline of
energy intensity. Although this can curb the growth of CEs
in the short term, it can be seen from SDS that the impact
of energy intensity on CEs will gradually decline due to
diminishing marginal benefits. In SDS, affected by SDGs,
the proportion of non-fossil energy sources increased, and
CEs decreased significantly. Therefore, the Chinese gov-
ernment should promulgate strict non-fossil energy targets
and formulate corresponding policies to ensure the stable
replacement of fossil energy by non-fossil energy.

Policy recommendations

Based on the above analysis, some potential measures
should be implemented to control China’s CEs growth.
The results of CPS indicate that current policies cannot
curb the growth of CEs in China. The Chinese govern-
ment should transform the binding targets into concrete
policies, and adopt strong measures especially in the sec-
ondary industry. Compared with NPS, reducing energy
intensity is an effective means to curb the growth of CEs
in the short term. Especially in Ningxia, Xinjiang, and
Inner Mongolia, these provinces have relatively large-scale
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energy-intensive industries such as coal chemical indus-
try and thermal power generation. These provinces did
not achieve the CI reduction target during the 12th 5-Year
Plan period. Therefore, more restrictive policies should be
implemented, including eliminating outdated production
capacity and promoting the recovery and reuse of energy.
In addition, the CEs of Shandong, Jiangsu, and Heilongji-
ang was significantly higher than other provinces, reducing
their CEs is crucial for achieving China's carbon emis-
sion reduction targets. In these provinces, thermal power
generation accounts for more than 40% of CEs. There-
fore, Compared with NPS, improving power generation
efficiency can effectively reduce their CEs.

Optimizing the energy structure and promoting non-
fossil energy consumption are fundamental measures to
ensure the achievement of CEs emission reduction tar-
gets. Comparing NPS and SDS, the contribution of energy
efficiency improvement to the decline of China's CEs has
some limitations. Optimizing the energy structure is the
key to promoting the continued decline of China’s CEs,
especially in the secondary industry. However, compared
with technological progress, energy transition policy
is more complex and more limited by resource endow-
ments. Therefore, it is necessary to formulate clean energy
policies based on local conditions to effectively promote
the continuous decline of CEs. From the decomposition
results, Shanxi, Inner Mongolia, Shandong, Ningxia, and
other provinces account for a relatively high proportion of
coal consumption, and extending the more powerful “coal-
to-gas” policy to these provinces can significantly promote
the decline of their CEs. In addition, Hubei, Chongqing,
and Yunnan are rich in renewable energy resources. Con-
structing renewable energy power generation projects and
promoting the replacement of fossil energy by renewable
energy can effectively reduce their CEs.

The development of low-carbon infrastructure and the
overall planning of power grids are important guarantees
for China’s energy transition. Comparing CPS and NPS,
the impact of the energy transition on the decline of Chi-
na's CEs is limited. This is mainly due to the slow devel-
opment of non-fossil energy. In SDS, the growth of non-
fossil energy has significantly contributed to the decline of
China’s CEs, but this requires effective policies support.
As mentioned above, most provinces in China do not have
the innate conditions for the development of renewable
energy. Therefore, it is a more realistic choice to develop
renewable energy in accordance with local conditions and
to equip long-distance power transmission networks. This
will not only realize the long-distance transmission of
clean energy, but also increase China's demand for clean
energy and promote the development of renewable energy
in Yunnan, Hubei, Chongqing, and other provinces.

Conclusions

This study first analyzed the evolution trend and influenc-
ing factors of China's CEs during 1997-2017. Then, sce-
nario analysis was applied to analyze China's CEs and CI
at industrial level from 2017 to 2040 in different scenarios.
Next, the LMDI model was used to explore the driving
force of China's CEs reduction in different scenarios. Fur-
thermore, this paper analyzed the differences in CEs and
CI of various provinces from the provincial level. Finally,
the ST-LMDI model was used to explore the CEs reduc-
tion potential and potential paths at provincial level based
on SDS. The main conclusions are as follows.

During 1997-2017, China's CEs growth was continu-
ous, with an average annual growth rate of 6.26%. Sec-
ondary industry was the main source of CEs, accounting
for more than 80% of national total. Activity effect was
the dominant force for CEs growth. Benefiting from tech-
nological progress, energy intensity was a key driver in
restraining the growth of CEs. However due to extensive
economic development, the restraining effect was not obvi-
ous during 2002-2007. Population effect was a key fac-
tor for CEs growth in tertiary industry especially during
2012-2017 (25.68%). With the development of non-fossil
energy, the energy consumption structure effect began
to curb the CEs growth (—2.23%) during 2007-2012,
and continued to show restraint effect (— 1.40%) during
2012-2017. Therefore, this paper believes that in addition
to technological progress, industrial structural improve-
ment is also an effective means to promote energy intensity
reduction. This will still play a positive role in curbing the
growth of CEs. In addition, the impact of fossil energy
structure and energy consumption structure on CEs is very
limited. It indicates that the effects of clean energy poli-
cies such as coal-to-gas and renewable energy have not
appeared. This is mainly due to the relatively low propor-
tion and slow growth rate of clean energy. With the con-
tinuous growth of clean energy, its inhibitory effect on the
growth of CEs will continue to appear.

In the scenario analysis, different energy and environ-
mental policies have had a clear influence on CEs. China
will not be able to achieve the 2030 carbon emission
reduction target in the CPS, which means that although
the Chinese government has put forward a series of emis-
sion reduction targets, these targets are still in the stage
of recognition and have not been transitioned into spe-
cific action plans. And these targets cannot be achieved
by existing energy and environmental policies. In NPS,
China’s CEs will peak at 2030 due to the improvement of
energy efficiency and optimization of energy structure. In
addition, China’s CI will drop by 60% in 2030 compared
to 2005, which means that China will achieve the lower
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limit of 2030 CEs reduction target. It is dominantly caused
by the decrease in CEs from secondary industry. In SDS,
CEs continue to decline from 2017 to 2040. CI will drop
by 72.46% compared to 2005. This scenario is far better
than the other two scenarios in terms of CEs reduction.
However, the contribution of the energy transition to the
decline of CEs mainly occurred in SDS, which means that
the Chinese government should promulgate strict non-fos-
sil energy targets and formulate corresponding policies
to ensure the stable replacement of fossil energy by non-
fossil energy.

For most provinces, improving energy efficiency is an
effective means to reduce CEs. Especially in Ningxia,
Xinjiang, and Inner Mongolia, more restrictive policies
should be implemented, including eliminating outdated
production capacity and promoting the recovery and reuse
of energy. The CEs of Shandong, Jiangsu, and Heilongji-
ang was significantly higher than other provinces. In these
provinces, thermal power generation accounts for more
than 40% of CEs. Improving power generation efficiency
can effectively reduce their CEs. Optimizing the energy
structure and promoting non-fossil energy consumption
are fundamental measures to ensure the achievement of
CEs emission reduction targets. Especially for the prov-
inces rich in renewable energy including Hubei, Chong-
ging, and Yunnan. Constructing renewable energy power
generation projects and promoting the replacement of fos-
sil energy by renewable energy can effectively reduce its
CEs.
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