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Abstract: As an important energy base in China, Shanxi Province, in its economic development,
has depended heavily on coal resources. However, enormous coal consumption produces a large
amount of carbon dioxide and an aggravated ecological problem. In this paper, the super efficiency
slack-based measure and data envelopment analysis (SBM-DEA) model and Malmquist index were
used to calculate the energy consumption and carbon emission efficiency of 11 prefecture-level cities
in Shanxi in the period from 2000 to 2020. The results were as follows: (1) The primary form of
energy consumption in Shanxi Province is the burning of coal, and the carbon emission efficiencies
of the 11 prefecture-level cities are quite different. The technical efficiency, technological progress,
and total factor productivity of Taiyuan and Shuozhou were found to be greater than 1 compared
to other cities in Shanxi. (2) On the whole, although the carbon emission rate of Shanxi Province
has slowed down, it still faces the problems of a large total emission base, high carbon emission
intensity, and low efficiency of the unit carbon emission output. Industrial structure is the key factor
restricting improvements in the efficiency of carbon emissions in Shanxi Province. (3) From the spatial
and temporal evolution of the carbon emission efficiency in Shanxi Province, we can see that the
carbon emission efficiency of the whole province gradually dispersed and improved from the central
and northern regions to the southern regions during the period of 2000-2020. In order to achieve a
low-carbon economy, Shanxi Province must optimize its industrial structure, accelerate research and
development in low-carbon technologies, adjust the energy structure, and promote the construction
of an energy supply system with clean low-carbon energy as the main source.

Keywords: SBM-DEA model; Malmquist index; energy consumption; carbon emissions;

low-carbon development

1. Introduction

With continued economic and population growth, specifically the world population
increasing sharply from 1 billion in 1900 to 7.6 billion at present, we are noticing conven-
tional energy overdevelopment and environmental deterioration [1,2]. As a major global
issue, sustainable development is heavily linked to the pattern of economic growth [3].
In this context, carbon emissions and global climate change have become increasingly
serious global problems [3,4]. Correspondingly, a series of new concepts and policies such
as “low-carbon economy”, “low-carbon development”, and “low-carbon lifestyle” have
emerged in the public domain [5]. On 22 September 2020, Xi Jinping announced that
“China will increase its national independent contribution, adopt more powerful policies
and measures, strive to reach the peak of carbon dioxide emissions by 2030, and strive to
achieve carbon neutrality by 2060” at the general debate of the 75th United Nations General
Assembly [6].

Peak carbon dioxide emissions before 2030 and carbon neutrality before 2060 have
multiple strategic significances, such as enhancing the resilience to climate change, leading
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global climate governance and promoting high-quality economic development. Zhuang
and Jia et al. indicated in their studies that peak carbon dioxide emissions and carbon
neutrality were both scientific and policy issues. Based on the sustainable development
framework of ‘environment-society-economy’ inclusive relationship, peak carbon dioxide
emissions and carbon neutrality are essentially the relationship between carbon dioxide
emissions and economic development, which is affected by scale effect, structure effect,
technology effect and factor substitution effect. Its realization will follow the path of con-
trolling fossil energy consumption, developing renewable energy with a high proportion,
developing negative emission technology and natural carbon sink, and taking reducing
green premium and improving social governance efficiency as the necessary and sufficient
conditions respectively [7,8]. Fang pointed out that the new era and new stage must vig-
orously promote the energy revolution and develop green energy as the core main line,
and think about the strategic framework, strategic objectives, important measures and path
selection of energy development [9]. On 22 February 2021, the State Council proposed that
the basic strategies to solve the ecological problems regarding resources and the environ-
ment in China are to establish and improve the green low-carbon cycle development social
economic system [10]. On 22 October 2021, at the symposium on promoting ecological
protection and high-quality development in the Yellow River Basin, Xi Jinping stressed
that it is urgent that green and low-carbon development be firmly improved [11]. There is
no doubt that carbon emissions and low-carbon development has attracted attention from
scholars nationally and abroad [12].

Chong et al. studied post-COVID-19 energy sustainability and carbon neutrality. The
results showed that the advancement in energy efficiency modelling of components and
energy systems has greatly facilitated the development of more complex and efficient
energy systems. This review highlights that energy system efficiency and sustainability
can be improved via innovations in smart energy systems, novel energy materials and
low carbon technologies [13]. Bamadev et al. examined the asymmetric long-run and
short-run impacts of energy efficiency on carbon emissions for 28 developed and 34 devel-
oping economies, covering the period of 1990-2017. The analysis accounted for nonlinear
complexities in energy relations and heterogeneity between developed and developing
economies [14]. Godil et al. examined the role of economic growth, technology innovation,
and renewable energy in reducing transport sector CO, emission in China by using the
annual data of 1990-2018, finding that both renewable energy consumption and innovation
showed negative impacts on emissions of CO, with regard to transport [15]. Adeolu et al.
examined the relationship between biomass energy consumption, economic growth, and
carbon emissions in West Africa from 1980 to 2010. The results showed that energy-saving
technologies and clean energy are critical for sustainable growth [16]. Ramanathan used
the DEA model to study the relationship between carbon emissions, energy consump-
tion, and GDP and analyzed the characteristics of global carbon emission efficiency by
analyzing the fluctuation in carbon emission efficiency [17]. Ding et al. used the energy
and carbon emission performance model in their study, finding that most provinces had
certain inefficiency in economic output and that the central region had the worst score in
terms of energy carbon emission performance index due to the rapidly growing secondary
industry. Their study provides several valuable modeling directions and problems related
to performance index measurement and energy pollution emission constraints that could
be useful for future research [18]. Yang et al. analyzed the impact of economic globalization
and population ageing on carbon emissions in Organization for Economic Cooperation
and Development (OECD) countries. The results show that economic globalization and
population aging decrease the long-term CO; emissions. The inverted U-shaped relation-
ship between economic growth and environmental pollution confirms the effectiveness
of the Environmental Kuznets Curve (EKC) in OECD countries [19]. Wu et al. used the
extended STIRPAT model to analyze the driving factors of carbon emission decline in
developed countries. The results show that there exists a bi-directional long-run causal link
between the renewable energy consumption share and CO, emissions, and a unidirectional
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short-run causal association from industrial structure, GDP per capita and energy intensity
to CO; emissions. These findings highlight the importance of improved energy efficiency
and the use of renewable energy in reducing CO, emissions in the eighteen developed
countries [20].

Zhang et al. used nuclear density estimation method to analyze the characteristics of
the spatial and temporal evolution of the regional imbalance in the carbon emissions of ru-
ral energy consumption. They found that the driving effect and influence of various driving
factors on the carbon emissions of rural energy consumption from the regional perspective
had temporal and spatial differences. In this regard, they put forward that, in the process of
carbon emission control in rural areas, the management idea of ‘national overall planning,
regional coordination and regional governance’ should be clarified, and the classification
management mode of ‘region, time and type’ should be adhered to, so as to realize the
green coordinated and high-quality development of ‘ecological carrying-environmental
protection-economic growth’ in rural areas [21]. Song et al. used the LMDI factor decom-
position method and modified STIRPAT model based on ridge regression estimation in
order to analyze the driving factors of the carbon emissions of energy consumption in the
Yangtze River Delta region. The results showed that economic output and population size
are positive feedback drivers, whereas energy intensity and energy structure are negative
feedback drivers. They proposed accelerating the transformation of economic development
mode to low-carbon intensive, accelerating the green transformation of new energy, and
promoting the sustainable and high-quality development of the Yangtze River Delta re-
gion under the background of the new era of ecological civilization construction and the
rise of regional integration development in the Yangtze River Delta region as a national
strategy [22]. Yu et al. used the synthetic control method in order to study the impact of
the resource-based economic transition pilot area policy on carbon emissions in Shanxi
Province. It was found that the policy of the resource-based economic transformation
comprehensive reform pilot area has contributed to the low-carbon development of Shanxi
Province by strengthening regulations and industrial transformation [23]. On the basis of
the CHRED-online carbon emission public database and socio-economic statistics of the
counties and county-level cities, Wang et al. studied the spatial distribution characteristics
and influencing factors of carbon emissions in county-level cities in China by using spatial
autocorrelation analysis and the geographical detector method. The results show that
China’s county-level cities have large spatial differences in carbon emissions, and differen-
tiated carbon control path selection should be combined with high carbon emission regions
and urbanization influence mechanism [24]. Liu et al. studied the influencing factors of
carbon emissions in China on the basis of the fixed effect panel quantile regression model.
The results show that per capita GDP, population and ‘Atmosphere ten” have a higher
impact on carbon emissions in low carbon emission areas than in high carbon emission
areas, and fixed asset investment and energy intensity have a stronger impact on carbon
emissions in high carbon emission areas [25].

At present, many investigations have concluded that a large population and the
growing economy have had a greater impact on total carbon emissions and that energy
intensity has had a greater impact than energy structure [26]. Some studies used decoupling
theory in order to find out this relationship between carbon emissions and economic
growth [27,28]. Wang and Su found that developed countries mostly converged on stable
weak decoupling and switched to a strong decoupling status, whereas most developing
countries did not show a clear decoupling state, with the key offsetting effect of the
decoupling process being the affluence level [27]. Yu et al. explored the decoupling
relationship and its influencing factors between the growth of China’s civil aviation sector
and carbon emissions, finding that total carbon emissions fluctuated on an overall upward
trend and that the “energy consumption intensity” factor played a major role in inhibiting
CO; emissions [28]. However, although there are many studies that have focused on carbon
emission characteristics and their influencing factors, relatively few studies have focused
on carbon emission efficiency in the Yellow River Basin. As an important energy base of
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the Yellow River Basin, Shanxi shoulders an important historical mission of promoting
the ecological protection and high-quality development of the area as well as the national
mission of being a national resource-based economic transformation comprehensive reform
pilot area and an energy revolution comprehensive reform pilot province [29]. It is thus
necessary to scientifically evaluate the input—output characteristics and carbon emission
efficiency of social and economic development in Shanxi Province. Therefore, this paper
adopted the super efficiency SBM-DEA model and Malmquist index model while utilizing
the carbon emission calculation data of energy consumption in Shanxi Province from
2000 to 2020 and analyzed the characteristics of changes in carbon emission efficiency
on the basis of its energy consumption structure. The characteristics of the spatial and
temporal evolution of carbon emission efficiency in 11 prefecture-level cities in Shanxi
Province were studied using the natural discontinuity method in ArcGIS10.8.

2. Overview of the Study Area

Shanxi Province (34°34'~40°44' N, 110°14/~114°33' E), with a land area of 157,000 km?
(see Figure 1) and coal area of 57,000 km?, accounting for nearly 40% of the land area, is an
important national energy base [30].

A~
N s
\/’\\\ y, > e
) 9 . A

<
. Datong
\ " Shuozhou ih«,‘
¥ . ‘ /
/ >
o, (//\,_/
§ ;
; ” Xinzhou s
A . * " ¢ Hebei
¢ ’ Y, i
S ~»~Yangquam
7\ Taiyuan x S . \L
S Lvliang S ~
4 . 3 /
Ing g . e
X 7 Jinzhong 7
Shaanxi  /

Py
b

J Changzhi .
{ /
{ infe E
\ Linfen . ) et 3
!
) 7
/ Jincheng ya
Legend y, Yl
: [ Yuncheng g
*provincial | / B o~ Henan
capital city  |{ v
[
e prefecture | 7 . 20 Sites
level city

Figure 1. Map of the study area.

In the past few decades, as China’s largest coal producing area, Shanxi has developed a
large number of high energy-consuming projects such as coal power, coal chemical industry,
iron and steel, and big data centers [31]. However, while Shanxi coal enterprises transport
energy for other provinces in China, they also inevitably encounter high pollution problems
caused by high energy consumption. Carbon emissions and carbon intensity as early as ten
years ago in Shanxi per capita carbon emissions is one of the highest provinces. According
to the current authoritative data, Shanxi is still one of the provinces with rapid growth
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in total emissions, emission intensity and emissions [23]. Under the “dual carbon target”,
Shanxi will also become the province with the greatest pressure on emission reduction, the
most arduous task of emission reduction and the most direct impact on economic growth.

On 29 May 2019, at the eighth meeting of the Central Committee on Comprehensively
Deepening Reform, Shanxi Province, as the main coal producing area and energy base
in China, officially became the first comprehensive reform pilot of energy revolution in
China [32]. Therefore, the study of carbon emissions in Shanxi Province can also provide
experience for reference to the same type of energy provinces in the country.

3. Research Methods
3.1. IPCC Method

The IPCC, an intergovernmental body jointly established by the World Meteorological
Organization (WMO) and the United Nations Environment Programme (UNEP) in 1988,
provides a detailed methodology for the calculation of greenhouse gases [33,34]. The
main areas studied by the IPCC include agriculture, forestry, industry, land use, energy
consumption, and waste emissions [35]. Their method of analysis provides a scientific
basis for calculating carbon emissions and carbon footprint. At present, due to the different
economic levels, industrial structures, social development abilities, and development
modes of different regions, emission factors will also be different, and, therefore, the
method may have errors in the calculation process.

3.2. DEA Model

Data envelopment analysis (DEA) was established by Charnes and Cooper in 1978,
and it is a new field of cross-research among operational research, management science,
and mathematical economics [36]. It is a quantitative analysis method that is used to
evaluate the relative effectiveness of comparable units of the same type by using a linear
programming method based on multiple input indicators and multiple output indicators.
In 2002, Tone proposed a non-radial and slack-based super-efficiency SBM-DEA model [37].
This model directly adds slack variables to the objective function, and the result is not only
the maximization of benefit ratio but also the optimization of the benefit ratio structure
on the basis of actual profit maximization, so as to better distinguish the efficiency of
different decision-making units and to evaluate the efficiency of the production sector
under unexpected output. Through the SBM-DEA model, one can calculate the scale
efficiency and pure technical efficiency of the production sector, and the comprehensive
technical efficiency, namely, carbon emission efficiency, can be obtained. When it is assumed
that there are n decision-making units, each decision-making unit consists of three parts:
input—m, expected output—rq, and unexpected output—r,; the super-efficiency SBM
model with unexpected output is as follows:

— n
x> Y xo(i=1,2 )
j=1,#k
_— n
yd < ) Z yg] ](5_1/2/ Irl)
1 j=1,%#k
> L (x’k> Yy > i yhoi(g=1,2,...,m)
— = i — gy ey 2
p = min - =Tk 7%j D
7‘ .
e ( AP Pyl y> 020G =12,...,m)
iZ Xik(]—l,z, /m)
fgygk(s:l,Z, ,71)
]/” Zyg(u_lle ,7’2)

In Equation (1), p is the target carbon emission efficiency value; x, ysys, and yg yq are

input, expected output, and undesirable output, respectively; and vectors ¥, y¢, and y* are
input slack, expected output slack, and unexpected output slack, respectively.
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3.3. Malmgquist Index Model

The Malmquist productivity index is an analytical tool that is constructed using
nonparametric linear programming methods [38,39]. This study used it to measure the
dynamic change of total factor carbon emission efficiency from 2000 to 2019 as well as to
analyze the technical efficiency and technological progress of regional production in Shanxi
Province. The technical efficiency index reflects the correctness of decision making and
the advantages and disadvantages of management methods and management structures,
whereas the technical progress index reflects the technical progress of energy conservation
and emission reduction. The calculation formula is as follows:

Df(xH1,yt+1)  Dt(xt,yt)
Bl bl b F) , ,
M(x Y /y) = \/ DI (x, yf) X DF 1 (xt, ) ()

In Equation (2), D¥(x, y*) and D*1(x, y*) denote the distance function of ¢ and t + 1
year decision making units, respectively, with t year technical level as reference.

4. Results
4.1. Energy Consumption in Shanxi Province
4.1.1. Energy Consumption Structure

As shown in Figure 2, the primary forms of energy consumption of Shanxi Province
are the burning of coal, oil, and natural gas and the use of electricity. In these four categories
with six forms of energy, the consumption and proportion of various forms of energy are
represented by standard coal after conversion. Shanxi Province is a typical coal resource-
based area, and its primary form of energy consumption is the burning of coal. In the
early days of the founding of the People’s Republic of China, coal consumption in Shanxi
Province accounted for more than 90% of all energy consumption. In recent years, with
further improvements in the natural gas and hydropower industries, coal consumption has
decreased. In 2010, coal consumption in Shanxi Province increased by 10% compared with
previous years, and the use of natural gas increased by 20.4%. By 2020, the use of natural
gas in Shanxi Province increased nearly twofold compared with 2010, whereas the use of
coal decreased by 16% in comparison with 2010.
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Figure 2. Energy consumption structure of Shanxi Province (2000-2020).

There are a large number of sedimentary rocks in Shanxi Province, and a large number
of basins are distributed on the continental facies, possibly having good natural conditions
for the formation of natural gas. According to the relevant data analysis, the reserves
of natural gas resources in Shanxi Province could potentially be between 4.5 trillion and
5.5 trillion cubic meters. Through the statistical analysis of the data in 2013, one finds that
the storage of natural gas in Shanxi Province could be up to 0.5 trillion cubic meters, and
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its proven degree is more than 20%. However, the exploration of natural gas is still in the
primary stage, and much natural gas still needs to be uncovered; therefore, the natural gas
resources in Shanxi Province are still quite rich.

4.1.2. Changes in Energy Consumption

It can be seen from Figure 3 that the growth rate of energy consumption in Shanxi
Province continued to decline from 2001 to 2004, whereas the growth rate of national
energy consumption continued to rise. However, the growth rate of energy consumption
in Shanxi Province was always higher than the national energy consumption growth rate
in the period from 2001 to 2003. This was probably due to the impact of the financial
crisis in Southeast Asia, wherein China’s economy experienced a depression from 2000 to
2003. In order to cope with the financial crisis in Southeast Asia, China continuously
adjusted its economic structure. In 2001, China’s stock market crashed, and the overall
economic structure faced many uncertainties. Therefore, due to slow economic regrowth,
its energy consumption decreased. However, in terms of Shanxi, 2000 was the first year
that the province implemented the third-step strategic goal of modernization, which was
also an important period for strategic adjustment of the economic structure. Although it
was affected by the financial crisis, energy consumption growth decreased but has still
been maintained at over 5%, and thus, the total amount of energy consumption is still
roughly increasing.

b2 e [otal Energy Consumption

on Growth Rate

onsumption Growth Rate

Figure 3. Total energy consumption and growth rate in Shanxi Province (2000-2020).

From 2006 to 2011, the growth rate of energy consumption in Shanxi Province fluc-
tuated greatly, but it was generally consistent with that of the national level. In 2011, the
State Council issued the “National Environmental Protection 12th Five-Year Plan”, clearly
implementing the units of gross domestic product energy consumption and carbon dioxide
emissions reduction, involving the total emission of major pollutants in order to reduce the
binding target, which was aimed at accelerating resource-saving and the development of
an environmentally friendly society, wherein Shanxi’s energy consumption growth rate
slowed down. However, due to the energy consumption in Shanxi Province entering a
new round of growth in 2013 with the increase in fixed asset investment, the province
mainly developed its heavy industry, and therefore it consumed large amounts of steel,
construction materials, and other resources, making its energy consumption even faster
than the speed of economic growth.

In order to ensure the full completion of the 12th five-year energy saving and emission
reduction targets, the State Council issued the “2014-2015 Energy Saving and Emission
Reduction Low-Carbon Development Action Plan” in 2014. Hence, in order to adjust and
optimize the energy consumption structure, Shanxi Province implemented a management
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plan for responsible coal consumption, aimed at strictly controlling the total amount of coal
consumption and reducing the proportion of coal consumption. Therefore, the total energy
consumption in Shanxi Province decreased in the period of 2014-2015.

4.2. Analysis of Carbon Emissions in Shanxi Province
4.2.1. Index System

The super-efficiency SBM-DEA model is used to study carbon emission efficiency, and
the input-output index system of carbon emission efficiency shows as Table 1. Here, the
selected input variables generally include energy consumption, capital stock, and labor
quantity; gross regional product (GDP) is generally selected as the expected output and
carbon emissions is generally selected as the undesirable output [40,41].

Table 1. Input-output index system of carbon emission efficiency.

Type of Indicator Name of Indicator Indicator Meaning

Raw coal, clean coal, coke, oil,

nergy consumption electricity, natural gas, etc.

Input Labor force Total employment
Capital volume Capital stock
Gross regional product GDP
Output IPCC Guidelines for National

Carbon emissions ..
Greenhouse Gas Emission Inventory

Energy consumption in Shanxi Province involves the burning of coal, oil, and natural
gas, among other forms. Labor is replaced by employment of the whole society, capital
refers to the capital stock of the whole society with new increments, and carbon emissions
is the consumption of various energy carbon emission coefficients. The energy carbon emis-
sion coefficient reference IPCC published the National Greenhouse Gas Emission Inventory
Guidelines. The data used in this paper come from the Shanxi Statistical Yearbooks and the
China Urban Statistical Yearbooks from 2001 to 2021.

4.2.2. Carbon Emissions Efficiency of Shanxi Province

Utilizing the super-efficiency SBM-DEA model and MAXDEA software, one can
calculate the carbon emission efficiency of Shanxi Province, as shown in Figure 4. From
2000 to 2020, the comprehensive technical efficiency and scale efficiency of carbon emission
in Shanxi Province were basically consistent and showed an upward trend. Pure technical
efficiency showed a downward trend from 2000 to 2003 and decreased rapidly, which
has been consistent with the overall comprehensive technical efficiency since 2003. The
average values of comprehensive technical efficiency, pure technical efficiency, and scale
efficiency of carbon emissions in Shanxi Province from 2000 to 2020 were 0.54, 0.80, and 0.67,
respectively. The comprehensive technical efficiency, pure technical efficiency, and scale
efficiency of carbon emissions have not yet reached the production frontier, indicating that
in the current situation, Shanxi Province has a large space for carbon emission reduction.
Carbon efficiency rose from 0.31 to 1.02, with an average annual growth rate of 6.9%.

Under the guidance of relevant national policies, Shanxi Province has effectively
slowed down carbon dioxide emissions by accelerating industrial restructuring, promoting
industrial transformation, and upgrading, as well as by forcing traditional industries to
improve quality and efficiency. The growth rate of total carbon dioxide emissions generated
by energy consumption has gradually slowed down, and the carbon dioxide emission
intensity per unit of GDP has decreased year by year. However, according to the current
coal-based industrial structure and energy consumption structure, the province’s high
carbon emission situation has not fundamentally changed, and it still faces the problems of
a large total carbon emission base, high carbon emission intensity, and low efficiency of
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unit carbon emission output. In May 2020, Xi Jinping visited Shanxi, once again stressing
that Shanxi should implement the pilot requirements of the comprehensive reform of the
energy revolution; continuously promote the adjustment and optimization of its industrial
structure; implement a number of transformative, inclusive, and symbolic measures; and
fundamentally abandon the extensive development mode.

12 —O— Technical Efficiency Score
—@— Pure Technical Efficiency Score

1 —0— Scale Effect Score
0.8
0.6
0.4
0.2

0

FEFLF S TP T

Figure 4. Changes in carbon emission efficiency in Shanxi Province (2000-2020).

4.2.3. Carbon Emission Efficiency of 11 Prefecture-Level Cities

It can be seen from Table 2 that the cities with a total factor productivity index (MI)
greater than 1 were Taiyuan, Changzhi, Shuozhou, Yuncheng, Xinzhou, Linfen, and Lvliang
and that the carbon emission efficiency of these cities is continuing to improve. Taiyuan
and Shuozhou have doubled their improvements in management level and technological
progress. Lvliang showed a high management level—its level of technological progress did
not achieve continuous improvement, but the overall level reached continuous improve-
ment. Changzhi, Yuncheng, Xinzhou, and Linfen showed improvements at the technical
level, but their development at the management level was found to be weak.

Table 2. Carbon emission efficiency in 11 prefecture-level cities in Shanxi.

City MI EC TC

Taiyuan 1.036 1.001 1.034
Datong 0.989 0.952 1.000
Yangquan 0.987 0.968 0.982
Changzhi 1.056 0.989 1.020
Jincheng 0.977 1.000 0.967
Shuozhou 1.098 1.038 1.017
Jinzhong 0.968 0.947 1.004
Yuncheng 1.014 0.979 1.016
Xinzhou 1.014 0.926 0.995
Linfen 1.039 0.965 1.021
Lvliang 1.099 1.081 0.994

Note: The data in the table are the average values from 2000 to 2020.

The technical efficiency (EC), technological progress (TC), and total factor productivity
(MI) of Shuozhou and Taiyuan were found to be greater than 1, revealing that the level
of regional carbon emission efficiency has been continuously strengthened. The carbon
emission intensity of Shuozhou decreased by 80% from 2000 to 2020 due to the development
of new materials, new energy, and other forms of green industry; the agricultural structure
gradually being optimized; clean and efficient use of coal; and the rise in ecological tourism.
Taiyuan is the capital city of Shanxi Province, having a high level of economic and tech-
nological development. In order for the carbon emission reduction targets issued by the
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province to be completed, the ability of Taiyuan to cope with climate change must be en-
hanced, an industrial system and consumption mode characterized by low emissions must
be built, and the transformation and leapfrog development of Taiyuan must be accelerated.

The technical efficiency of Lvliang was found to be greater than 1, and the management
and decision-making level of regional carbon emissions continues to progress; however,
the technical progress was found to be less than 1, meaning that the improvement in total
factor productivity is restricted. From 2000 to 2020, the carbon emission intensity of Lvliang
decreased by 91%, but the carbon emission increased by 90.7%, indicating that carbon
emission has not reached the peak and that carbon emission reduction has a certain impact
on total factor productivity. The total factor productivity of Lvliang is mainly restricted
by its technical efficiency. Similarly, Wei and Yu et al. found that the progress in energy
conservation and emission reduction technology has led to a decline in the carbon emission
intensity on a year-by-year basis, thus promoting the sustainable economic development
of Shanxi [23,42]. Hence, technical progress has played an extremely key role and has an
important function in enhancing carbon emission reduction. It is essential to strengthen
scientific and technological research and development (R&D) investments and to introduce
advanced production technology in order to improve local production technology and
energy efficiency [43].

Technical efficiency and technological progress in Datong and Yangquan were found
to be less than 1, and total factor productivity showed a downward trend. The negative
impact of carbon emissions on total factor productivity in these cities is relatively obvious.
The technical efficiency index of Jincheng was found to be greater than 1, whereas the
technical progress index was less than 1, and total factor productivity was found to be
affected by technical progress. The coal industry has been dominant in the secondary
industry of Jincheng City. The heavy-duty characteristics of the industrial structure are
obvious, and the scientific and technological foundation of Jincheng City is weak. There are
deficiencies in the utilization efficiency of new energy, the popularization and application
of green low-carbon technology, and the construction of the systematic ability of related
technological innovation. The technical efficiency index of Jinzhong City was found to
be less than 1, and the technical progress index was found to be greater than 1. Total
factor productivity was restricted by technical efficiency. In 2000-2020, carbon emissions
in Jinzhong City nearly doubled, mainly due to its vigorous development of the heavy
chemical industry, indicating that the industrial structure has a significant impact on carbon
emissions and carbon emission efficiency.

4.2.4. Spatial-Temporal Differentiation of Carbon Emission Efficiency in Shanxi Province

Technical efficiency takes into account the impact of technological progress and scale
change to a certain extent and is often used as a form of comprehensive efficiency or carbon
emission efficiency [44,45]. Therefore, this paper took technical efficiency as a carbon
emission efficiency index in order to analyze the spatial and temporal differences of carbon
emission efficiency in Shanxi Province from 2000 to 2020.

In this paper, the years 2000, 2005, 2010, 2015, and 2020 were selected as time pe-
riods of interest, and the technical efficiency was divided into five categories using the
ArcGIS10.8 natural discontinuity method. From the spatial and temporal evolution of
carbon emission efficiency in Shanxi Province (see Figure 5), we found that the carbon
emission efficiency of the whole province gradually dispersed and improved from the
central and northern regions to the southern regions in the period of 2000-2020.

From the carbon emission efficiency of Shanxi Province in 2000, we found that the
carbon emission efficiency of the southern region was better and that the carbon emission ef-
ficiency of the central region was quite different. Taking the high efficiency level of Taiyuan
City and Yangquan City and the low efficiency level of Lvliang City and Jinzhong City as
representatives, we found that the carbon emission efficiency of Datong City, Shuozhou
City, and Xinzhou City in the northern region showed a ladder-like change. In 2005, the
regions with low carbon emission efficiency in Shanxi Province shifted significantly to the
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south, and the carbon emission efficiency of Shuozhou City and Xinzhou City improved.
In 2010, the carbon emission efficiency of Shanxi Province decreased significantly in the
northern region. In 2015, the carbon emission efficiency of Shanxi Province improved in the
northern and central regions. By 2020, the carbon emission efficiency of Shanxi Province
was at a high level, except in the three cities in the southeast.
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Figure 5. Distribution pattern of carbon emission efficiency in Shanxi Province.

5. Conclusions and Suggestions

This paper analyzed the energy consumption of Shanxi Province from 2000 to 2020.
The results show that the primary source of energy consumption of Shanxi Province has
come from the burning of coal, and its economic development has been dependent on
the resource industry. In order for energy conservation and emission reduction to be
achieved, it is necessary for the development of emerging industries to be accelerated,
for the transformation and upgrading of traditional industries to be promoted, and for
the optimization of energy structures to be encouraged [43,44]. The Malmquis index of
the super-efficiency SBM-DEA model was used to measure the carbon emission efficiency
of Shanxi Province and its 11 prefecture-level cities. The results show that, although the
carbon emission speed of Shanxi Province has slowed down, it still faces the problems of a
large base of total emission, high carbon emission intensity, and low output benefit per unit
of carbon emission. There are great differences in the carbon emission efficiencies among
the 11 prefecture-level cities. Only the technical efficiency, technological progress, and total
factor productivity of Taiyuan and Shuozhou were found to be greater than 1. Overall,
the industrial structure was found to be the key factor restricting the efficiency of carbon
emissions in Shanxi Province, and carbon reduction potential was found to be high.

Through the analysis of energy consumption and carbon emissions in Shanxi Province,
we argue that, during the development of a low-carbon economy in Shanxi Province, stake-
holders need to pay attention to the following points: (1) the utilization of coal should
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become a more green process; clean energy should be vigorously developed; the coordi-
nated and orderly development of new energy growth, consumption, and energy storage
should be promoted; multi-energy complementary development should be promoted; and
a green multi-energy supply system should be formed. (2) The proportion of coal con-
sumption should be reduced, fossil energy consumption should be controlled, non-fossil
energy should be vigorously developed, the development of renewable energy should
be accelerated, low-carbon transportation should be vigorously developed, green build-
ings should be actively developed, green low-carbon technological innovations should
be promoted, green low-carbon production and lifestyle should be implemented, and a
system conducive to energy conservation and green energy consumption should be estab-
lished and improved. (3) The ecological carbon sink capacity should be actively improved;
key projects such as natural forest protection, conversion of cropland to forest, artificial
afforestation, and wetland vegetation restoration should be scientifically promoted; and
large-scale land-greening activities should be carried out in the province to create a green
and low-carbon life. (4) For cities with different carbon emission efficiency levels, dif-
ferent emission reduction policies should be adopted according to the actual situation of
their technical progress index and technical efficiency index. For regions with serious and
inefficient carbon emissions, adequate financial and policy support should be provided.
For regions with leading carbon emission levels, it is only necessary to guide them in
continuing their development in accordance with the current trends. For cities with mid-
range carbon emission efficiency levels, especially cities with a significant innate carbon
emission reduction potential, attention should be paid to the research and development of
low-carbon technologies and the optimization of energy structures, which are helpful in
the realization of the carbon emission reduction goals.

The conclusions of this study have made important contributions to theory and
practice. Based on the use of super efficiency slack-based measure and data envelopment
analysis (SBM-DEA) model to study the carbon emission efficiency of Shanxi Province, this
paper uses the Malmquist index model and the natural discontinuity method in ArcGIS
to study the carbon emission efficiency and its spatial and temporal differentiation of
11 prefecture-level cities in Shanxi Province. The research results of carbon emission
efficiency in Shanxi Province show that, although the carbon emission rate in Shanxi
Province has slowed down, it still faces the problems of a large total emission base, high
carbon emission intensity, and low efficiency of the unit carbon emission output. Therefore,
Shanxi Province must optimize its industrial structure, accelerate research and development
in low-carbon technologies, and adjust the energy structure. The results of the study on the
carbon emission efficiency and spatial-temporal differentiation of 11 prefecture-level cities
in Shanxi Province show that cities with different carbon emission efficiency levels and
different emission reduction policies should be adopted according to the actual situation of
their technical progress index and technical efficiency index.

The Chinese National Bureau of Statistics reports that, as the world’s largest coal
consumer and greenhouse gas emission countries, concerning China’s coal consumption
in recent years, although the proportion has decreased, the overall coal consumption is
still increasing. Shanxi Province is a comprehensive reform pilot area of energy revolution.
Its research results have reference significance for the same type of regions in the country.
Recommendations include: (1) Change the method of coal mining to fit the green intelligent
era. Green intelligence is the development trend of the world’s coal industry, and it is also
a major proposition that China’s coal industry must solve. (2) Innovate coal utilization
methods to improve the level of clean and efficient utilization. (3) Promote changes in
energy consumption patterns, build clean low-carbon consumption models, etc.

Although the aim of this study was realized, it nevertheless needs to be observed
that our study also has certain limitations. For example, other provinces and cities in the
Yellow River Basin were not analyzed. In the future, the research area could be expanded
to these regions. Moreover, the data collection channels were relatively limited, and only
21 years of observations were analyzed. In the future, research can be conducted from the
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1980s in order to find the impact of the China reform and opening-up policy, as well as the
family planning policy on carbon emissions. Finally, the selection of influential factors in
carbon emission efficiency was based on the availability of data, and the selection range
was narrow; therefore, the selection of these factors and indicators needs to be studied
further, which will make the research more comprehensive and more thorough.
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